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Abstract
Handwriting is essential for both children and adults. It is still unclear, however, how handwriting skills could be obtained. 
Here we tested the hand copy, the first step of handwriting, of children who started kindergarten for about one year (3–5 years 
old), who were in kindergarten for 2–3 years (5–6 years old), and who started elementary school for less than a year (6–7 years 
old). Participants were asked to copy down simple numbers and shapes under no time restraint. Their copy was also presented 
as visual feedback. In this case, their copy performance mainly reflects their abilities in visuomotor transformation. We 
found that the performance of children aged 5–6 years old was much better than that of the 3–5 years old ones, which could 
be due to the natural development of muscles and joints or the training at home or in kindergarten. We next tested illiterate, 
semi-illiterate, and literate adults with the same task to elucidate the contribution of natural development. Although illiterate 
adults had never been to school and could not read, they had well-developed and trained muscles and joints and had acquired 
fine motor skills during everyday life and work. Surprisingly, we found that the overall performance of the illiterate group 
was similar to that of the youngest (3–5 years old) children, which suggests that the visuomotor ability required for hand 
copy cannot be automatically obtained during growing up but requires specific training. Our findings provide new insights 
into visuomotor learning and have implications for handwriting interventions.
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Introduction

Handwriting requires a combination of perceptual, motor, 
and cognitive skills (Fancher et al., 2018; Maldarelli et al., 
2015). Children spend a considerable amount of time writing 
in school. For example, Marr et al. (Marr et al., 2003) found 
that children in kindergarten spend 42% of their school time 
on paper and pencil activities, and other studies reported that 

children spend 31–60% of their day writing and completing 
other fine-motor tasks (Van Waelvelde et al., 2012). Diffi-
culties in handwriting negatively affect children's academic 
performance (Karlsdottir & Stefansson, 2002; Sandler et al., 
1992). Therefore, the development of handwriting is vital to 
children's success in schools (Bo et al., 2014; Chang & Yu, 
2005; Tseng & Hsueh, 1997; Wiley et al., 2016). Even for 
adults, handwriting plays a crucial role in everyday com-
munication despite the ever-increasing use of keyboards for 
writing in our daily life. For example, people usually need 
to write letters or phone messages or fill out forms by hand.

Given the significant role of handwriting in children's 
development and adults' communication, one critical 
question is how handwriting skills could be obtained. As 
addressed above, handwriting is a complex perceptual-motor 
skill that includes visual perception, eye-hand coordination, 
visual-motor transformation, motor planning, and high-level 
cognitive skills such as memory and attention (Amundson, 
1992; Cornhill & Case-Smith, 1996; Feder & Majnemer, 
2007; Maeland, 1992). Children learn handwriting first 
through copying simple shapes or numbers while looking 
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at these symbols. When the shapes and numbers are simple, 
their copying performance would mainly reflect their visuo-
motor ability (Beery & Buktenica, 1989). Can the visuo-
motor skills for handwriting be obtained through training 
in handwriting specifically? Can it be obtained through the 
transfer of learning motor skills in everyday life and work? 
These questions are, to a certain extent, related to a debate 
of whether or not children need specific training in hand-
writing. Some parents believe it is essential to learn writing 
as early as possible, while others believe that children can 
write well when they grow up with stronger muscles and 
flexible joints. In other words, specific training on writing 
is not required.

The debate above is related to the specificity and gen-
eralization of visuomotor learning (Fahle, 2005). If learn-
ing in one kind of motor skill cannot transfer to other 
motor skills, then we have to train each skill specifically. 
However, if learned skills could be generalized into other 
motor skills, then our learning efficiency would be greatly 
improved. Previous studies have been focusing on the spec-
ificity and transfer of perceptual learning (i.e., improve-
ment of sensitivity in perception after extensive training) 
for decades (for review, see (Fahle, 2005)). Early studies 
found that perceptual learning has strong specificity, which 
means that the learning in one feature (such as orienta-
tion, spatial frequency) or position could not transfer to 
other features or positions (Ahissar & Hochstein, 1997; 
Crist et al., 1997; Irvine et al., 2000). However, recent stud-
ies have focused on how to enhance the generalization of 
perceptual learning (Wang et al., 2012; Xiao et al., 2008; 
Xiong et al., 2016; Zhang et al., 2010). For example, with a 
training-plus-exposure (TPE) procedure, perceptual learn-
ing of orientation can transfer entirely to an orthogonal 
orientation (Wang et al., 2012; Zhang et al., 2010).

With respect to motor learning, people have reported the 
specificity of visuomotor learning in speech (Tremblay et al., 
2008), the direction of reaching (Yin et al., 2016), and tasks 
(sensorimotor adaptation vs. sequence learning) (Stark-Inbar 
et al., 2017) and have tested the generalization of motor 
skills across limbs(Lei & Wang, 2014; Nozaki et al., 2006; 
Yokoi et al., 2017). Letter or shape copying is the first step 
of handwriting and is a critical visuomotor skill for child 
development. What remains unclear, however, is whether or 
not the learning of visuomotor skills required for handwrit-
ing has specificity.

In the present study, we investigated the specificity of 
visuomotor learning in handwriting by asking participants 
to copy simple symbols (numbers or shapes) while looking 
at these symbols without a time limit. Visual feedback was 
given by presenting their own writing and the stimulus at 
the same time on the screen. The handwritings of young 
children (3–5, 5–6, and 6–7 years old) were compared to that 
of illiterate, semi-illiterate, and literate adults. The illiterate 

adults were healthy individuals and had well-developed mus-
cles and joints but have never received formal education and 
cannot recognize any of the top 200 high-frequency Chinese 
characters (Cai & Brysbaert, 2010). All participants were 
able to work adequately and perform daily chores effectively 
when the study took place. If handwriting-related visuomo-
tor skills do not require specific training, we would expect 
that illiterate adults were able to write the simple number 
and shapes properly. Otherwise, we would expect their per-
formance to be close to that of the 3–5 years old children 
who haven’t been to school yet.

Methods and Materials

Participants

A total of 105 participants took part in this study. There 
were three groups of children. Group 1 (3–5 years old) con-
sisted of children between 3 and 5 years old who just started 
kindergarten (N = 21; 3.86 ± 0.39 years old, mean ± SD; 
13 females; 8 males). Group 2 (5–6 years old) consisted 
of children who had been in kindergarten for about year 
(N = 27; 5.41 ± 0.50 years old, mean ± SD; 16 females; 11 
males). Group 3 (6–7 years old) consisted of children in 
Grade one in elementary school (N = 28; 6.54 ± 0.51 years 
old, mean ± SD; 14 females; 14 males). The children partici-
pants were recruited via teachers in kindergartens or primary 
schools. To reach illiterate or semi-illiterate individuals, we 
utilized WeChat as a platform to post our flyers [to post our 
recruiting news]. Interested individuals who came across 
our recruitment news introduced potential participants to us.

There were also three groups of adults: illiterate adults 
(9 females; 1 male), semi-illiterate adults (8 females), and 
literate adults (3 females; 8 males). The criteria for illiterate 
participants are: (a) never received formal education; (b) 
cannot recognize any of the top 200 high-frequency Chinese 
characters. These participants did not attend school due to 
poverty or the false belief that school is unnecessary. The 
criteria for semi-illiterate participants are: (a) have received 
formal education for between 0–6 years; (b) can recognize 
0–60 characters from the top 200 high-frequency Chinese 
characters list. The criteria for literate participants are: (a) 
have received more than 6 years of formal education; (b) 
can recognize more than 60 characters from the top 200 
high-frequency Chinese characters list. For reading perfor-
mance assessment, participants were provided with papers 
containing the top 200 high-frequency Chinese characters 
(Cai & Brysbaert, 2010), and were instructed to read each 
character one by one. The experimenter recorded the number 
of correctly read characters. None of the participants had a 
history of neurological or psychiatric disorders. All partici-
pants were able to work adequately and perform daily chores 
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effectively when the study took place. The age, years of edu-
cation, and reading performance are listed below in Table 1.

All participants had normal or corrected-to-normal vision 
and were right-handed as determined by their preferred hand 
to complete everyday activities, including using utensils.

Apparatus and stimuli

Stimuli were presented on a 14-inch laptop on a table 
(resolution: 1366 × 768, Lenovo). The experiment was 
programmed using the Psychtoolbox software package 
(Brainard & Vision, 1997; Pelli & Vision, 1997) (http://​
Psych​toolb​ox.​org/); in MATLAB 2019 (The Mathworks, 
Natick MA; https://​ww2.​mathw​orks.​cn/). Participants wrote 
on a Pen Tablet/Digitizer Tablet (size: 43 cm × 28.7 cm; 
WacomPTH-860) with a pen. The tablet recorded the writing 
trajectories, and the data were then exported and analyzed 
them with MATLAB 2019. Participants received real-time 
feedback of their handwriting on the screen (Fig. 1a).

Eight numbers (2, 3, 4, 5, 6, 7, 8, 9) and eight simple 
shapes (horizontal and vertical lines, cross, left and right 
arrows, circle, triangle, and square) were employed as stim-
uli (Fig. 1b). The stimuli were black and presented in the 
center of a white background in Arial font. The width of 

the stimuli was about 10 cm. These stimuli were chosen to 
examine the visuomotor skills of participants in handwriting 
because they were simple and commonly seen in everyday 
life, and therefore were familiar to all of our participants. 
Drawing the horizontal, vertical, and circle indicates one's 
fine movement control. Writing arrows and crosses tests an 
individual's ability to combine simple lines. Writing "2, 3, 
4, 5, 6, 8, 9" tests the performance of writing curves and 
combinations of complex shapes. Writing "4" and "5" tests 
the ability to write a combination of lines and curves. Writ-
ing all the above symbols except the horizontal and vertical 
lines reflects the allocentric spatial ability of participants. 
Finally, writing circles, triangles, and squares would indicate 
an individual's ability to write closed shapes with different 
angles. All children participants were able to recognize these 
shape or numbers.

Procedure and design

Participants were asked to copy the stimulus presented on 
the screen to their digital tablet with the pen provided. At 
the beginning of each trial, participants were asked to hold 
the pen with their right hand to prepare for writing. A red 
fixation was shown for 500 ms, followed by a stimulus. They 

Table 1   The age, years 
of education, and reading 
performance (i.e., the number of 
Chinese characters they could 
read) information of the three 
adults group

Illiterate adults Semi-literate adults Literate adults

M SD M SD M SD

Age 79.8 7.12 66 12.65 74.36 6.2
Education (Month) 0 0 5.25 11.79 122.18 30.62
Reading 0 0 24.375 20.22 88.27 17.64

Fig. 1   The apparatus, stimuli, 
and protocol of the experi-
ment. (a) Apparatus. Par-
ticipants wrote on a Pen Tablet/
Digitizer Tablet with a pen. 
The tablet recorded the writing 
trajectories. Informed consent 
was obtained from the girl’s 
parents for publication of 
the girl’s image in an online 
open-access publication. (b) 
The stimuli were numbers and 
simple shapes. (c) The protocol 
for each trial. Participants could 
see the number or shape while 
writing, and their writing was 
presented on the screen as 
visual feedback
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could see the stimulus throughout the writing. Their hand-
writing was also shown on the screen in real-time, providing 
visual feedback of their performance. There was no time 
limit for each trial or the whole study. After the participant 
finished writing, the experimenter pushed a key to trigger the 
subsequent trial (Fig. 1c). If participants were not satisfied 
with their writing, they could ask to re-do the previous trial 
until they were satisfied with their performance. The result 
of that trial would be replaced by the new one. The order of 
the 16 stimuli was randomized.

To familiarize themselves with the procedure, each par-
ticipant performed several practice trials before the actual 
experiment. It takes about 15 min to complete the study.

Data analysis

We examined the writing's glyph accuracy and error types 
for all groups of participants. Glyph accuracy refers to 
whether the participant's writing is consistent with the 
stimulus. The writing performance was first rated by two 
experimenters (i.e., the first two authors) independently. 
If their scoring were incongruent, a third experimenter 
(i.e., the last author) would provide her ratings. Ratings 
for individual were approved by all three experimenters. 
We categorized the handwriting performance as general 
correct, partially correct, and completely wrong. General 
correct means that the glyph corresponds to the stimulus. 
Partially correct means a part of the glyph corresponds to 
a component of the stimulus. Completely wrong means 
that the written result does not match the stimulus at all. 
Only the general correct trials were considered correct and 
were counted when calculating the accuracy. The error 

type analysis included the partial correct and completely 
wrong trials.

Chi-square tests were performed to test the main effects. 
All the statistical analyses were performed in Matlab 
(Mathworks, Natick MA; https://​ww2.​mathw​orks.​cn/) and 
JASP (Love et al., 2019)(https://​jasp-​stats.​org/). We also 
classified the participants' writing errors and analyzed the 
characteristics of the different error types.

Results

The performance of copying simple symbols reflects 
participants’ visuomotor transformation ability. We 
first examined copy-writing in children and adult 
groups separately. We then compared the performance 
of children with that of illiterate adults to address 
whether or not the handwriting-related visuomotor 
transformation needs specific training or could be 
obtained through naturally grown-up (i.e., through the 
transfer of the learning in other visuomotor abilities 
during growing up).

Glyph accuracy

We first compared the glyph accuracy of children who 
had just started kindergarten (3–5 years old), who had 
been attending kindergarten for one year (5–6 years 
old), and children in the first grade (6–7 years old) with 
that of adults who were illiterate, semi-illiterate and 
literate (Fig. 2).

Fig. 2   The glyph accuracy of the three children groups (a) and the three adults groups (b). The accuracy was defined as the proportion of trials 
without any kind of errors
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Glyph accuracy of children’s groups

The accuracy was defined as the proportion of trials with-
out errors (i.e., no missing or additive parts and the overall 
pattern is correct). Chi-square tests were carried out to 
assess the glyph performance of children with each glyph 
as a stratification factor.

There was a significant main effect of age on the 
accuracy for the children group (p < 0.001, Cohen’s 
w = 0.36). With the increase of age, the accuracy also 
increased. The accuracy of the 3–5-years-old group in 
copying horizontal and vertical lines and circles was 
85.71%, 80.95%, and 71.42%, respectively (Fig. 2a and 
Table S1). This result suggests that about 20% of chil-
dren have difficulty in fine motor control at 3–5 years 
old. The common mistakes that lead to incorrect copying 
were either extra parts or 30 degrees over-tilted from a 
horizonal or vertical direction, or straight lines written 
in a zig-zag form; and the incorrect circle copies were 
not closed or looked like a square. The accuracy in copy-
ing horizontal and vertical lines and circles for the 5–6 
and 6–7 age groups reached 100%.

There were signif icant differences in copying 
other figures between group 3–5 and 5–6: numbers 2 
(p = 0.004), 3 (p < 0.001), 5 (p < 0.001), 6 (p = 0.012), 7 
(p = 0.015), 9 (p = 0.006), vertical line (p = 0.031), cross 
(p = 0.012), triangle (p < 0.001), circle (p = 0.004), 
square (p < 0.001) and right arrow (p = 0.008). The 
3–5 years old group wrote numbers 3, 5, 8, triangle, 
square, and left and right arrows with less than 60% 
accuracy. The 5–6-years-old group achieved over 90% 
accuracy in writing other symbols except for the left 
and right arrows.

The only significant difference between the writing 
of the 5–6 years old group and that of the 6–7 years 
old groups appeared in the writing of the left arrow 
(p < 0.001) and right arrow (p = 0.004), suggesting 
that the left and right arrows were the most difficult 
symbols to write for children. They either could not 
put the head of the arrow in the correct position rela-
tive to the horizontal line or showed partial mirror 
errors (See Fig. 3b, for example). The 6–7 years old 
group could write almost all symbols correctly except 
that one child wrote the left arrow as if a letter “F” 
(see Fig. 3c, sub69).

Overall, these results suggest that about 20% of children 
at 3–5 years old still show difficulty in fine motor control. 
Between one-third and two-thirds of them struggled with 
writing complex letters and shapes, including numbers, 
triangles, squares, and left and right arrows. Left and right 
arrows were the most difficult among the complex sym-
bols. Several children at 5 to 6 years old struggled to write 
arrows correctly.

Glyph accuracy of illiterate, semi‑illiterate, 
and literate groups

The same analysis was performed on the three adult groups. 
First, there was a significant main effect of literacy on the 
correct rate (p < 0.001, Cohen’s w = 0.58). For horizontal 
and vertical lines and circles, the accuracy of illiterate adults 
in writing was 90%, 90%, and 100%, respectively, suggest-
ing the fine motor control ability of the illiterate individuals 
was good (Fig. 2b).The accuracies of writing numbers 3,5 8, 
triangles, square, and left and right arrows of illiterate adults 
are all less than 60%.

Semi-illiterate adults had achieved 100% accuracy in 
writing 2, 3, 4, 5, 7, horizontal lines, crosses, vertical lines, 
and circles, but the accuracy was less than 80% for writing 9, 
triangles, and squares. Literate adults could write all stimuli 
correctly (for more results, see Table S2).

The statistical results support the main effect of literacy 
on handwriting. There were significant differences in writ-
ing 2 (p = 0.012), 3 (p = 0.042), 4 (p = 0.001), 5 (p = 0.042), 
left arrow (p = 0.015) and right arrow (p = 0.001) among the 
three groups. There were significant differences in writing 
4 (p = 0.013), and right arrow (p = 0.025) between illiter-
ate adults and semi-illiterate adults. There was a trend of 
significant differences in writing 9 (p = 0.058) and triangles 
(p = 0.058) between semi-illiterate and literate adults. Liter-
ate individuals wrote 9 better than semi-illiterate individuals. 
No other statistically reliable differences were observed.

It is important to note that although all the 8 semi-illiter-
ate participants can read between 1–60 Chinese characters, 
4 out of the 8 semi-illiterate participants we tested never 
attended school (see Fig. 3e for example, sub22). One of the 
other 5 semi-illiterate participants attended school for 3 days 
(Fig. 3e, sub12). Another one attended school for one night. 
The other two attended school for 6 months and 3 years, 
respectively. In other words, most of these semi-illiterate 
participants learned to read through observation or were 
taught by other people, but not in systematic school. The 
fact that they wrote better is probably because they learned 
the structure of these letters and shapes and how to write 
them in their everyday life.

Comparison between the glyph accuracy of children 
and illiterate adults

First, we compared the performance of 3–5 years old chil-
dren and illiterate individuals. No statistically reliable differ-
ences were observed between these two groups (p = 0.349; 
Cohen’s w = 0.4). Then, we compared the performance of 
children in the 5–6 years-old group and illiterate individuals. 
There were significant differences in writing 2 (p = 0.003), 3 
(p = 0.015), 4 (p = 0.001), 6 (p = 0.015), triangle (p = 0.035), 
right arrow (p = 0.023) and squares (p = 0.015) between 
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these two groups. Generally, the writing of 5–6 years old 
children is more accurate than that of illiterate participants 
(for more results, see Table S3.) In other words, the writing 
of illiterate adults is close to that of the 3–5 years old chil-
dren and less accurate than that of the 5–6 years old children.

Error types of children

The 3–5-years-old children showed the following 
errors: (a) Unable to draw straight horizontal or verti-
cal lines (type 1); (b) Unable to copy down the provided 
symbol’s structure (such as 2, 5, type 2); (c) Neglect-
ing (missing) important component or adding additional 
components (such as write circles without closing it, 
type 3); (d) The relative position of the parts is wrong 

(type 4); (e) Mixing up triangles and squares, as they 
would often mistakenly draw a circle instead of a trian-
gle or vice versa (type 5); (f) Complete or partial mir-
ror writing (especially seen in copying down number 
4, 6 and 9, type 6); (g) Wrong global orientation (for 
instance, writing 8 as two circles aligned horizontally, 
type 7)(Fig. 4a, Table 2). Children may make multiple 
errors in one symbol.

The 5–6 years old group did not show any type 1 errors 
(Table  2). They showed type 2 errors only in writing 
arrows. Some of them show types 4, 5, and 6 errors. The 
most difficult symbols for them to write were the arrows 
(Fig. 4b). The 6–7 years old children who have attended 
elementary school only show the mirror-writing error, and 
their mistakes were rarely seen (Fig. 4c).

Fig. 3   Examples of writing from each children group and each adults group
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Error types of illiterate, semi‑illiterate, and literate 
adults

The types of errors made by illiterate individuals in writing 
are similar to that of children at 3–5 years old (Table 2). 
All the errors that were made by 3–5 years old children can 
be seen from their results. However, they seemed to have 
fewer type 1 errors (1 of 10 illiterate individuals failed 

to write horizontal or vertical lines straightly, all of them 
were able to write circles correctly, but 3, 4, and 6 out of 
the 21 participants in the 3–5 years old children group mis-
wrote horizontal, vertical and circles, respectively). This 
observation is consistent with the fact that as adults, they 
had better abilities in fine motor control (Fig. 4d).

Semi-illiterate individuals only showed type 4 error (i.e., 
the relative position of the parts is wrong) and type 6 error 

Fig. 4   Errors in the writing of 
the three groups of children and 
the two groups of adults. The 
symbol in the dashed box shows 
the reference stimulus while the 
bigger one on top of the box 
show the writing of participants. 
Literate adults performed well 
in all aspects of writing
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(mirror writing) (Fig. 4e). Their error types are similar to those 
of 5–6 years old but with more mirror writing.

Literate adults performed well in all aspects of writing.

Discussion

This study investigated whether or not the learning of 
visuomotor transformation is specific to handwriting or 
it can be generalized from learning other visuomotor 
skills in everyday life and work. To address this ques-
tion, we directly compared the performance between 
illiterate adults and young children (3–5 years old). Both 
groups have received no formal education. Compared to 
young children, illiterate adults have well-grown muscles 
and joints, and their visuomotor abilities is well-devel-
oped through daily work and chores. Yet, we found that 
illiterate adults performed similarly in handwriting to 
3–5 years old children who have just started kindergar-
ten. In other words, the visuomotor skills that these adults 
have acquired previously failed to generalize into their 
handwriting skills. This finding is surprising consider-
ing that the stimuli we used were all simple symbols and 
participants were given visual feedback and were allowed 
to correct their writing. It suggests that the learning of 
visuomotor skills have strong specificity.

Due to the difficulty in finding illiterate participants, we 
failed to perfectly match the age of illiterate, semi-illiterate 
and literate adult groups. This will not affect our conclusion, 
however, because our focus was on the comparison between 
illiterate and children participants. One may argue that age 
plays an important role in our illiterate participants’ perfor-
mance, as the mean age is 79.8 years old. However, although 
this groups of adults are the oldest group among adults, they 
demonstrated a clear understanding of our instructions, and 
were able to communicate clearly. Moreover, they were 

able to perform chores at home independently. Lastly, their 
performance in writing horizontal and vertical lines and 
circles suggests that they did in fact have well-functioning 
fine motor control. Thus, such argument would be highly 
unlikely. Importantly, the effect sizes for the Chi-square tests 
were between medium and large, therefore suggesting the 
reliability of our findings.

Interestingly, although our semi-illiterate participants 
received little to no formal education, they have shown less 
errors in their writing performance. These participants could 
recognize 1–60 Chinese characters, which suggests that they 
have previous experience in learning the structure and shape 
of different characters, mostly through observation in daily 
life. This suggests that daily practices of observing and rec-
ognizing characters improves writing ability and that social 
observation and cultural environment played a role in the 
symbolic development. This is consistent with Vygotsky's 
sociocultural theory emphasizes the role of social interac-
tions and cultural environments in a child's learning and 
development (Vygotsky, 2012; Vygotsky & Cole, 1978). 
Overall, these findings are consistent with the previous 
finding of the close link between literacy and handwriting 
(Bramao et al., 2007; Ray et al., 2022).

Among all the errors, one unique type is mirror writing. It 
refers to writing in the opposite direction to normal, with the 
whole symbol or part of the symbol reversed. In our study, 
the most common symbol that showed mirror error are 4, 6, 
7, 9, and arrows (partial mirror error). Consistent with the 
previous finding that modest reading practice, late in life, is 
suffice to break mirror invariance (i.e., recognizing a mirror 
image as the same object) (Pegado et al., 2014), we found 
that 5 out of 21 participants in the 3–5 years old group, 4 out 
of 27 participants in the 5–6 years old group and 0 out of 28 
participants in the 6–7 years old group made mirror errors. 
For adults, illiterate participants showed the most mirror 
errors (4 out of the 10 participants). The semi-illiterate 

Table 2   The error rate of each type of error for each group of participants

Error rates

3–5 years 5–6 years 6–7 years Illiterate adults Semi-literate adults

Type 1 Unable to draw straight horizontal or vertical 
lines

一; 丨 19.05% \ \ \ \

Type 2 Unable to copy down the provided symbol’s 
structure

2; 3; 5 47.62% \ \ 40.00% \

Type 3 Neglecting (missing) important component or 
adding additional components

3; 4; 5; 7 57.14% \ \ 40.00% \

Type 4 The relative position of the parts is wrong 8; 9; △; → ; ←  57.14% 29.62% \ 30.00% 37.50%
Type 5 Mixing up triangles and squares, as they 

would often mistakenly draw a circle instead 
of a triangle or vice versa

□; △ 71.43% 7.41% \ 60.00% \

Type 6 Complete or partial mirror writing 4; 9; → ; ←  28.57% 18.52% 3.57% 30.00% 12.50%
Type 7 Wrong global orientation 2; 3; 6; 8 28.57% \ \ 30.00% \
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participants made fewer mirror errors (2 out of 8), while the 
literate participants made no mirror errors.

Another interesting observation is that the 3–5 years old 
children and illiterate adults often mixed up triangles, squares 
and circles. They would often write down one when in fact the 
stimulus shown the other one. This is not a result of their inabil-
ity to write sharp edges and angles, as they could write down 
numbers such as 4 and 7 without mistakes. Instead, we think 
this reflects that the global topological property is a basic fac-
tor in visual perception and visuomotor transformation (Chen, 
1982). From the perspective of topology, a solid triangle, a solid 
square, and a solid circle are equivalent because a square or 
triangle can be deformed into a circle without breaking it.

Previous studies show that literacy improves the early 
visual processing (Dehaene et al., 2015). Then is it possible 
that children or adults made errors just because they could 
not process the information visually, not because they could 
not transform visual information into precise action com-
mands and then produce appropriate motor actions? This is 
less likely because all the participants had normal or cor-
rected-to-normal vision and reported that they could see our 
stimuli clearly. Although we did not test their performance in 
visual recognition, children at 2.5- 3 years old should be able 
to identify the majority of basic shapes according to previ-
ous studies (Verdine et al., 2016). The illiterate participants 
might not be able to name the numbers or arrows, but the 
fact that they can recognize roads and other everyday objects 
and faces suggests that they have the ability of visual recog-
nition and were able to process visual information.

In addition, it should also be noted that the stimulus 
was always presented on the screen and participants were 
allowed to see their own writing and correct their writing if 
they wanted. Therefore, the errors made by illiterate partici-
pants could not be attributed to their limit in working mem-
ory and attention, or their unfamiliarity with the stimulus.

Our findings also bear important implications for sym-
bolic development and learning in the early childhood. Sym-
bolic development can be explained as the developmental 
levels of understanding visual information. Piaget's theory 
of cognitive development proposes that children acquire 
eye-hand coordination in early stages (sensorimotor and 
preoperational) and subsequently develop the ability to use 
symbols in speech and writing (Barrouillet, 2015; Huitt & 
Hummel, 2003; Piaget, 2003; So, 1964). In our study, par-
ticipants were asked to copy the symbols, which requires 
both sensorimotor skills and symbolic processing. The 
finding that children but not illiterate adults’ performance 
got better suggests that the symbolic recognition taught in 
school plays a critical role in sensorimotor development. In 
other words, in contrast to Piaget's theory that children first 
develop sensorimotor skills and then symbolic processes, we 
suggest that sensorimotor and symbolic skills may develop 
simultaneously and facilitates each other.

Importantly, our findings also provoke deep thoughts 
on the phenomenon that more and more children rely on 
typing on the keyboard instead of handwriting. There has 
already been research on how keyboard typing influences 
cognitive development as compared to handwriting (Con-
nelly et al., 2007; Kiefer et al., 2015; Longcamp et al., 
2005; Suggate et al., 2023). One clear difference between 
typing and handwriting is that during keyboard typing, 
users simply click on the key of symbols without need-
ing to process the visual shape and structure of symbols. 
Our findings that handwriting requires specific visuomotor 
training and sensorimotor and symbolic learning facilitate 
each other suggest that the early and frequent use of typing 
may affect children’s handwriting and, as a result, symbolic 
learning (Li & James, 2016).

One limitation of our study is the absence of cognitive 
performance testing for the children participants, as reading 
assessments were only given to the adult participants. Addi-
tionally, we did not assess potential dyslexia and dyscalculia 
in the children. Future research may further the investigation 
on the relationship between handwriting and other cognitive 
measures, and examine the correlation between individual dif-
ferences in sensorimotor abilities (Wang et al., 2022) (such as 
handwriting), cognitive measures and performance in school.

In conclusion, our study suggests that visuomotor learn-
ing for handwriting has strong specificity and therefore 
requires specific training. The observation that semi-illit-
erate participants could write well suggests that intentional 
observation of stimulus outside of school also helps writ-
ing. Overall, our findings provide new insights into the 
learning of visuomotor skills required for handwriting and 
highlight the importance of specific training for handwriting 
intervention.
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