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Abstract: The purpose of this study was to analyze the relationship between the quality and speed
of handwriting and the process characteristics of the handwriting of children in the second grade
of elementary school considered as a function of age and gender. A sample of 57 children (mean
age 7.25 years, SD 0.43) participated in the study. The Concise Assessment Method for Children’s
Handwriting (BHK) was used to assess the quality and speed of handwriting. The characteristics of
the process of handwriting were assessed using MovAlyzeR® software. The handwriting of boys
showed a significantly greater number of strokes and slanted more to the right than the handwriting
of girls. Handwriting quality and speed significantly correlated with several process characteristics:
the number of strokes, reaction time, duration, relative pen-down duration, average pen pressure,
vertical size, horizontal size, road length, and average absolute velocity. This research contributes to
the construction of normative values in the process characteristics of the handwriting of elementary
school children and provides a promising step towards the early identification of difficulties that can
lead to dysgraphia, thus preventing later difficulties in handwriting.

Keywords: handwriting quality and speed; product and process; school-age children; kinematic
analysis of handwriting; dysgraphia

1. Introduction

Handwriting skills are crucial for academic success [1,2]. During the school day,
children spend, on average, 33% of their time engaged in fine motor activities, of which
85% is handwriting [3]. However, a significant proportion (12 to 30%) of children have
handwriting difficulties [4]. Furthermore, handwriting difficulties are among the most
common reasons that school children attend psychomotor therapy [5]. For this reason, it
is important to understand handwriting development in typically developing children,
in terms of both product and process, in order to identify the early signs of handwriting
difficulties in an attempt to remediate them [2,6-10]. Remediation is important for both the
present and the future, as it can allow for the possibility of more precisely and efficiently
diagnosing dysgraphia. Furthermore, identifying the main characteristics that impact the
quality and speed of the handwriting process is essential for developing more effective
interventions [8].

Handwriting is a complex skill that children develop over several years [7,11,12]. Formal
handwriting instruction is typically introduced in the first grade (ages 6-7) [13]. In that grade,
the quality of the handwriting improves significantly and then reaches a plateau in the second
grade (ages 7-8) [7,12,14]. In the third grade (ages 8-9), the quality of the handwriting improves
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further, as handwriting becomes more automatic. Overall, handwriting speed and quality
progressively increase during elementary school [7,12,14-16].

Several studies have examined the relationship between handwriting quality and
speed, but they show divergent results [17]. Although some studies suggest no relation-
ship between the quality and speed of handwriting [18-21], others suggest some rela-
tionship [18,22,23]. For example, Weintraub and Graham showed that, when children
were specifically asked to handwrite neatly, the speed of their handwriting decreased.
Inversely, when the children were specifically asked to handwrite quickly, the legibility
of their handwriting decreased [23].

Likewise, studies show conflicting results with respect to handwriting as a function
of gender [13]. Some studies show that girls” handwriting is better and faster than that
of boys [14-16,24,25], while others find gender differences in the quality and speed of
handwriting [19,26,27].

Traditional studies of handwriting performance have been restricted to evaluating the
product, i.e., the mastering of handwriting quality (or legibility) and speed (in terms of the
number of characters produced per minute), using pencil-and-paper tests [28-31]. In recent
years, the assessment of handwriting skills has significantly evolved. Currently, the evalua-
tion of the product of handwriting performance is complemented by an evaluation of the
process of handwriting: measuring pressure and speed by collecting spatial, temporal, and
kinematic data on handwriting performance [28,30-33]. This process evaluation is obtained
in real-time, as the movements are produced with the aid of a digitizing tablet, a pen, and
specific software. Therefore, in this study, the evaluation of the product of handwriting
performance using the Concise Assessment Method for Children’s Handwriting ((Beknopte
Beoordelingsmethode voor Kinderhandschriften), BHK) [34] is complemented by eval-
uating the process of handwriting while copying the BHK text of increasingly complex
words for 5 min. Studying the characteristics of the process of handwriting performance
is essential because there are a lack of normative data on the typical development of the
skills involved [9,35]. Collecting this type of data is also important because these data
serve as a reference for the early identification of handwriting difficulties, and they help in
assessments by allowing for more objective diagnoses of handwriting difficulties and the
development of more effective interventions [35].

Previous studies in typically developing children from the first and second grades
of primary schools have shown that the duration of handwriting strokes [6,9,35-37], the
number of strokes [6,38], the duration of pauses [38,39], the vertical and horizontal
sizes, and the slant of the handwriting [37] tend to decrease with age, while pen velocity
tends to increase with age [9,37,39-41]. However, there is no consensus on handwriting
pressure [9,35] or road length [6,9]. Some studies report a decrease in handwriting
pressure [37,41] and road length [6] as age increases, while others report the absence of
any relationship between handwriting pressure [9,39] and road length [9] as a function
of age.

The studies on gender differences in graphomotor process characteristics are even
more limited, and they do not arrive at any consensus. Some studies did not find gender
differences in handwriting pressure [36,42], duration [36], or velocity [42], while others
report differences in favor of females in duration, road length, and velocity [43].

The relationship between the characteristics of the graphomotor product and the
graphomotor process needs to be studied further. A study by Gargot et al. [8] indicates a
significant association between airtime (the duration of a pause where the pen is lifted) and
handwriting quality and speed (the number of characters written in 5 min) as measured
using the BHK text. In this case, a shorter airtime was associated with a higher quality
and speed of handwriting in children from the first to fifth grades [8]. However, no
correlations were found between the quality and speed of the handwriting or handwriting
pressure or slant [8]. Vaivre-Douret et al. [37] examined drawing tasks in children from
the first to fifth grades and found a significant correlation between the quality and speed
of handwriting as expressed by the number of characters produced in 5 min according
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to the BHK and the vertical size, horizontal size, slant, duration, and average velocity of
the handwriting strokes. Although we live in an age of technology, where handwriting
has been dropped from the mandatory part of school curricula in several countries (e.g.,
the USA and Finland) and replaced by typing, this trend has begun to reverse, as several
studies have shown the importance of automated handwriting skills for achieving the
highest academic goals [44,45]. Therefore, now more than ever, it is vital to study the
characteristics of the handwriting process and its relationships with the product of the
process. Through this approach and after collecting a larger corpus of data, we may be able
to extract product and process characteristics from handwriting and train artificial neuron
networks (ANNSs) to effectively identify children who are likely, or who are unlikely, to
develop dysgraphia [46].

2. Materials and Methods
2.1. Ethics Approval

The study proposal was authorized by the Directorate General for Education. The
present study was approved by the university’s Ethics Committee for Research in the Areas
of Human Health and Welfare. Informed consent was obtained from the parents, and
verbal assent was given by the children.

2.2. Participants

A total of 57 children (22 boys and 35 girls; mean age 7.25, SD 0.43) from public schools
in the district of Evora (Portugal) participated in this study. Many parents (i.e., 73 or 56%)
did not consent to the participation of their children in this study, so their children were
not included.

Most of the children (i.e., 47 or 82.5%) were right-handed, 6 (10.5%) were left-handed,
and 4 (7%) were ambidextrous. With regard to pen-hold, 30 children (52.6%) showed a
tridigital grip, 22 (38.6%) a tripod grip, and 5 (8.8%) a lateral grip. With regard to the
socioeconomic level of the family, 28 were from upper-middle-class (49.1%), 17 were from
middle-class (29.8%), and 12 were from upper-class (21.5%) families.

The inclusion criteria specified children with typical development in the second grade
of elementary school. The exclusion criteria were as follows: a diagnosis or suspicion
of neurological disabilities (e.g., cerebral palsy, epilepsy); psychiatric and/or behavioral
disorders; the presence of uncorrected vision and hearing problems; referral by the Special
Education Service; the presence of one or more school retentions; Portuguese not being the
mother tongue; and previous participation in a similar study.

The data of 20 children were excluded from the analysis based on these exclusion
criteria. They were evenly spread across the groups. In addition, technical problems with
MovAlyzeR® occurred with 3 children, who were therefore excluded from the analysis.

2.3. Instruments
2.3.1. Concise Assessment Method for Children’s Handwriting (BHK)

The BHK (Portuguese version) was used to measure product characteristics, specifically
the quality and speed of handwriting. The BHK test involves 5 min of copying a text. The
higher the total score, the lower the handwriting quality. A total score below 21 indicates that
the child has no handwriting difficulties; a total score between 22 and 28 corresponds with
poor performance, and a total score of more than 29 reveals very poor handwriting [15]. The
internal consistency of the Portuguese version shows an acceptable Cronbach’s coefficient
alpha value of 0.64 [47].

2.3.2. Equipment

To assess process characteristics, handwriting movements were recorded using an x-y
digitizing tablet (WACOM, Intuos Pro L, model PTH-851) with an inking pen (WACOM Inking
pen, model KP-130-01) and MovAlyzeR® software (version 6.1, NeuroScript, LLC; Tempe, AZ,
USA) run on an MS Windows laptop computer connected to the tablet via USB. The tablet had
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an active surface area of 32.51 cm x 20.32 cm, a device resolution of 0.0005 cm, and a sampling
frequency of 100 Hz. The tablet was covered with an A4 sheet of paper (29.7 cm x 21 cm) in
vertical orientation and taped onto the tablet.

The participants were seated in front of the tablet, which was centered on the partici-

pant’s midline in front of their chest. The heights of the chair and table were adjusted, and
the laptop computer was set aside so that the real-time visual feedback of the child’s pen
movements was available only to the experimenter (see Figure 1). The participants were
invited to copy the BHK text for 5 min.

Figure 1. The experimental graphomotor setup with a pen tablet, school desk, and chairs. The experi-
menter was seated on the right side and could monitor the pen movements in real time on a laptop.

(a)

(b)

(©

The following handwriting measures were extracted [48]:

Temporal measures:

Duration is the time interval in seconds between the beginning of the first stroke
and the end of the last stroke.

Start Time is the reaction time in seconds measured as the time interval between
the stimulus onset and the start of the first stroke.

Relative Pen-Down Duration is the proportion of the duration that the pen is on
the paper relative to the total duration per handwriting stroke.

Number of Strokes is the number of upward or downward strokes that a child
performs while using the BHK copy:.

Spatial measures:

Vertical Size is the vertical distance in centimeters between the beginning and end
of a stroke.

Horizontal size is the horizontal distance in centimeters between the beginning
and end of a stroke.

Road Length or path length is the length in centimeters of a stroke trajectory from
beginning to end.

Slant is the direction in radians from the beginning point to the endpoint of a
stroke (horizontal to rightward is 0 radians; 60 degrees to the right is 1.05 radians;
90 degrees (therefore upright) is 1.57 radians).

Kinematic measures:



Children 2023, 10, 445

50f16

- Average Absolute Velocity is the mean speed of movement in centimeters per
second across all stroke samples.

(d) Kinetic measures:

—  Average Pen Pressure is the mean axial force exerted on the pen across a stroke in
pen tablet units (a normal pen pressure of 400 corresponds to 100 g of force).

2.4. Procedure

We recruited children from seven elementary schools in the district of Evora. All
participants were individually tested in a quiet room in the school. The testing was carried
out by the assistant principal investigator, who is a trained examiner. The participant was
seated on a standard school chair at a school desk, which was appropriate for their height.
The BHK text (see Figure 2) was copied for 5 min using an electronic inking pen on a sheet
of paper positioned on the digitizing table (see Figure 3). Pen grip and hand posture were
photographed in three different directions (front, right, and left). Data collection took about
10 min per child.

Eu vi

Né&o sei se vi

a luz no céu

ou a luz no mar

Mas eu bem vi

A agua vinha pelos lados, com grande
forca. Havia criancas ao pé de mim. O mais pequeno,
dava as suas coisas a uma mulher.

Essa mulher, que era alta e bela, devia ser uma amiga. Ela
pegou-lhe na m&o, e eu via-0s a ir para uma praga:

a mais bela da nossa vilal Uma das criangas dava coisas a
outra; mas n&o sei 0 que era.

Eu estava muito longe; entéo, aproximei-me deles lentamente,
para poder ver melhor. Uma das criancas olhava para mim. Ele acenou-me
para eu entrar, com ele, no grupo.

Eu ouvia risos € palavras alegres. Eu estava contente porque
eles me tinham convidado. Eu olhava para eles sorrindo
depois perguntava-lhes os seus nomes.

Fazendo barulho, eles diziam-me os seus nomes, todos ao mesmo

tempo. “MN&o percebi bem” disse eu

O mais alto do grupo olhava para mim com um olhar simpatico e queria saber
se eu vivia nas proximidades. “N&o, acabei de chegar ha pouco

tempo” disse-lhe eu. “Entéio bem-vindo” disse-me ele.

De seguida tentamos encontrar um jogo para brincarmos. Era necessario
reunirmo-nos, para encontrar qualquer coisa. Acabamos

por chegar a um acordo, apds uma longa discussido: iamos fazer barquinhos para por
na agua. Acabamos por nos separar em pequenos grupos, para encontrar o material
necessario: paus e diversos objectos... Mas, a chuva comecou a cair torrencialmente.
Entéo fomos, correndo e rindo com os meus novos compinchas de jogo, numa antiga
casa, encontrar novas ideias!

Figure 2. BHK text (Portuguese version obtained from the French version [15]—Figure A1 in Appendix A).
Participants copied the BHK text, composed of progressively more complex words, for 5 min.
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Figure 3. Handwriting example of the BHK text (Portuguese version is shown in Figure 2 and the
English translation is shown in Appendix A) copied for 5 min by a participant on a blank A4 sheet of
paper in landscape orientation. (Image was reduced and cropped. The border measured in reality
18.4 cm x 13.5 cm.)

2.5. Statistical Analysis

Data were analyzed using the Statistical Package for the Social Sciences, version 19.0,
for Windows (SPSS Inc., Chicago, IL, USA). Tests of normality and descriptive statistics were
performed for all outcome variables as a function of age and gender. Differences in the mean
values between the groups for all normally distributed measures were examined using
an independent-samples t-test. The measures that did not meet the normal distribution
assumptions were compared using the nonparametric Mann-Whitney U test. Statistical
significance was set at p < 0.05. Lastly, to analyze the relationship among all variables,
Spearman’s correlation coefficients were calculated. The strength of the relationship was
set at r < 0.25 indicating a weak effect, r = 0.25-0.5 a moderate effect, r = 0.5-0.75 a strong
effect, and r > 0.75 a very strong effect [49].

3. Results
3.1. Group Differences
3.1.1. Handwriting Product Characteristics

For the BHK, no significant differences in handwriting quality and speed were found
between the age groups (Table 1).

Table 1. Handwriting product and process characteristics according to age and gender.

Age7 Age 8 Boys Girls

n=43 n=14 p-Value n=22 n=35 p-Value
HQ® 2172+ 584 2236+613 073 295+ 685 2120+514 028
HSa 145 + 35 135 + 51 0.40 141 + 30 144444 083

NS b 18.0 (16) 225(9.00) 038 23.0 (13) 17.0 (17) 0.04 *
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Table 1. Cont.

Age7 Age 8 Boys Girls

n=43 n=14 p-Value n=22 n=35 p-Value

RTP 2.39 (3.52) 294 (3.86)  0.88 2.84 (3.64) 232(355)  0.17
pT? 0.27 (0.11) 0.26(0.18) 058 0.28 (0.12) 027(011)  0.60
RPDD P 0.12 (0.38) 0.13(1.00)  0.60 0.13 (0.53) 013(0.38) 097
APP @ 401 + 145 3634202 045 361 + 164 410+ 157 027
vsb 0.17 (0.13) 023(0.22) 073 0.17 (0.14) 019 (0.16)  1.00
HZSP 0.12 (0.08) 0.14(0.13) 052 0.12 (0.10) 0.12(0.08)  0.86
RLD 0.28 (0.18) 039 (0.43)  0.40 0.29 (0.31) 030(031) 076

SLLb 1.36 (0.22) 1.30(0.27)  0.53 1.27 (0.23) 136(022)  0.03*
AAV 2 1064051  1.03+058  0.86 1024+ 056  108+051 070

Note: *Significant at p < 0.05. ? Values expressed in mean =+ standard deviation; p-values of independent-samples ¢-

test. P Values expressed in median (interquartile range); p-values of Mann-Whitney U Test. HQ = handwriting quality;
HS = handwriting speed; NS = number of strokes; RT = reaction time; DT = duration; RPDD = relative pen-down
duration; APP = average pen pressure; VS = vertical size; HZS = horizontal size; RL = road length; SL = slant;
AAV = average absolute velocity.

3.1.2. Handwriting Process Characteristics

The results indicate no significant differences between the age groups in the process
characteristics of handwriting (Table 1).

3.2. Gender Differences
3.2.1. Handwriting Product Characteristics

No gender differences were found in handwriting quality and speed (Table 1).

3.2.2. Handwriting Process Characteristics

The boys (Mdn = 23.00) presented a significantly higher number of strokes than
the girls (Mdn = 17.00) (U = 260.50, p < 0.05) (see Table 1 and Figure 4, left panel), and
the girls (Mdn = 1.36) presented a significantly higher slant than the boys (Mdn = 1.27)
(U =254.00, p = 0.03); i.e., the girls wrote more upright, while the boys wrote more
slanted to the right (see Table 1 and Figure 4, right panel).

30 1.45
n.s. =0.04 -

. Pl i n.s. p=0.03
- I » 135 l
2 % g
b 5 130
o 15 =
'é =125
» 10 =
e 22.5 23 17 »n 1.20 1.30 1.27 1.36

5 115
0 1.10
Age7 Age8 Boys Girls Age7 Age8 Boys Girls

Figure 4. The only significant group differences are between boys and girls for the number of strokes
(left panel) and the slant in radians (right panel) (1.27 rad = 73 deg, 1.36 rad = 78 deg).

Finally, no gender differences were found for the other features (i.e., reaction time,
duration, relative pen-down duration, average pen pressure, vertical size, horizontal size,
road length, and average absolute velocity).
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3.3. Relationship between Age and Product and Process Handwriting Characteristics
3.3.1. Correlation between Handwriting Quality and Speed

No significant association was found between handwriting quality and speed for the
7-year-old group (r = —0.14, p = 0.38), the 8-year-old group (r = —0.10, p = 0.75), or the total
group (r = —0.19, p = 0.17) (see Table 2).

Table 2. Correlations between handwriting production and process characteristics for the 7-year-old
and 8-year-old groups and the total population.

HQ HS
. Total
Age7 Age 8 Total Population Age 7 Age 8 Population
n=43 n=14 n=>57 n=43 n=14
n =57
r P r 4 r P r r r 4 r P
HQ 1 1 1 —0.14 0.38 —-0.10 0.75 -0.19 017
HS -0.14 0.38 -0.10 0.75 -0.19 017 1 1 1
NS 0.35 0.04* -021 059 0.26 0.10 —0.06 0.75 —0.03 0.95 -0.11 051
RT 0.53  0.001 ** 0.01 0.98 0.38 0.02* —-0.20 0.26 —022 0.58 —0.23 0.15
DT 045 0.01* 0.06 0.88 0.32 0.04* —0.16 0.38 0.27 0.49 —0.05 0.75
RPDD -0.40 0.02* 0.00 1.00 —0.30 0.06 0.10 0.60 0.00 1.00 0.10 0.54
APP —-0.38 0.03* 0.27 048 -0.25 0.12 —0.04 0.83 0.25 0.52 0.00 0.99
VS 0.63  0.00001 ** 0.15 0.70 0.50 0.0001 ** 0.09 0.64 017 0.67 0.08 0.62
HZS 0.61 0.0001 ** -0.03 095 0.43 0.01 * 0.07 0.71 0.28 0.46 0.16 0.33
RL 0.64 0.00001 ** 011 0.78 0.50 0.0001** —0.02 0.92 0.15 0.70 0.06 0.71
SL —0.02 091 -034 038 —0.07 0.69 0.12 0.53 0.30 0.43 0.17 0.29
AAV 0.56 0.0001 ** 0.07 0.86 0.49 0.001 ** 0.21 0.25 042 0.27 024 0.14

Note:

p-values of Spearman’s correlation. HQ = handwriting quality; HS = handwriting speed; NS = number of
strokes; RT = reaction time; DT = duration; RPDD = relative pen-down duration; APP = average pen pressure;
VS = vertical size; HZS = horizontal size; RL = road length; SL = slant; AAV = average absolute velocity.

* Significantly positive at p <0.05 or significantly negative at p <0.05. ** Significant at p < 0.01.

3.3.2. Correlation between the Handwriting Produced and the Process Characteristics

The correlation analysis results are shown in Table 2. In the total population, we found
positive correlations between handwriting quality and reaction time (r = 0.38, p < 0.05),
duration (r = 0.32, p < 0.05), vertical size (r = 0.50, p < 0.01), horizontal size (r = 0.43, p < 0.01),
path length (r = 0.50, p < 0.01), and average absolute velocity (r = 0.49, p < 0.01). Thus, in
the population of 7- and 8-year-olds, a high handwriting quality score was correlated with a
greater reaction time, longer duration, larger vertical size, larger horizontal size, larger path
length, and greater average absolute velocity.

While the 8-year-olds did not show any significant correlations between handwriting
quality and any of the process variables, we found several positive correlations in the 7-year-
olds: between handwriting quality and the number of strokes (r = 0.35, p < 0.05) and between
handwriting quality and duration (r = 0.45, p < 0.05). Thus, in the 7-year-olds, the higher
the handwriting quality score, the higher the number of strokes and the longer the duration
per stroke. A strong positive correlation was also found between handwriting quality and
reaction time (r = 0.53, p < 0.01), vertical size (r = 0.63, p < 0.01), horizontal size (r = 0.61,
p < 0.01), path length (r = 0.64, p < 0.01), and average absolute velocity (r = 0.56, p < 0.01).
Thus, in the 7-year-olds, a high handwriting quality was associated with a longer reaction
time, larger vertical size, larger horizontal size, and larger average absolute velocity. We also
found negative correlations between handwriting quality and relative pen-down duration
(r=—0.40, p < 0.05) and between handwriting quality and average pen pressure (r = —0.38,
p < 0.05). Thus, a high handwriting quality was associated with a low relative pen-down
duration and a low average pen pressure.

Unlike BHK handwriting quality, the speed of handwriting showed no
significant correlations.
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3.4. Relationship between Variables according to Gender
3.4.1. Correlations between Handwriting Quality and Speed

No significant correlation was found between handwriting quality and speed for the
boys (r = —0.31, p = 0.16) or for the girls (r = —0.12, p = 0.49) (Table 3).

Table 3. Correlations between the handwriting product and the process characteristics for each

gender group.
HQ HS
Boys Girls Boys Girls
n=22 n =35 n=22 n =35
r 14 r 14 r 14 r 4
HQ 1 1 —0.31 0.16 -012 049
HS —0.31 0.16 —-0.12 049 1 1
NS 0.10 0.73 031 013 —0.01 098 —0.10 0.62
RT 0.17 0.55 048 0.01* -0.18 052 —-024 024
DT 0.38 0.16 024 025 -0.10 0.73 0.04 0.85
RPDD —0.38 0.17 —0.18 038 0.18 0.52 0.08 0.70
APP —-0.25 037 —-0.17 042 0.04 0.88 —0.08 0.71
VS 0.52 0.04* 043 0.03* -0.15 059 027 0.19
HZS 045 0.09 0.39 0.05*% —0.30 029 0.39 0.05
RL 042 012 046 0.02* —-0.14 0.63 025 0.23
SL 0.00 1.00 —0.06 0.78 -0.25 037 027 0.19
AAV 0.57 0.03* 041 0.04* —-0.21 045 046 0.02*

Note: * Significant at p < 0.05. p-values of Spearman’s correlation. HQ = handwriting quality; HS = handwriting

speed; NS = number of strokes; RT = reaction time; DT = duration; RPDD = relative pen-down duration; APP
= average pen pressure; VS = vertical size; HZS = horizontal size; RL = road length; SL = slant; AAV = average
absolute velocity.

3.4.2. Correlations between the BHK and the Process Characteristics of the Handwriting

The results for the boys indicate a significant strong positive correlation between
handwriting quality and vertical size (r = 0.52, p < 0.05) and between handwriting quality
and average absolute velocity (r = 0.57, p < 0.05) (Table 3). Thus, high handwriting quality
scores were associated with a larger vertical size and a greater average absolute velocity.

In the girls, we found a significant positive correlation between handwriting quality
and reaction time (r = 0.48, p < 0.05), vertical size (r = 0.43, p < 0.05), horizontal size (r = 0.39,
p =p <0.05), road length (r = 0.46, p < 0.05), and average absolute velocity (r = 0.41, p < 0.05).
Thus, a high handwriting quality score was associated with a longer reaction time, a larger
vertical size, a larger horizontal size, road length, and a greater average absolute velocity.

For handwriting speed, we found no correlations with any of the process features, except
for a significant, positive correlation with average absolute velocity (r = 0.46, p < 0.05). Thus,
a high handwriting speed was associated with a high average absolute velocity.

The present study aimed to analyze the relationship between the quality and speed of
handwriting and the process characteristics of the handwriting of children in the second
grade of elementary school with regard to age and gender.

In general terms, a poorer handwriting quality was associated with a higher number
of strokes, reaction time, duration, vertical size, horizontal size, road length, and average
absolute velocity in these groups. Conversely, a better handwriting quality was associated
with a lower relative pen-down duration and average pen pressure in these groups. In
addition, a higher handwriting speed was associated with a higher average absolute
velocity in these groups.
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4. Discussion
4.1. Differences between Age Groups in Handwriting Quality and Speed and in Process
Characteristics of Handwriting

Regarding the results, no significant differences were found between the age groups
in handwriting quality and speed. According to previous studies, handwriting quality and
speed can be expected to increase with age [7,12,14-16], but we did not observe that in the
present study. Handwriting development depends on interactions between individual fac-
tors, the task, and the environment, and it is strongly influenced by exposure to instruction
and practice [16,17]. Therefore, the fact that the children of both age groups were in the
second grade and had been exposed to instruction and handwriting practice at the same
time may have blurred possible differences in handwriting quality and handwriting speed
with regard to age.

There were also no significant differences between the age groups in the process
characteristics of handwriting. Despite the lack of consensus, previous studies in this
area report the absence of any relationship between road length and age [9] and between
handwriting pressure and age [9,38], which is in line with the findings of the present study.
Considering the results of previous studies [6,9,35,37-41,50], we would have expected
significant relationships between the other process characteristics of handwriting and age.
However, we could not verify this. The large difference in the number of children in both
age groups may explain the absence of age differences.

4.2. Differences between Gender Groups in Handwriting Quality and Speed and the Process
Characteristics of Handwriting

With regard to handwriting quality and speed, we did not find significant differences
between both genders. This is in line with previous studies [19,26,27].

Regarding gender differences in the process characteristics of handwriting, the boys
showed a higher number of strokes and a lower slant than the girls, suggesting a movement
with less fluency (automaticity) during handwriting. This finding seems inconsistent with
that of Li et al. [9], who found that girls show a lower (i.e., less upright) handwriting slant
than boys. This could be attributed to cultural influence, since [9] involved Chinese children,
while, in Western societies, girls spend more time on fine motor tasks than boys. A greater
slant angle (i.e., more upright handwriting) requires greater finger control and left-to-right
wrist progression, while a lower slant angle (i.e., more rightward-slanted handwriting)
requires a greater control of wrist movements and left-to-right arm movements [9].

Regarding other handwriting process characteristics, no gender differences were
found, which is in line with other studies by Kushi et al. [42].

4.3. Correlations between the Handwriting Product and the Process Characteristics of Handwriting

The present study’s results show no significant correlations between handwriting
quality and handwriting speed in the total population of participants and per age or gender
group. Although there is no consensus, similar results have been found in several previous
studies [18-21]. In the study by Weintraub and Graham [23], contradictory results were
found, possibly due to the time constraints imposed during handwriting, while in the study
by Volman et al. [10], the finding of an absence of associations may have arisen because the
sample size in that study was smaller than that in this study.

We observed significant correlations between handwriting quality and the number
of strokes, reaction time, duration, vertical size, horizontal size, path length, relative pen-
down duration, average pen pressure, and average absolute velocity in the total population
and in the 7-year-old group. Significant correlations were also found between handwriting
quality and the vertical size and the average absolute velocity in the boys’ group and
between handwriting quality and the reaction time, vertical size, horizontal size, road
length, and average absolute velocity in the girls” group.
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Our result that a poorer handwriting quality is associated with larger vertical or
horizontal sizes, i.e., larger handwriting, agrees with that of Vaivre-Douret et al. [37]. The
size of the letters is thus an important indicator of handwriting quality [15,23,32].

Our finding that children with a poorer handwriting quality show longer reaction
times may be the consequence of needing more time for the motor planning of handwriting,
for example, to sequence the movements to be performed, to select the muscles to be
activated, and to program the forces and durations to be exerted by the muscles. According
to Thon [51], reaction time during handwriting is an important indicator of the complexity
of the cognitive processes underlying response selection and motor programming. Longer
reaction times are associated with more complex motor programs. Therefore, the more
complex the words that are to be written, or the less familiar the words are as part of the
children’s lexicon, the longer the time that elapses between perceiving and reading the
words to be written and writing them by hand [47].

We found that worse handwriting quality is associated with a higher average absolute
pen velocity. This was to be expected if we consider that pen velocity is the ratio of stroke
size over stroke duration. We had already reported that an increased stroke size is strongly
associated with worse handwriting quality, while an increased stroke duration has a slightly
weaker association. According to Vaivre-Douret et al. [37], a worse handwriting quality
was associated with a longer stroke duration, which can be explained by the fact that
children need more time for handwriting motor planning, since their movements are less
automatic and fluid and cost them more time. According to Albaret et al. [28], handwriting
movements are initially slow and very dependent on sensory feedback, and then they
become progressively faster and more fluid thanks to greater automaticity, i.e., more
mature and proactive motor control [52]. This seems counterintuitive because, according to
the Fitts’ law paradigm, there is a trade-off between movement duration and precision [53].

The BHK test defines handwriting speed as the number of letters written within 5 min.
Our results failed to show a significant correlation between handwriting quality and hand-
writing speed, although Gosse et al. [22] and Weintraub and Graham [23] did report such a
correlation. According to Gosse et al. [22], the speed with which one handwrites decreases
when the objective is to write as neatly and legibly as possible. Conversely, accelerating the
speed at which one produces letters will have a negative effect on readability [22].

However, in terms of the number of strokes, the literature argues that nonproficient
handwriters produce a significantly larger number of strokes than proficient
handwriters [54,55]: a poorer handwriting quality is associated with a greater number
of strokes. This suggests worse in motor automation in these cases [56], which agrees with
the results found in our study.

As expected, a significant correlation was also found between handwriting quality
and relative pen-down duration. A worse handwriting quality was associated with a lower
relative pen-down duration, which is in line with the study by Gargot et al. [8].

Another interesting finding was that a poorer handwriting quality was associated with
less handwriting pressure. This result disagrees with that of some studies, which argue that,
traditionally, handwriting pressure reflects the tension in the elbow, arm, and hand muscles
during handwriting and that this muscle tension decreases as children become more proficient
in handwriting [57]. According to previous studies, handwriting pressure is an important pre-
dictor of handwriting difficulties (dysgraphia), implying that a greater handwriting pressure is
associated with a poorer handwriting quality and speed [8,36,55,58-60]. Evidence also suggests
that the more mature (fluid and automatic) the handwriting gesture, the more easily the child
can control it, for example, in terms of regulating the handwriting pressure applied [37]. In this
study, the children with a poorer handwriting quality may have been afraid to apply pressure
while writing on a digitizing tablet, as it is a different handwriting surface than usual (paper),
which may have reduced the handwriting pressure.

Like Vaivre-Douret et al. [37], we found a significant correlation between the handwrit-
ing speed measured using the BHK and the average absolute velocity, as children who had a
higher average absolute velocity wrote a larger number of characters from the BHK text.
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Finally, no significant correlations were found between quality and the speed of
handwriting, or between quality and the slant of handwriting, which is in line with the
study of Gargot et al. [8].

5. Limitations and Future Directions

The current study needs to be interpreted with consideration of both its strengths
and limitations. Firstly, the sample size of the 8-year-old group is much smaller than
that of the 7-year-old group, because there were fewer 8-year-olds in the second grade of
elementary school. These children benefited from delayed school entry due to age. Second,
the sample size may have been insufficient to detect differences between age and gender
groups and/or to detect significant associations in some variables. Many parents (73) did
not consent to the participation of their children in this study, which may have introduced
an unwanted selection of participants. In addition, three children were excluded from
the present study due to unexpected failures in the MovAlyzeR® system, which further
limited the sample size. Finally, the small number of studies with the same objectives and
assessment instruments made it difficult to compare the results.

Although our methodology is still expensive and time-consuming, it is considered
a starting point for testing a larger, more representative population of participants in the
future in order to expand and strengthen our preliminary findings. In addition, similar
studies focusing on other age groups and comparing children with and without dysgraphia
and the inclusion of other variables related to the characteristics of the handwriting process
(e.g., electroencephalography) will be encouraged. Moreover, including an analysis of the
context in which students learn to write [61] will allow us to extract new combinations of
features using an artificial neural network (ANN), which will help to improve the early
classification of children who are at risk of developing dysgraphia versus children who are
not at risk [46].

6. Conclusions and Implications for Practice

Our findings provide evidence that the process characteristics of handwriting are
similar in the age groups and genders studied, except for the number of strokes (which is
higher in boys) and the slant (which is higher in girls). Furthermore, our findings provide
evidence that handwriting quality and speed significantly correlate with various process
characteristics of handwriting (e.g., the number of strokes, reaction time, duration, relative
pen-down duration, average pen pressure, vertical and horizontal sizes, road length, and
average absolute velocity) across the ages and genders studied. The results suggest that
digitizing tablets are a valuable tool to identify handwriting process difficulties and that
handwriting intervention programs should exploit the opportunity to work on these skills.
To the best of our knowledge, there is no research taking the approach of both product and
process assessment using the BHK, although the BHK is an instrument frequently used in
clinical assessments. We realize that more research will be necessary to confirm and expand
on our findings.

This research provides a promising step towards quantifying the development of
handwriting quality and the speed and process characteristics of the handwriting of chil-
dren as a function of age and gender. This research could lead to methods for the early
identification of neuromotor difficulties that can lead to dysgraphia and, thus, eventually
to the remediation or prevention of handwriting difficulties. In addition, the findings of the
present study are important from a developmental perspective, as they provide promis-
ing contributions to the construction of normative values in the process characteristics of
the handwriting of elementary school children. This contribution will be fundamental to
achieving precision and efficiency in diagnoses by therapists. Furthermore, examining the
relationships between the variables studied will help teachers, educators, and therapists to
develop more effective interventions.
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Il fait trés beau
Je suis bien

Je vois de I'eau
mais je ne sais pas

ou elle va

L'eau venait sur les cotés, avec une grande
force. Des enfants étaient prés de moi. Le plus petit,
donnait ses affaires a une femme.
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Appendix A

| saw

| don't know if | saw
the light in the sky

or the light on the sea
But | saw

The water came from the sides, with great force. There
were children next to me. The smallest gave his things
to a woman.

Cette femme, qui était grande et belle, devait étre une amie. Elle

This woman, who was tall and beautiful, must have been a

lui avait pris la main, et je les voyais aller vers une place :

la plus belle de notre ville | Un des enfants, donnait des choses &

un autre ; mais, je ne savais pas ce que C'était.

friend. She took him by the hand, and | could see them going
to a square: the most beautiful square in our town! One of the
children gave things to another; but | don't know what it was.

Jétais trop loin ; alors, je me dirigeais doucement vers eux,

pour mieux voir. Un des enfants me regardait. Il me fit

signe de venir, avec lui, dans le groupe.

| was too far away: so, | approached them slowly, so | could
see better. One of the children was looking at me. He |
gestured me to join the group with him

Jrentendais des rires et des paroles joyeuses. J'étais content car
ils m'avaient demandé de venir. Je les regardais en souriant

puis je leur demandais leurs noms.

En faisant de grands bruits, ils me donnaient leurs petits noms, tous en méme
temps. « Je n'ai pas tout compris » dis-je en riant. Le

plus grand du groupe me regardait avec un ceil sympathique et voulait savoir
sif*étais du coin. « Non, je viens d'arriver depuis

peu « lui disJe. « Alors bienvenu parmi nous « dit-l.

Nous avons ensuite cherché un jeu que nous aurions pu faire. Il fallait

tous se réunir, pour trouver quelque chose. Nous avons fini

par nous accorder, aprés de longs discours : on allait faire des bateaux dans

I'eau. Nous avons décidé de nous séparer en petits groupes, pour rapporter du matériel : du bois
et divers objets... Mais, la pluie s'est mise & tomber fort. Alors,

nous sommes allés, en courant et en riant, avec mes nouveaux camarades de

jeux, dans une vieille maison, trouver de nouvelles idées !

| heard laughter and happy words. | was glad they had invited
me. | would look at them smiling then ask them their names.

Making noise, they would tell me their names, all at the same
time. "l didn't quite understand,” | said. The tallest in the
group looked at me with a sympathetic eye and wanted to
know if | lived nearby. “"Ne, | just arrived a little recently” |
tald him. "Then welcome” he told me

Then we try to find a game to play. It was necessary to get
together, to find something. After a long discussion, we
reached an agreement: we were going to make little boats to
put in the water. We ended up separating into small groups
to find the necessary material: sticks and various objects..
But the rain started pouring down. So off we went, running
and laughing with my new gaming buddies, in an old house,
to find new ideas!

Figure Al. The French BHK text [15] (left panel) used to generate the cross-culturally adapted
Portuguese version (shown in Figure 2) and the literal translation of the Portuguese version into
English (right panel).
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