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Background: Children are using digital devices earlier and more frequently than 
they did years ago. At the same time fine motor skills and the spelling performance 
of primary school children have deteriorated over the last years. There is some 
evidence for a relationship between fine motor skills and spelling performance, 
while the role of test mode in this context is still unknown. Therefore, the aim 
of the present study was to evaluate the relation between parent-reported fine 
motor skills and spelling performance in different test modes.

Methods: The spelling performance of German children in 3rd and 4th grade 
(age: 8–12 years) was examined, first in digital test mode (N = 3,453; 49.1% 
girls) and then in paper-pencil mode (N = 225; 44% girls). Fine motor skills were 
assessed using a parental questionnaire.

Results: The results confirm earlier findings of a positive relation between 
spelling performance and fine motor skills and reveal that using digital test 
mode leads to neither an immediate improvement nor a deterioration in spelling 
performance in children with low fine motor skills. Below-average fine motor 
skills appeared to have a more adverse effect on spelling performance in girls 
than in boys. Also, fine motor skills had an influence on school grade in German 
over and above its influence on reading and spelling abilities.

Conclusion: Switching from paper-pencil to digital testing does not seem to 
bring immediate improvement for children with low fine motor skills, but is not 
a disadvantage either.
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1 Introduction

Between 1997 and 2007, an increase in the prevalence of motor deficits, especially in fine 
motor skills, had been observed in German preschool children. Motor skills can 
be differentiated into gross (“involving the larger muscle groups”) and fine motor skills (which 
are based on the “control of the hand, fingers and thumb, and ultimately is aimed toward the 
skills of handwriting and typing”; Johnson, 2012, p. 27). Already in 2007, almost every 5th 
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child was found to have such deficits (Stich, 2009) that can culminate 
in developmental coordination disorder (DCD) if there is a significant 
and persistent impairment of activities in daily live. While boys are 
more likely to be impaired in fine motor skills, girls are more likely to 
be impaired in gross motor and ball skills (Rodrigues et al., 2019). Fine 
motor skills are related to academic achievement (Wang and Wang, 
2024), especially graphomotor skills as a subset of fine motor skills 
that relate to manual tasks with a writing tool (e.g., handwriting; 
Suggate et al., 2016).

In this context, it is striking that a trend similar to that for fine 
motor skills can also be seen in spelling performance. Spelling refers 
to the ability to correctly form words based on letters. From 2016 to 
2021 the spelling performance of German fourth-graders has 
decreased significantly. In 2021, around every 3rd child did not reach 
the minimum standards for spelling performance, which is 8% more 
than in 2016 (Stanat et al., 2022). Girls outperform boys in spelling 
skills. Overall, the trends in motor skills and spelling performance 
indicate that an increasing proportion of children fall below 
age-appropriate levels, without considering the criteria for clinical 
diagnoses, highlighting a high practical relevance for educators.

1.1 Relation between motor skills and 
spelling performance

Fluent and correct writing (handwriting or typing) is a complex 
process that requires the integration of fine motor and language skills. 
The relationship between fine motor skills and spelling performance has 
been hardly investigated to date, especially in an early stage of writing 
development when the required fine motor skills are not yet automated. 
However, it is to be expected that if the fine motor skills as the lower-
level cognitive part of the writing process are not yet automated, this will 
impair spelling performance as the higher-level cognitive part of the 
writing process. As motor planning seems to have priority access to 
working memory (Schütz and Schack, 2020), the increased effort 
required to plan and perform the writing movement leaves less working 
memory capacity for the retrieval of spelling. From this theoretical 
perspective, increased motor effort is needed in the early stage of writing 
development, as the required fine motor skills are not automatized. 
Children therefore initially learn to write individual letters until the 
involved fine motor skills and the letter-sound correspondences become 
automatized. Children then learn to write phonetic words (initially via 
the non-lexical route) and non-phonetic words (lexical route). The 
lexical and fine motor skills involved become increasingly automatized. 
Based on this developmental perspective, the automatization deficit 
hypothesis, originally formulated to explain symptoms of dyslexia 
(Nicolson and Fawcett, 1990), suggests that a generalized automatization 
deficit may underlie the developing difficulties in both motor skills and 
spelling. An increased motor effort when writing, which places a greater 
load on working memory, not only occurs during the early stages of 
writing development in general but also persists in children with fine 
motor difficulties (e.g., motor coordination disorders).

Few studies examine the relation between graphomotor 
automatization and spelling from this developmental perspective 
(Danna et al., 2022; Wicki et al., 2014). Danna et al. (2022) found that 
the relation between graphomotor skills and spelling depends on the 
graphomotor automatization as the relation disappears with 
advanced graphomotor automatization. For children with low fine 
motor skills and therefore less advanced graphomotor automatization, 
the results of Danna et al. (2022) might imply that impairments in 
fine motor skills (e.g., handwriting) affect spelling performance 
above first grade.

Further studies conversely indicate that in a stage of advanced 
graphomotor automatization (3th to 9th grade) spelling performance 
seems to contribute to handwriting speed (Downing and Caravolas, 
2023; Pontart et al., 2013). Conclusions about the nature of the relation 
and the interaction between graphomotor skills and spelling 
performance are limited due to the cross-sectional design of the 
studies mentioned above.

Another hypothesis relevant to the relation between motor skills 
and spelling performance is the inhibitory deficit hypothesis, which 
states that impairments in motor skills are caused by compromised 
inhibitory control in motor tasks (He et al., 2018). It is supported by 
numerous findings of compromised response inhibition and 
attentional inhibition in individuals with DCD (Lachambre et al., 
2021; Wilson et al., 2017). However, response inhibition has hardly 
been considered in research investigating the relation between motor 
skills and spelling performance. Some studies suggested a mediating 
role of executive functions (which include response inhibition and 
working memory, among others) in the relation between motor skills 
and reading and spelling, but response inhibition appears to be less 
important than working memory in the mediation (Khoury-Metanis 
and Khateb, 2023; Lê et al., 2021; Michel et al., 2019). The finding that 
working memory mediates the relation between motor skills and 
reading and spelling (more strongly than response inhibition) is 
consistent with the assumption that an increased motor effort during 
writing leaves less working memory capacity for spelling retrieval.

However, it is unlikely that neurodevelopmental problems like 
motor or spelling difficulties can be  explained based on an 
automatization or inhibition deficit alone (McGrath et al., 2020). It is 
more likely that neurodevelopmental problems are a consequence of 
a combination of risk factors (Pennington, 2006), and therefore the 
combination of different types of neurodevelopmental problems is 
based on the presence of shared risk factors (McGrath et al., 2020). A 
study of Cummine et  al. (2015) provides further insight into the 
relation between motor skills and spelling performance by examining 
rapid automatized naming (RAN) and reading, both evidently related 
to spelling. Although it is controversial whether RAN is an aspect of 
automatism or efficiency, the results show that RAN and reading 
activate similar neural networks which includes regions associated 
with motor planning (Cummine et al., 2015), supporting the idea of a 
multiple deficit model.

Although many studies control for gender, gender differences with 
respect to the relation between motor skills and spelling performance 
has not been studied directly. However, girls’ spelling performance 
seems to be more strongly related to visuospatial skills (visuospatial 
short-term memory), while boys’ spelling performance is more 
strongly related to verbal skills (verbal working memory; Adams et al., 
2015). Therefore, a stronger relation between motor skills and spelling 
performance could be expected for girls compared to boys.

Abbreviations: ADHD, Attention deficit hyperactivity disorder; DCD, Developmental 

coordination disorder; EDF, Estimated degrees of freedom; GAM, Generalized 

additive models; GLM, Generalized linear model; RAN, Rapid automatized naming; 

ToS, Tablet or smartphone.
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1.2 Motor skills and test mode effects

At school, children spend a substantial amount of time (30–60%) 
performing fine motor tasks, with paper-pencil (PP) tasks accounted 
for 17–37%, including handwriting with 3–18% (Caramia et  al., 
2020; McHale and Cermak, 1992). Children with fine motor 
impairments struggle with such tasks, which negatively affects their 
academic performance (e.g., fluency in handwriting predicts written 
expression). The latest International Computer and Information 
Literacy Study 2018 (Eickelmann et al., 2019) revealed that only a 
low proportion of German secondary school students (4.4% of eight 
graders; international mean 17.7%, European Union mean 19.7%) 
use digital devices in school every day. This means that even in 
secondary school (and therefore also in primary school), handwriting 
is more dominantly used than typing. However, the role of fine 
motor skills in everyday school life has begun to change, which is 
ongoing process in which children will increasingly have to read and 
write in a digital format in everyday school life, for homework 
and tests.

Changes in (test) format can lead to changes in the psychometric 
properties of a measurement (test mode effects; Goldhammer et al., 
2018) and thereby affect children’s performance. Even if the contents 
of the two test formats are identical, changes due to format 
requirements (e.g., the order or arrangement of tasks and items), 
handling (e.g., text entry via keyboard vs. handwriting) or experience 
in handling the test medium can affect test performance. For instance, 
results of the National Assessment of Educational Progress (NAEP) 
program indicated that computer familiarity accounts for additional 
variance in online essay writing performance after controlling for 
paper essay writing skill (Horkay et al., 2006). There is research on test 
mode effects in different domains, such as reading speed, reading 
comprehension, and mathematics (e.g., Clinton, 2019; Delgado et al., 
2018; Elliott et al., 2020; Kong et al., 2018; Noyes and Garland, 2003). 
For spelling performance of children in general, test mode effects have 
hardly been studied (e.g., Feng et al., 2019), but can be assumed as 
handwriting and typing require different motor skills. While 
handwriting is more related to visual motor integration and spatial 
perception, typing is more related to bilateral coordination as well as 
motor and visual memory functions (Preminger et al., 2004). The 
relevance of visual-motor integration for handwriting rather than 
typing was confirmed in a recent study of a sample of adolescents with 
automated handwriting but less typing experience (Cerni and Job, 
2024). The study further finds that spelling processing differs between 
handwriting and typing, with longer latencies for typing before 
starting to write and between two consecutive letters. In addition, the 
study reveals stronger lexicality effects for typing compared to 
handwriting. The results indicate an anticipated sensorimotor 
programming before and during typing as well as a decreasing impact 
of central processes on automatized skills (i.e., handwriting). For 
children with low fine motor skills specifically, it is still unclear 
whether they can achieve better spelling performance when they write 
with a keyboard instead of handwriting. We identified only one study, 
of which the results showed that children with dysgraphia (as well as 
children with dyslexia) make fewer spelling errors when writing with 
a keyboard than when writing with a stylus (Beers et al., 2018). Since 
visual-motor integration is a salient marker of motor impairment 
(Lalanne et al., 2012), which is also relevant for handwriting but less 
so for typing, this could explain the better spelling performance in 

typing compared to handwriting in children with fine 
motor difficulties.

Although we are not aware of any study that has investigated the 
relationship between smartphone or tablet ownership by children and 
their typing skills, the data from a recent representative study of 
children aged 6–13  in Germany suggests such a relationship 
(Feierabend et al., 2023). The number of children who state that they 
are good at sending messages and the number of children who state 
that they are texting daily or almost daily is almost the same as the 
number of children who have their own smartphone and increases in 
the same proportion with increasing age. For example, 27% of children 
aged 8–9 years, 58% of children aged 10–11 years and 81% of children 
aged 12–13 years state that they have their own smartphone. A similar 
number of children reported that they were good at sending messages 
(8–9 years: 37%, 10–11 years: 64%, 12–13 years: 88%) and texting 
daily or almost daily (8–9 years: 34%, 10–11 years: 47%, 
12–13 years: 57%).

1.3 Study aims

To further explore effects of fine motor skills on spelling 
performance in different test modes, the current study had three aims.

First, we evaluated whether parent-reported fine motor skills are 
related to spelling performance when writing with a keyboard. 
We hypothesized a weaker relation between the reported fine motor 
skills and spelling performance during typing for children with low 
fine motor skills than for children with at least average fine motor 
skills evidenced by better fits for a non-linear model than a linear 
model. We assume that, below a certain level of reported fine motor 
skills, the higher motor effort during writing leaves less working 
memory capacity for the retrieval of information needed for spelling 
and thus the negative effect of fine motor skills on spelling 
performance diminishes as fine motor skills continue to decline. 
We expected girls’ spelling performance to be more strongly related to 
low fine motor skills than boys’ spelling performance (Adams et al., 
2015). We further expected that owning a tablet or smartphone is 
related to time spend with a tablet or smartphone and with the usage 
of the tablet or smartphone which in turn leads to improved familiar-
handling when writing with a keyboard and thus a lower load on 
working memory from the motor task of typing (e.g., bilateral 
coordination). This could have a beneficial effect on spelling 
performance when writing with a keyboard, with a more beneficial 
effect in children with at least average fine motor skills. Taken together, 
we  expected a non-linear relation between fine motor skills and 
spelling accuracy, which also interacts with the child’s sex and 
ownership of a tablet or smartphone.

Second, we  examined whether test mode effects were 
pronounced differently in children with below and at least fine 
motor skills. Since visual motor integration as a salient marker for 
motor impairments (Lalanne et  al., 2012) is more relevant for 
handwriting but less for typing (Preminger et al., 2004), we expected 
that children with low fine motor skills would need to put more 
motor effort into handwriting compared to typing and therefore 
achieve better spelling performance when writing with a keyboard 
(online assessment) instead of in PP form (as was demonstrated by 
Beers et al., 2018), as reflected in a smaller test repetition effect and 
thus a smaller raw score difference. We  also took into account 
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children’s ownership of an own tablet or smartphone and sex. 
We expected a greater repetition effect (greater differences in raw 
scores) between online and PP tests for children who own a tablet or 
smartphone than for children who do not, due to the benefits of 
familiarity with the device and better motor skills required for 
typing. Regarding gender, we expected the same test repetition effect 
for girls and boys.

Thirdly, we investigated whether fine motor skills account for the 
variability in school grades in the subject German beyond spelling and 
reading performance, which, along with listening comprehension, are 
the most important measures of grades in the subject German in 
primary school children (KMK – Kultusministerkonferenz, 2022). The 
expectation was that this would be  the case. Based on the 
automatization deficit hypothesis, the increased motor effort during 
writing due to low fine motor skills lead to a reduced remaining 
working memory capacity. As a consequence, low fine motor skills 
would not only lead to reduced spelling performance (and 
consequently to lower school grades), but also to reduced performance 
in other areas of the subject German (e.g., grammar, text composition).

2 Methods

Families were initially invited to participate in an online study on 
comorbidities between specific learning disorders and 
psychopathology in elementary school children. For data collection, 
a software company (Meister Cody GmbH) has transferred various 
performance tests and questionnaires into an app format.

2.1 Data collection

In order to obtain a representative sample of 3rd and 4th grade 
children in Germany, 52,734 families with a child in 3rd or 4th grade 
in the German states Hesse and Bavaria were invited to participate in 
the study by letter via the local governments. In these letters, families 
obtained data to log in to the study’s app via a tablet or smartphone, 
where they could give informed consent for their participation.

The tasks and questionnaires for the children were divided into 
blocks of 30–45 min per day on four different days and were carried 
out within the app via a tablet or smartphone from home. The spelling 
test (see below) was completed on the third day. Parents filled in 
various questionnaires, of which one focussed on motor skills of the 
child. Parents also reported the child’s latest school grade in the 
subject German.

After the online study was finished, a subsample of the 
participating families was invited for a PP assessment in which the 
spelling test, among others, was completed in PP form. In Hesse, all 
participating families had the opportunity to participate in the PP 
assessment. All families who declared their interest by ticking a 
checkbox at the end of the online study were invited for the PP 
assessment. In Bavaria, only a selection of the families was invited for 
the PP assessment. More specifically, 177 families of children with a 
below-average achievement (T ≤ 40) in reading, spelling, or math in 
the online studies as well as 112 families of children with average 
achievement were invited by letter (balanced for grade and gender). 
In both states, the tests were administered by trained student assistants 
and were held in the Leibniz Institute for Research and Information 

in Education and the Child and Adolescent Psychiatry of the 
University Hospital Munich.

The online study took place in May 2017; the PP assessments from 
June to September 2017 (Hesse) and from October 2017 to the 
beginning of January 2018 (Bavaria). Therefore, at the time of the PP 
assessments in Bavaria, the children had already moved to the next 
school grade (4th and 5th grade). Between the online and PP tests, 
there was a time interval of 102 days on average (SD = 62; 
range = 19–237). The study was reviewed and approved by the local 
ethics committees of both sites (Bavaria: project ID 438–16; date of 
approval 25.08.2016; Hesse: project ID FoeDises; date of approval 
02.04.2017).

2.2 Sample

A total of 4,542 families have started the application (response rate 
8.6%). In 921 cases, the spelling test or DCD questionnaire was not 
completed or the spelling data were implausible. For details about the 
plausibility checks please see Visser et al. (2020). We excluded the data 
of one sibling per pair (n = 41; randomly). The total sample comprised 
3,580 children who completed the spelling test and whose parents 
completed the DCD questionnaire. Of these, 234 children also 
participated in the PP assessment. According to parent reports, 36% 
of children in third grade and 53% of children in fourth grade in the 
online sample had their own tablet or smartphone. In the PP sample, 
these percentages were 38 and 52%, respectively. These rates are in line 
with the results of a recent representative study about the media use 
by 6–13-year-olds in Germany (Feierabend et  al., 2023). Table  1 
contains the descriptive statistics for both (dependent) samples.

The online sample is approximately equally distributed in terms 
of sex and grade level (see Table 1). In the online sample, there was 
information about the mother’s education for 3,009 (84%) of the cases. 
Of these, 1,310 mothers (43.5%) had an academic degree. This 
overrepresentation (around 17% of women in Germany have an 
academic degree) makes that the sample is not entirely representative 
in terms of socioeconomic status (SES). In the PP sample, 4th graders 
and boys are overrepresented (see Table 1). In terms of SES, there was 
information available for 206 children (88%). Of these, 41.7% of 
mothers had an academic degree. The mean non-verbal IQ of both 
samples is close to the average of 100 (M = 101.4 and SD = 14.6; 
M = 100.6 and SD = 14.9) for online and PP, respectively.

2.3 Material

2.3.1 Spelling
Spelling performance was assessed using a digitized version of the 

standardized Weingarten spelling test for basic vocabulary (WRT 3+ for 
3rd graders; Birkel, 2007a; test–retest reliability r > 0.93, and WRT4+ 
for 4th graders; Birkel, 2007b, parallel-test reliability r > 0.94). The 
same items were used in the digitalized version as in the PP version. 
A strong correlation between the results on the digitalized and the PP 
test was reported (WRT 3+: r = 0.74, n = 68, WRT 4+: r = 0.86, 
n = 165, Rothe et al., 2022) but the correlation values were slightly 
lower than those for the test–retest reliability of the original PP test. 
After a sentence frame with a target word was spoken aloud to the 
children, they were are asked to insert the target words without a time 
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limit (3rd grade: 55 words, 4th grade: 60 words). In the online 
assessment, children wrote using the in-screen keyboard of the device. 
The number of correctly spelled words was scored. For the online 
sample, standardized values were obtained using grade-specific norms 
based on the complete sample that had used the web-based 
application. For more information about the norm development, 
we  refer to Visser et  al. (2020). Grade-specific norms from the 
PP-version of the test (Birkel, 2007a, 2007b) were used for obtaining 
standardized scores for the spelling performance in the PP sample.

2.3.2 DCD-questionnaire (DCD-Q)
Fine motor skills were assessed using the German translation of 

the parental DCD-Questionnaire (DCD-Q; Kennedy-Behr et  al., 
2013). This parent-report screening instrument has originally 
developed for screening for symptoms of coordination disorders in 
children, aged 5–15 years. It contains 15 items assessing gross motor 
skills (6 items; Cronbach’s alpha = 0.83), fine motor skills (4 items, 
Cronbach’s alpha = 0.86), and general coordination (5 items, 
Cronbach’s alpha = 0.65). The reliability (internal consistency 
Cronbach’s alpha = 0.88) and validity (correlation with the Movement 
Assessment Battery r = −0.59, p < 0.001) of the original English 
version have been supported (Wilson et al., 2000). Note, this parental 
questionnaire is a screening tool and it is not possible to determine a 
DCD diagnosis based on its results. However, a recent meta-analysis 
revealed good sensitivity (0.87) and specificity (0.83) of the DCD-Q 
for a DCD-classification based on the Diagnostic and Statistical 
Manual of Mental Disorder (DSM; Park and Kim, 2024). The DCD-Q 
captures the fine motor skills by asking the parents (1) Your child’s 
printing or writing or drawing in class is fast enough to keep up with 
the rest of the children in the class, (2) Your child’s printing or writing 
letters, numbers and words is legible, precise and accurate, (3) Your 
child uses appropriate effort or tension when printing or writing or 
drawing (no excessive pressure or tightness of grasp on the pencil, 
writing is not too heavy or dark, or too light) and (4) Your child cuts 
out pictures and shapes accurately and easily. Questions 1–3 cover the 
most relevant aspects of graphomotor skills (speed/fluency, accuracy/
legibility and pressure). For the analyses, we only used the scores on 

fine motor skills, for which z-scores were obtained based on the 
complete sample that had used the web-based application. Low fine 
motor skills were defined by z-scores < −1.25 on the fine motor scale, 
which corresponds to the scoring advised in the questionnaire’s 
manual, indicating clinical relevance.

2.3.3 Reading
A digitized version of the standardized Wuerzburger Silent 

Reading Test – Revised (Schneider, 2011) was used to measure reading 
fluency. The relation between results on the digitalized and the PP test 
was reported to be strong (r = 0.80, n = 233, Rothe et al., 2022) and 
was similar to the test–retest reliability of the original PP test 
(r = 0.80–0.82). Children were presented with a series of written words 
and asked to select the corresponding picture among four options 
within 5 min. Standardized values were obtained using grade-specific 
norms based on the complete sample that had used the web-based 
application. For more information about the norm development, 
we refer to Visser et al. (2020).

2.4 Statistical analysis

We applied linear and non-linear models to evaluate the effect 
of fine motor skills on the spelling performance in the online 
assessment. Generalized additive models (GAM) can be used to 
determine complex non-linear regression effects (Hastie et  al., 
2009) by automatically determining the optimal combination of 
non-linear basis functions (Wood et al., 2017). To model spelling 
accuracy as (potentially) non-linear function of fine motor skills 
and test for interactions with the child’s sex and tablet or 
smartphone ownership (ToS), we implemented a GAM with the 
following form:

g(outcome) = α + βX + f1(fine motor) + f2(fine motor, 
by = sex) + f3(fine motor, by = ToS)

where α is the intercept, β is the vector of parameters associated 
with the set of explanatory variables X (sex and ToS), fx are the smooth 

TABLE 1 Descriptive statistics [n (%)] for the online and PP samples.

Online (N = 3,453) PP (N = 225)

State
Bavaria 2,708 (78.4%) 72 (32.0%)

Hesse 745 (21.6%) 153 (68.0%)

Grade *
3 1,590 (46.0%) 62 (27.6%)

4 1,863 (54.0%) 163 (72.4%)

Sex
girl 1,694 (49.1%) 99 (44.0%)

boy 1,759 (50.9%) 126 (56.0%)

Age
M (SD) 9;9 (0;7) 10;0 (0;7)

range 8;1–11;8 8;8–11;8

Low fine motor skills 290 (8.4%) 32 (14.2%)

Non-verbal IQ
M (SD) 101.4 (14.6) 100.6 (14.9)

range 50–153 64–135

Days between the tests
M (SD) N/A 100 (61)

range N/A 19–237

PP, Paper-Pencil; *grade at the moment of the online assessment; **intelligence data were available for N = 3,202 and 211, respectively, and based on own norms applied to the CFT 20-R 
(Weiß, 2006); N/A, not applicable; cut-off for low fine motor skills was z < −1.25.
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functions and by defines the interaction terms of the smooth 
functions. The smooth functions are associated with estimated degrees 
of freedom (EDF) indicating a linear (EDF = 1) or non-linear 
(EDF > 1) relation with the related p-value, indicating the extent to 
which the shape and direction of the effect is certain. In addition to 
the GAM we applied a generalized linear model (GLM) with the same 
explanatory variables and interaction terms as in the GAM.

We used the Akaike Information Criterion (AIC) to compare the 
model performance of the linear and non-linear model (lower scores 
indicate better model performance). The mgcv package (Wood and 
Wood, 2015) in RStudio 2022.07.2 (R 4.1.2) was used to apply the 
GAM and GLM.

To evaluate whether children with low fine motor skills achieve 
better spelling performance (dependent variable) in the online 
compared to the PP assessment (mode effect as within-subject factor) 
and whether this mode effect is the same in children with low and at 
least fine motor skills (between-subject factor), we applied a mixed 
ANOVA. Since all participants first took the online test and then the 
PP test, we expected the raw scores of the PP test to be higher than 
those of the online test for all participants due to test repetition 
effects, but children with low fine motor skills would show a lower 
raw score difference between online and PP testing than children 
with typical fine motor development. We included the child’s sex and 
ToS in the model (between-subject factors) to examine interaction 
effects with fine motor skills.

To evaluate whether fine motor skills affect the school grade in 
German above and beyond the spelling performance, we applied path 
analysis in MPlus (Muthén and Muthén, 2011). More specifically, 
we evaluated if there was a direct effect of fine motor skills on the 
school grade in German on top of indirect effects via the spelling and 
reading performance in the online assessment, including the 
interaction between sex and fine motor skills. The alpha level was set 
at 0.01 for all analyses.

We excluded participants with fine motor z-scores more than 1.5 
times the interquartile range below the 1st quartile (Q1–
1.5*IQR = −2.46) as the parental screening of motor difficulties 
(DCD-Q) is not suitable to discriminate in the lowest range 
(Pannekoek et al., 2012; Wilson et al., 2009). Note, there were no 
participants with fine motor skills more than 1.5 times the interquartile 
range above the 3th quartile. This resulted in a final sample of 3,453 
children in the online assessment and 225 children in the PP 
assessment. The descriptive statistics for these samples are shown in 
Table 1.

3 Results

3.1 Linear and non-linear relation between 
spelling and fine motor skills

The mean t-value for spelling in the online sample was 50.2 
(SD = 9.6). All coefficients of the GLM and GAM are shown in Table 2. 
The linear model revealed a positive relation between spelling and fine 
motor skills which additionally interacts with sex. Girls reach lower 
spelling scores than boys when fine motor skills are below average but 
there is no difference between spelling scores of girls and boys when 
fine motor skills are at least average. Overall there is no significant 
difference between spelling scores of girls and boys (girls: M = 51.1, 
SD = 9.4; boys: M = 49.8, SD = 9.6). There is no significant interaction 
with ToS, but overall, children with their own tablet or smartphone 
reach lower spelling skills than children without (with ToS: M = 51.0, 
SD = 9.5; without ToS: M = 49.8, SD = 9.5). Modeling non-linear 
regression effects with the same predictors revealed a non-linear 
relation between spelling and fine motor skills (indicated by the 
significant edf of 2.93) and confirmed the interaction with sex and 
non-interaction with ToS. Like in the linear model, girls reach lower 

TABLE 2 Coefficients of the GLM and GAM predicting spelling.

GLM Spelling Estimate SE t p

(Intercept) 50.67 0.25 199.64 < 0.001

Female sex (reference: male) −0.56 0.32 −1.71 0.09

ToS (reference: no ToS) −1.09 0.31 −3.53 < 0.001

Fine motor skills 3.56 0.30 12.04 < 0.001

Fine motor skills * sex 1.23 0.39 3.16 < 0.01

Fine motor skills * ToS −0.83 0.37 −2.24 0.03

GAM Spelling Estimate SE t p

(Intercept) 51.07 0.26 197.506 < 0.001

Female sex (reference: male) −0.45 0.32 −1.40 .16

ToS (reference: no ToS) −1.19 0.31 −3.86 < 0.001

Smooth terms edf Ref.df F p

s(Fine motor skills) 2.93 3.64 40.29 < 0.001

s(Fine motor skills):male < 0.01 < 0.001 0.04 0.99

s(Fine motor skills):female 1.00 1.00 9.10 < 0.01

s(Fine motor skills):no ToS < 0.01 < 0.01 < 0.01 0.99

s(Fine motor skills):ToS 1.02 1.04 4.41 0.03

ToS, Tablet or smartphone.
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spelling scores than boys when fine motor skills are below average, but 
this sex difference disappears when fine motor skills are at least 
average. The edf of 1 for the smooth-term of girls in contrast to the 
edf < 0.01 for the smooth-term of boys indicate that, in the relation 
between spelling and fine motor skills, sex interacts in a linear way. A 
comparison of the AIC of the GLM (24972.62) and GAM (24971.34) 
demonstrates that both models performed almost equally well, which 
is confirmed by the results of a chi-square test comparing the GLM 
and GAM (p = 0.11). The estimated curves for the non-linear relation 
between spelling and fine motor skills with interactions of sex and ToS 
are shown in Figure 1.

3.2 Mode effect in children with low fine 
motor skills

The mixed ANOVA revealed main effects for test mode (F(1, 

219) = 48.44, p < 0.001, η2 = 0.18) and fine motor skills (F(1, 219) = 8.47, 
p = 0.004, η2 = 0.04) with higher scores in the PP assessment 
compared to the online assessment and lower scores in children with 
low fine motor skills compared to children with at least average fine 
motor skills (means and standard deviations are displayed in 
Table 3). The hypothesized interaction between test mode and fine 
motor skills was not evidenced by the present data (F(1, 219) = 0.003, 
p = 0.96, η2 < 0.01). The interaction between test mode and ToS (F(1, 

219) = 4.68, p = 0.03, η2 = 0.02) does not reach significance. As 
hypothesized, there was no interaction between test mode and sex 
(F(1, 219) = 0.21, p = 0.65, η2 < 0.01). Visualizations of the interactions 
(i) test mode * fine motor skills and (ii) test mode * ToS are shown in 
Figure 2.

3.3 Effects of fine motor skills on school 
grade in the subject German

Due to missing data on the reading assessment, this analysis was 
based on a sample of N = 3.453. The mean t-value for reading in the 
online sample was 50.5 (SD = 9.6). Figure 3 shows the mediation 
model that was evaluated. The chi square test was significant: 
χ2(3) = 9.82, p = 0.02, which could be due to its sensitivity to large 
sample sizes (Sass, 2011). The fit indices showed a good model fit: 
CFI = 0.997, TLI = 0.989, SRMR = 0.011, RMSEA = 0.026 (90% 
CI = 0.009–0.044). Fine motor skills appear to be  a significant 
predictor of school grade in the subject German (β = −0.215, 
p < 0.001). This relation is partially mediated by reading (β = −0.057, 
p < 0.001) and spelling (β = −0.079, p < 0.001). Sex is no significant 
predictor of reading, spelling, and school grade in the subject 
German, while the interaction of sex and fine motor skills predicts 
reading (β = −1.056, p < 0.001) and spelling (β = −1.056, p < 0.001), 
but not the school grade in the subject German (β = 0.061, 
p = 0.022).

4 Discussion

The present study investigated effects of fine motor skills on 
spelling performance. First, the results did not confirm the 
hypothesized weaker relation between fine motor skills and spelling 
performance for children with low fine motor skills than for children 
with at least average fine motor skills. Instead, the results showed a 
rather linear relation between fine motor skills and spelling with an 
interaction effect for sex. More specifically, spelling skills appeared 

FIGURE 1

Estimated curves (shading 95%-level confidence region) for the non-linear relation between spelling and fine motor skills with sex and ToS considered.

TABLE 3 Spelling scores of the online and PP sample for children with below average and at least average fine motor skills.

Spelling t-score, M (SD)

Online sample (N = 3,453) PP sample (N = 225)

Online assessment Online assessment PP assessment

Fine motor skills

At least average (z-scores ≥ −1.25) 51.0 (9.3) 48.4 (9.7) 52.9 (9.8)

Below average (z-scores < −1.25) 44.6 (9.6) 43.2 (10.1) 48.0 (8.9)

Total sample 50.5 (9.5) 47.7 (9.9) 52.2 (9.8)
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lower in girls than boys only in case of low levels of fine motor skills. 
Second, with respect to test mode, the results supported neither our 
hypothesis that children with low fine motor skills achieve better 
spelling performance when they write with a keyboard instead of on 
paper, nor the expected interaction between test mode and having an 
own tablet or smartphone in the effect on spelling achievement. As 

expected, the test mode effect was not moderated by sex either. Third, 
the results confirmed the hypothesis that fine motor skills affect the 
school grade in the subject German above and beyond the spelling 
and reading performance.

The absence of different test mode effects in children with below 
average fine motor skills compared to children with at least average 

FIGURE 2

Main and interaction effects of Testmode, fine motor skills, and ToS.

FIGURE 3

Mediation model with reading and spelling as mediator in the relation between fine motor skills (FMS) and grade for the subject German (GSG).
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fine motor skills is against our hypothesis. The hypothesis stated that 
in children with low fine motor skills, the motor effort and therefore 
load on working memory is higher for handwriting than for typing, 
leading to better spelling performance when writing with a keyboard. 
That we still find the same test mode effects for children with below 
and at least average fine motor skills may indicate, on the one side, that 
the motor effort involved in handwriting and typing is comparable 
and, on the other hand, that other cognitive functions underlie both 
tasks. Other underlying cognitive functions such as working memory 
may also correspond with the finding of a linear relation between fine 
motor skills and spelling performance instead of the hypothesized 
non-linear relation. Another possible explanation is that fine motor 
skills may affect the acquisition of spelling per se, so that the spelling 
deficits are also evident in typing, even if motor effort is lower in 
typing. An automatization deficit in graphomotor skills could be an 
explanation for an affected spelling acquisition. If handwriting is not 
automated (in beginning writers or children with fine motor 
difficulties), the child needs increased effort for planning and 
performing the movement of writing and there is less working 
memory space left for other tasks. Speculatively, the automatization 
deficit may not only impair the recall of stored orthographic 
knowledge during writing, but also memorisation of orthographic 
knowledge already during the writing process (e.g., copy writing). 
Assuming that children with developmental dyslexia also have some 
automatizations deficits, among others, our results and speculation 
about the relation of the automatization deficit and memorisation 
seem consistent with results of a previous study, which found no 
differences in the mode effects on spelling in children with 
developmental dyslexia compared to children with typical 
development (Jung et al., 2021).

However, the results of the present study already show that the 
spelling performance of children with low fine motor skills cannot 
simply be improved by switching from handwriting to keyboarding. 
Rather, children with low fine motor skills should receive training in 
handwriting automatization. In addition, orthographic learning can 
be expanded through tasks that do not involve motor skills (e.g., error 
identification and orthographic choice).

Numerous studies investigated the effects of different types of 
keyboarding instructions (e.g., touch-typing) on typing skills (e.g., 
Donica et al., 2018), spelling, and other writing-related skills such as 
narrative-writing (e.g., Van Weerdenburg et al., 2019). In terms of test 
mode effects, however, familiarity with the device is of particular 
interest. In the present study, test mode effects did not depend on 
children having their own ToS or not, which was unexpected. 
Particularly surprising is that children who do not have their own ToS 
show better spelling skills in the online assessment compared to 
children with own ToS. Together, this indicates that device-familiarity 
does not advance spelling performance in the online assessment, but 
it contrasts with previous results from computer-based math (Bennett 
et al., 2008) and reading (Odo, 2012) tests.

There is a large body of evidence that girls outperform boys in fine 
motor task, particularly in pre- and primary school (e.g., Kokštejn 
et al., 2017; Matarma et al., 2020; Morley et al., 2015; Venetsanou and 
Kambas, 2010). Boys appear to be almost five times more likely to have 
severe handwriting problems than girls (Vlachos and Bonoti, 2006). 
In addition, girls appear to outperform boys in spelling (Adams and 
Simmons, 2019; Allred, 1990; Berninger and Fuller, 1992; Cordeiro 

et al., 2018; Petersen, 2018), but we are not aware of studies that have 
examined the role of sex in the relation between fine motor skills and 
spelling. Therefore, the present study provides new insights into this 
interaction by showing that below-average fine motor skills have a 
greater adverse effect on spelling performance in girls than in boys. 
Although there are some studies reporting sex differences in language 
lateralization (for an overview see Wallentin, 2009), which might also 
be associated with motor abilities (e.g., corpus callosum motor fibers; 
Grohs et al., 2018), research to date does not clearly suggest that sex 
differences in hemispheric asymmetry and cognitive performance are 
correlated (for a further overview see Hirnstein et al., 2019). However, 
the developmental perspective of this relation has not yet been 
investigated sufficiently. Regardless of the insufficient understanding 
of the underlying mechanisms, the role of sex differences should 
be considered both in research and in practice.

Finally, the results of the present study indicate that the effect of 
fine motor skills on school grades given in the subject German is, as 
hypothesized, only partly mediated by reading and spelling 
performance. Fine motor skills thus affect the school grades in the 
subject German above and beyond the spelling and reading 
performance. This raises the question about the underlying 
mechanism in the relation between fine motor skills and the school 
grade in the subject German. On the one hand, the remaining effect 
of fine motor skills on school grades in the subject German might 
be driven by a general automatization capability. On the other hand, 
the contribution of fine motor skills to reading and spelling 
performance might also be mediated by executive functions, as recent 
research indicates (Khoury-Metanis and Khateb, 2023; Lê et al., 2021). 
In addition, Michel et al. (2018) found indications that automatization 
deficits in motor skills might be compensated during interference 
control, which might also explain the full mediation by executive 
functions in children in the first stages of reading and spelling 
acquisition when handwriting is not automated, as reported by 
Khoury-Metanis and Khateb (2023). Altogether, these results show 
that low fine motor skills and its effect on reading and writing is 
influenced by various factors in addition to a possible automatization 
deficit, as reflected in the multiple deficit framework (Pennington, 
2006). Future studies should investigate the role of the interaction 
between automatization and interference on written language 
acquisition in order to draw concrete conclusions for preventive 
measures and early interventions.

Some methodological limitations must be  considered when 
interpreting the results of the study presented. A key limitation is that, 
in the sub-sample used to examine the test mode effects, all children 
completed the two test formats in the same order (the online assessment 
before the PP test). Repetition effects on the difference in performance 
between the two test formats could therefore not be controlled. Seifert 
and Paleczek (2022) showed that the test mode effect is larger when 
testing in the digital mode first (as in the present study) followed by the 
PP mode, compared to vice versa. A possible interaction of test order 
and fine motor skills on spelling performance should therefore 
be examined in a counterbalanced design. A further limitation is that 
motor skills were solely captured by parent ratings and based on only 
four items. The DCD-Q is the most widely used and researched 
questionnaire for parent ratings of child’s motor skills with good 
reliability and validity (Caravale et al., 2014; Kennedy-Behr et al., 2013; 
Martini et al., 2011; Ray-Kaeser et al., 2019; Wilson et al., 2000, 2009). 
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Although many studies find high correspondence between parent 
ratings and performance-based assessments of motor skills (Brown and 
Lane, 2014; Kennedy et al., 2012; Wilson et al., 2000), some do not 
(Lalor et al., 2016; Schoemaker et al., 2006). Even though parents are 
not the most qualified people to evaluate graphomotor skills, they 
receive a qualified evaluation of their children’s graphomotor skills 
through the handwriting grades given by teachers. A third limitation is 
the missing direct measure of device familiarity, as the present study 
merely captured whether the children had their own ToS. Children 
without their own ToS could be familiar with the device to the same 
extent as children with their own ToS. The present study merely 
captured whether the children had their own ToS, which is not a direct 
measure of familiarity. However, recent representative data of children 
in Germany indicate a relation between smartphone or tablet ownership 
by children and their typing skills (Feierabend et al., 2023). In addition, 
other factors, such as the family’s socioeconomic status, could have 
played a role and should therefore be controlled for in future studies. 
Therefore, in addition to the counterbalanced design, a replication of 
the current study should include a direct measure of motor skills using 
a standardized motor test carried out by a physiotherapist or 
occupational therapist as well as a direct measure of device familiarity.

5 Conclusion

In conclusion, the results of the present study are consistent with 
other findings that emphasize the importance of fine motor skills in 
explaining differences in spelling performance, particularly in girls 
and during spelling acquisition (Danna et al., 2022; Khng and Ng, 
2021; Khoury-Metanis and Khateb, 2023; Michel et  al., 2019; 
Mohamed and O’Brien, 2022; Pritchard et al., 2021; Roebers and 
Jäger, 2014). Moreover, the present results demonstrate that switching 
from PP to digital testing does not seem to bring immediate 
improvement for primary school children with low fine motor skills. 
However, the digital mode is not a disadvantage for children with low 
fine motor skills either. It could therefore still be applied, because of 
the clear advantages in terms of time efficiency for teachers and 
objectivity. Based on our results fine motor difficulties should 
be  recognized and treated before or at the beginning of spelling 
acquisition and particular attention should be given to girls with low 
fine motor skills. Further research is needed to better understand the 
role of underlying cognitive functions (e.g., working memory) and 
the causal chain of motor development and literacy.
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