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Several studies have shown that the acquisition of number meaning is related
to finger motor representations. However, no study has tried to distinguish
the respective roles of fingers representation and finger kinematics in this
effect. Forty-three children (23 boys and 20 girls) enrolled in the middle class
of kindergarten took part in the study. They were divided into two equivalent
groups and compared on the acquisition of number meaning after a 2-week
program designed to teach them a song about the numbers 1-9, scaffolded by
visual supports. Each visual support included the symbolic representation of the
number, the picture of an object mentioned in the song that rhymed with the
number in French, and either a static image (static group) or an animated point-
light display (animated group) of the finger representation. Results showed no
difference between the two groups on the acquisition of numbers regarded
as low (i.e., less than 5) but the animated group performed significantly better
for numbers regarded as high (i.e., more than 5). Therefore, the present study
shows the interest of using the observation of animated counting movement to
teach number meaning in young children and suggests that finger kinematics
may be more instrumental than static finger representation in the learning of
number meaning. Future research is needed to confirm and specify this effect.
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1 Introduction

Like reading and handwriting, arithmetic (Montagner, 2012) is one of the most important
skills for humans to master. It relies on the acquisition of number meaning, which requires
nonsymbolic representations of numbers (e.g., sets of dots) to be associated with symbolic
representations (e.g., Arabic digits) (Brankaer et al., 2014; Li et al., 2018). Interestingly, the
acquisition of number meaning can involve one of two different processes: either subitizing or
counting. Subitizing refers to the cognitive ability to rapidly, automatically, and implicitly
perceive small numbers (typically 1-4 items), whereas counting refers to a serial and effortful
process that is typically used for numbers above 4 (Furman and Rubinsten, 2012). Subitizing
is thought to be present from birth, whereas counting develops with age (Klein and Starkey,
1988). During the first years of their lives, children gradually develop their mathematical skills
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and, in particular, the ability to associate symbols (i.e., Arabic numbers
and words) with semantic information about the meaning of the
number. These skills would be based on the development of both
non-symbolic (i.e., the ability to understand and manipulate
numerical magnitudes) and symbolic (i.e., the ability to represent
numbers verbally as strings of words and visually as strings of Arabic
numerical symbols) representations (Dehaene and Cohen, 1995). In
particular, number meaning acquisition would occur progressively
between the ages of 2.5 and 6.5 years (Kolkman et al., 2013; Salminen
et al., 2021), with the acquisition of number meanings from 1 to 3
between the ages of 2.5 and 4, and the acquisition of number meanings
from 6 to 9 at around 6.5 years.

Interestingly, several studies assessing the role of finger-based
strategies have shown that finger configuration is closely associated
with numerical representations in both adults and children,
suggesting that it plays a functional role in counting and arithmetic
acquisition [see Moeller et al., 2012; Berteletti and Booth, 2016; Sixtus
et al.,, 2023 for reviews]. For example, Crollen and Noel (2015) have
shown that performance in counting and solving basic arithmetic
problems is impaired in 5-year old children when they are asked to
make interfering hand movements. Similarly, Costa et al. (2011)
demonstrated that finger gnosia, i.e., “the ability to locate, name, and
discriminate individual fingers” (p 2) is less developed in children
with dyscalculia, suggesting that finger representations are directly
related to arithmetic competencies (see Barrocas et al., 2020 for a
review). Moreover, several electrophysiological, neuroimaging, and
clinical studies confirmed that hand/finger representation and
numerical processing share common neural processes (see Sixtus
etal., 2023 for a review). For instance, a recent work showed that the
left angular gyrus (BA 39) is active both when humans have to
process digit numbers and fingers configurations, suggesting a strict
neural association between these activities (Proverbio and Carminati,
2019). Altogether, the association between finger representation and
acquisition of number meaning is well documented and most
researchers agree that this association is important (even if not
constitutive, see for examples Crollen et al., 2011; Lafay et al., 2013)
for the early acquisition of symbolic number representations (Andres
et al., 2007). Regarding the underlying mechanisms, the authors
evoked an embodied view of cognition where numbers would
be grounded in sensorimotor experiences (Sixtus et al., 2017). To
bring some new arguments in favor of this theory, we decided to
assess the role of biological kinematics. Indeed, biological kinematics
refers to the natural way in which humans and nonhuman animals
move (Johansson, 1973) and the literature tells that observing
biological movements is equivalent to producing an action (Vaina
etal, 2001). Consequently, assessing the role of kinematics in the link
between fingers and numbers could bring some new insights into the
role of embodiment in processing numbers even if no action is
produced. Moreover, thanks to this paradigm, the unique
contribution of finger movement in the link made between fingers
and numbers can be isolated, since no visual representation of fingers
is shown. To our knowledge, only one experiment in adults has
directly tested the role of kinematics in number processing (Badets
etal., 2015). In this study, the authors demonstrated that point-light
displays (PLDs) primed numbers according to the number space
association proposed by Dehaene (1992). Lower numbers (i.e., 1-5)
were randomly generated after PLDs of movements directed to the
left side, whereas higher numbers (i.e., 6-10) were randomly
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generated after PLDs of movements directed to the right side.
However, this effect disappeared when PLD kinematics was modified
to be nonbiological, suggesting that biological motion is crucial for
number processing. Based on this finding, we sought to assess the
role of finger kinematics in the acquisition of number meaning. More
precisely, we aimed at assessing the respective roles of finger
representation versus finger kinematics in the building of number
processing. Distinguishing between these processes would
be important at the theoretical level to bring some arguments in favor
of the embodied theory of the link between fingers and numbers, and
may lead to the development of new interventions for numbers
learning and remediation. To this end, the present study compared
the use of moving PLD versus static representations of fingers in the
learning of number meaning in young children. As the acquisition of
number meaning appeared gradually between 2.5 and 6.5years,
we proposed to assess children aged between 3 and 4years old
because they are still in progress concerning this competency.
Actually, in accordance with the French program for the second year
of kindergarten, children should have acquired the meaning of
numbers up to 3 during the first year of kindergarten and of 1-9
numbers at the end of the third year (BOENJS, 2021). In line with
previous research demonstrating that kinematics is essential for
semantically representing concepts such as words (Beauprez and
Bidet-Ildei, 2018) or numbers (Badets et al., 2015), we expected the
PLDs to be more efficient than the static representations of fingers for
children’s learning of number meaning. Moreover, given that
subitizing can be used automatically to process quantities up to 4,
we predicted that the difference between the PLD and static
representations of fingers would be greater for numbers above 4 (i.e.,
when counting must be used).

2 Method
2.1 Participants

A total of 47 children (24 boys, 23 girls) in the middle class of
kindergarten were invited to take part in the study. As this was the
first study on the subject, we could not calculate the sample size
beforehand, and the sample size was therefore based on previous
studies of mathematics acquisition in children (see for example,
Gibson et al.,, 2019). Children were enrolled in countryside villages
localized near Poitiers (France) in one of the four public partner
schools that had agreed to participate in the project. None of the
children’s parents or legal guardians reported any uncorrected visual
problems or specific disorder in the learning of mathematics. As four
children did not complete the whole protocol, the results of only 43
children (23 boys, 20 girls) aged 3-4 years (mean=3.89+0.3) were
included in the analysis. With this sample size, an a priori sensitivity
analysis was made with Gpower (Faul et al., 2009) and for a normal
distribution, a two-sided analysis, a probability of 0.05 and a power
of 0.80, we should obtain an effect size with a Cohen’s d of 0.87.

2.2 Material

For the children’s song, we took the melody of a well-known

nursery rhyme (“Frére Jacques”; https://www.youtube.com/
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2-week experiment: one session per
day (song played twice in a row), four
times a week
Song accompanied by
staticimage of finger
configuration
Posttest
Pretest Counting
ERTL4 Matching
WNV Collection
Song learning
Recognition of fingers
configuration
Song accompanied by
PLD of finger
configuration
Administred by experimenter
Administred by teacher
FIGURE 1
Study procedure. Each child underwent three phases in 2 weeks: pretest (Day 1) to assess the language and reasoning level, intervention phase (Days
2-14) where they had to learn a song with a video presenting the Arabic form of the numbers, a static image of an animal or object with a name which
rhymed with each number and the corresponding static or animated finger configuration, and posttest (Day 15) with three tasks to assess the
performance in the acquisition of number meaning and two control tasks.

watch?v=M1UIf6jh7EU) and adapted the lyrics to our experiment,
by pairing each of the numbers 1 to 9 with an animal, person or
object that rhymed with it in French (see Appendix 1 for all the
pairs). These lyrics were scaffolded by visual supports featuring the
written digit, a picture of the rhyming animal, person or object
mentioned in the song, and a representation of the finger
configuration (see Figure. 1). All the static images associated with the
numbers are freely accessible online.! The finger configurations were
illustrated either with a photo of a hand representing the number or
with an animated PLD representing the kinematics of the counting
gesture (see Figure. 1). The static and moving images were both
displayed for the same duration (about 53s). The videos are freely
accessible online (see footnote 1).

To build the nine PLDs, a total of 42 light-reflecting markers were
placed on the wrists and finger joints of an adult actor and filmed
using a 3D motion capture system (Qualisys) comprising 20 infrared
cameras (see Appendix 2 for positioning of the markers). The PLDs
were then modified using PLAViMoP software (Decatoire et al., 2019),
in order to present the same frontal hand view for each number (all
PLDs available at https://osf.io/7xz8y/?view_only=df40a3b0b73e433
laca6e9744578d7ba).

2.3 Procedure

The children underwent the experiment at their school in October
2022 (i.e., beginning of the school year). The experiment was
performed in three steps (see Figure 1).

1 https://osf.io/7xz8y/?view_only=df40a3b0b73e4331aeabe9744578d7ba
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2.3.1 Pretest

After inclusion, the experimenter came into each class and
administered a pretest to each child. This pretest consisted of a
language test and a global intelligence test adapted to young children
aged 4 years upwards. These tests were chosen because language (e.g.,
Klein et al., 2013) and global intelligence (e.g., Passolunghi et al.,
2008) are known to be involved in mathematic ability. The language
test comprised the four subtests of the ERTL4 (word repetition,
sentence repetition, comprehension, and image description), a
French test that screens for language disorders in children (Alla et al.,
1998). Children’s global intelligence was assessed with the Matrices
and Recognition subtests of the short version of the Wechsler
Nonverbal Scale of Ability [WNV; (Naglieri and Brunnert, 2009)].
After the pretest, children were divided in two equivalent groups
matched on age, sex, teachers’ feedback about their mathematics
ability and their pretest results. Both groups had to learn the same
number song, accompanied by either the static images or the PLDs
of the finger configurations.

2.3.2 Intervention

After the pretest, the experimenter gave each teacher the static and
animated versions of the videos. The teachers then showed each group
the corresponding version once a day, twice in a row. While one group
was learning the song, the other group performed another activity.
There were eight sessions in all, spread over 2 weeks (i.e., once a day
four times a week, on Monday, Tuesday, Thursday and Friday). During
each session, the teacher asked the children to try to learn the song
and attend to the presentation, but did not mention learning
the numbers.

2.3.3 Posttest

After the 2weeks, the experimenter returned to each school and
administered individual posttests. The posttest consisted of three tasks
assessing the acquisition of number meaning, plus one task assessing
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TABLE 1 Sociodemographic data and pretest results for each group.

Characteristics Static group

10.3389/feduc.2023.1252731

Animated group Statistical value and

probability

Sex 14 boys, 9 girls 8 boys, 12 girls ¥ =1.86;p=0.18

Age Mdn =4 Mdn =4 Wasp =224; p=0.81
(MAD=0) (MAD=0)

ERTL4 Mdn =20 Mdn =20.5 Wiz =162; p =0.10

(overall/23) (MAD=1.5) (MAD=2)

WNV (overall/62) Mdn =20 Mdn =21 Wi =219; p =0.80
(MAD=3) (MAD=4)

Statistical differences between groups were assessed with a nonparametric two-sided Mann-Whitney test (W), except for the sex ratio, which was assessed with a chi-squared (y2) test. Mdn:

median of the distribution. MAD: median absolute deviation of the distribution.

the learning of the song, and two tasks assessing the recognition of
either the photos or the PLDs of the finger configurations.

Concerning the acquisition of number meaning, children were asked
to count with their fingers, select a number out of three possible options
that corresponded to a set of cat pictures (see Appendix 3 for examples
and https://osf.io/7xz8y/?view_only=df40a3b0b73e4331aea6e9744578
d7ba for all the items), and count and arrange blocks corresponding to a
given number. There were four trials for each task: two concerning low
numbers (1-4), and two concerning large, high numbers (6-9). The low
and high numbers used in each task were chosen randomly, but were the
same for all the children (see Appendix 4 for all the combinations). At the
end of the three number meaning acquisition tasks, each child had
worked with the numbers 1, 2, 3,4 and 6, 7, 8, 9.

The learning of the song was then assessed with a task where each
child had to pair an image with a number learned in the song (see
Appendix 5 for examples and https://osf.io/7xz8y/?view_only=df40a
3b0b73e4331aea6e9744578d7ba for all items). Each number was
displayed alongside three images: the image of the rhyming animal,
person or object featured in the visual support, an image representing
the same animal, person or object but in a different way, and an
unrelated image. This task served to ensure that each child had learned
the song and paid attention to the visual presentation.

Finally, children were shown a photo and a PLD, and had to say what
each one represented (see Appendix 6). This task was used to determine
whether our finger configurations were spontaneously associated with
numbers. To congratulate them on their participation, each child was
given a small diploma at the end of the experiment (see https://osf.
io/7xz8y/?view_only=df40a3b0b73e4331aca6e9744578d7ba).

2.4 Data analysis

For all assessments, correct responses were scored 1 point, and
incorrect responses were scored 0 points. For both the pretest (ERTL4,
WNV) and posttest (acquisition of number meaning), the results of
the subtests were summed, and the overall scores were then analysed.
For the acquisition of number meaning, the scores for the low versus
high numbers were also analysed. In all analyses, group (static vs.
animated) was the between-participants factor. As our data violated
the assumptions of sphericity and homogeneity tested with the
Shapiro Wilk and Levene tests, we decided to conduct nonparametric
Mann Whitney comparisons. Analyses were performed with JASP free
software version 16.2. For all analyses, the level of significance was set
at p<0.05. The rank biserial correlation (rrb) indicated the effect size.
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3 Results
3.1 Pretest

Table 1 shows the demographic data and pretest results for each
group of children. The 43 children considered for analysis were all
enrolled in the middle class of kindergarten in one of the four schools
that agreed to take part in the project (see Appendix 7 for the
characteristics of each child).

3.2 Posttest

3.2.1 Acquisition of number meaning

When we considered all numbers, there was no difference
between the static and animated groups (W,;,,=211, p=0.65; see
Figure. 2). Both groups performed well, with median scores of 7 (out
of 12) (MAD=2) for the static group, and 8 (MAD=2.5) for the
animated group. Interestingly, when we compared the groups on just
the low or high numbers, no difference emerged between the groups
(Wy350=298.5, p=0.08) for the low numbers (Mdn=6, MAD=0 for
static group and Mdn =5, MAD =1 for animated group), although the
static group tended to perform better than the animated group. By
contrast, the animated group (Mdn=3, MAD=1.5) performed
significantly better than the static group (Mdn=2, MAD=1;
Wos20=128, p<0.05, rrb=—0.44) on the high numbers. Importantly,
as the form of our distributions was not clearly identifiable, it was not
possible to perform a post hoc analysis to assess the power of our
effect. However, the effect size that we obtained (d=0.98? instead of
d=0.88) was higher than the a priori effect size estimation (d=0.88),
suggesting that our effect achieved a power of at least 0.80.

3.2.2 Learning of the song

Analysis revealed no difference between groups (Wo; =268,
p=0.34), with both performing very well (Mdn =8, MAD=1 for static
group and Mdn =8, MAD=1 for animated group).

2 The d value was estimated with the website Psychometrica https://www.
psychometrica.de/effect_size.ntml from the rank biserial correlation obtained
with JASP.
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FIGURE 2
At the top: Raincloud plot representing the total performance obtained in the three tasks measuring the acquisition of number meaning in both
groups. At the bottom: Raincloud plots representing the performance obtained in the three tasks measuring the acquisition of number meaning in
both groups for low and high numbers, respectively. In each raincloud plot, dots represent the individual performances. The bold black line in the box
plots shows the sample median, the hinges indicate the 25th and 75th quantile, and the whiskers point to 1.5 interquartile ranges beyond the hinges.
There is also a representation of the density for each group using a Gaussian Kernel method. * p <0.05.

3.2.3 Stimulus recognition

Analysis revealed no difference between groups on recognition of
either the static images (W3, =213, p=0.50) or the PLDs (W,3,,=221,
p=0.79). Interestingly, the static images were generally more closely
associated with numbers than the PLDs (86% correctly recognized vs.
27% correctly recognized).

4 Discussion

Using the PLD paradigm, this study was designed to compare the
respective roles of finger representation and finger kinematics in the
acquisition of number meaning. Results indicated that PLDs
representing moving fingers can improve the acquisition of number
meaning in young children. These findings are in line with previous
research showing that kinematics is involved in the processing of
concepts such as words (Beauprez and Bidet-Ildei, 2018) and numbers
(Badets et al., 2015), and demonstrate for the first time its role in the
acquisition of number concepts. Moreover, our findings suggest that
what is associated with number concepts are not the representation of
fingers themselves, but rather the representations of finger movements
(Di Luca and Pesenti, 2011). In the animated condition, the fingers
themselves were not visible, and their presence was evoked solely by
the motion. For us, this is the first evidence of the crucial role of finger
movements in the link between numbers and fingers. Moreover, as
biological motion observation implies motor system (Vaina et al.,
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2001), our result is consistent with the embodied view of cognition
(Coello and Fischer, 2016) and with previous research showing that
action production is more efficient than the viewing of static images
(Sixtus et al., 2017).

Interestingly, the use of PLDs improved the children’s performance
when the number processing was high (i.e., numbers above 5), but not
when it was low (i.e., numbers below 5). These results are consistent
with the idea that the acquisition of number meaning is based on two
separate skills, i.e., subitizing and counting (Furman and Rubinsten,
2012), and suggest that finger kinematics could be more efficient to
teach numbers to young children. The learning of quantities up to 5
(but not beyond) is in the curriculum for the middle class of
kindergarten in France (BOENJS, 2021). This means that children had
probably already worked with the numbers 1-4 in class. Moreover, the
teaching of mathematics, and in particular the teaching of number
meaning, is essentially based on the use of fingers, and static hand
representations are usually associated with symbolic and nonsymbolic
representations of numbers in class (BOENJS, 2021). As a
consequence, the PLDs may not have affected performance on trials
featuring low numbers because these numbers were already familiar
to the children and usually associated with static representations of
fingers. This hypothesis is supported by the fact that across the two
groups, children had a success rate of about 80% for the acquisition of
low number meanings.

One possible alternative explanation for the efficiency of PLDs for
the learning of number meanings may be the sequentiality of the
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fingers’ appearance. In the static condition, the children saw all the
fingers at the very outset, whereas in the animated condition, the
fingers appeared one after the other. Therefore, independently of the
finger movements, our effect may have been due to the sequential
appearance of the dots (see Simon et al., 2021 for a review). The
respective importance of biological kinematics versus sequentiality
should be therefore studied in future research.

Finally, it seems that children had more difficulty spontaneously
associating PLDs versus static images of finger configurations with the
relevant numbers. This suggests that the advantage observed with PLD
is implicit, and therefore confirms that finger representations are
automatically evoked when children process the number concept
(Andres et al, 2007). Moreover, the children may not have
spontaneously associated the PLDs with the numbers because they
had never before come across PLDs, whereas they were used to static
representations of fingers being associated with numbers in class. This
suggests that experience supports spontaneous associations between
fingers and numbers (Lafay et al., 2013). However, the lack of
association between PLDs and numbers could also be due simply to
the question that was posed to children (“What is it?”) which may
have prompted most of the children to respond by providing a visual
description of what they had seen (e.g., “Some dots that were moving”
or “Someone counting”) rather than the associated number. Future
research should explore this point.

4.1 Limitations and future research

The present study had several limitations. First, even though our
findings highlighted the potential role of biological kinematics in the
learning of number meanings, our sample size was relatively small,
and it would be useful to replicate these results with more participants.

Second, we cannot completely exclude that the impact of PLD
presentation on the learning of numbers may be due to the fact that
the PLD presentation was a video. Indeed, the video might have just
captured children’s visual attention more than the static image
of fingers.

Finally, the pretest did not include a direct evaluation of the
mathematics competencies of children, in order not to draw the
children’s attention to the mathematical aspect of the experiment and
keep the learning of numbers implicit. Obviously, the use of teachers’
feedback to complement the results of the pretests introduced a
subjective component in the definition of children’s groups that may
have impacted the results.

Despite these limitations, the present study has shown that
observing a point-light display could be efficient for the acquisition
of number meaning, bringing new arguments for the embodied
view of cognition. Furthermore, this paradigm is easy to use with
young children
interventions. This suggests that observing a point-light sequence

and does not require time-consuming
representing finger counting could be used to facilitate the
acquisition of number meaning in typical children. This type of
intervention has been tested here with children up to 3-4 years of
age, but could be potentially of interest during all years of
kindergarten where the aim is the acquisition of number meanings
from 1 to 9. Moreover, this paradigm could also be proposed to
children who have specific difficulties in acquiring mathematical
skills. Indeed, some authors have proposed that mathematical
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disorders could be linked with poor acquisition of number
meaning (e.g., Castaldi et al., 2020).

5 Conclusion

Taken together, our results suggest that PLD representing
counting can foster the acquisition of number meaning in young
children. In other words, kinematics may be crucial to the
development of number processing (see Badets et al., 2015, for similar
results in adults). However, more research is needed to confirm these
findings, to assess their potential implications for educational practice,
and to disentangle the various possible underlying processes.
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