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Abstract 
Mobile devices have now become omnipresent in our everyday lives with almost all households being 
equipped with at least one mobile phone or tablet. Hence, it is no wonder that their educational potential 
has been increasingly explored by app developers already targeting at very young users. Nevertheless, 
although educational apps for preschoolers are booming on app stores, they are still largely unregulated 
and untested. As a consequence, many of these apps focus more on being fun rather than educational 
aspects, as they lack scientific foundations on how to acquire cognitive key competences. In this context, 
developing a theory-driven, evidence-based application for fostering numerical skills in preschool age is 
particularly interesting for at least two reasons: first, the ability to reason with numbers is critical for 
individual life prospects; and second, the use of touch devices may allow children to playfully grasp 
basic numerical concepts such as cardinal magnitude by applying their most widely used tools for 
handling numerical demands: their fingers. Accordingly, we developed a game-like app to train finger-
based numerical strategies on touch-sensitive tablets. Conception and development of the app were 
based on a theoretical model of finger-based influences on numerical development as well as on 
principles drawn from game-based learning. Moreover, relevant game elements such as narrative, 
virtual incentives, progression systems, as well as visually appealing graphics were implemented to 
increase children’s game experience. In particular, our game is centered on the story of a little alien who 
ends up stranded on earth and needs to collect stars to fuel his spaceship and fly back home. However, 
as he has no fingers, he needs children’s help to “grab” the stars by placing their fingers on the screen 
either sequentially for training finger counting strategies or simultaneously for fostering cardinality 
knowledge or performing number decompositions. As such, the app offers learning games for training 
basic numerical competences on three different levels: i) counting, ii) cardinality knowledge, and iii) initial 
calculation. First user experience data from a version of the children’s Game Experience Questionnaire 
(KidsGEQ) adapted for preschoolers indicated that children liked the playful interaction with the 
numerical learning content. Taken together, our game-like app took the first step to support preschool 
children’s learning of basic numerical competences, representing a successful case of game 
development based on scientific evidence. This way, educational apps become capable of promoting 
both meaningful, effective learning and an enjoyable game experience.  

Keywords: Finger counting, numerical development, preschool education, game-based learning. 

1 INTRODUCTION 
Mobile devices have become omnipresent in our everyday lives. In Western societies like Germany, 
almost all households are equipped with at least one mobile phone or tablet [1]. As adults’ mobile device 
usage increases rapidly, it is hardly surprising that these become part of children’s lives already at a 
very early timepoint: by age 4, almost all children have already used a mobile device and many of them 
may even own their personal tablet or mobile phone [2]. Beyond communication purposes, these mobile 
devices are also commonly utilized for leisure activities such as playing with game-like applications 
(apps). In fact, the popularity of mobile apps can be easily translated into numbers: in Germany, at least 
1.7 billion apps are downloaded yearly [3], and an expressive number of 52% of parents report having 
downloaded apps for their 6-month to 4-year-old children [2].  

Although the early exposure of children to mobile media has been the subject of heated debate over the 
years, recent research found that educational apps can improve early childhood competencies such as 
literacy skills as well as promote children’s motivation and concentration [4]. In fact, mobile devices may 
provide children with a tailor-made learning environment, which is both engaging and suited to their 
needs. Hence, it is no wonder that the educational potential of mobile apps has been increasingly 
explored by developers already targeting at very young users [5]. Nevertheless, although educational 
apps for preschoolers are booming on app stores, they remain largely unregulated and untested [6]. As 
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a consequence, many of these apps focus more on being fun rather than on being educational, as they 
lack scientific foundations on how to properly stimulate the acquisition of cognitive key competences.  

In this context, developing a theory-driven, evidence-based application for fostering numerical skills in 
preschool age is particularly interesting for at least two reasons: first, the ability to reason with numbers 
is critical for individual life and career prospects [7]. Importantly, however, the development of numerical 
competences starts long before children enter formal schooling and thus get in contact with 
numerical/mathematical instruction (e.g., Siegler et al., 2016 for a review). Instead, they start to burgeon 
very early in life, namely when children first learn to count and understand the meaning of number 
magnitude. These early numerical skills constitute building blocks for later more complex arithmetic and 
mathematical competences [8]. In fact, the importance of early numeracy skills has sparked an 
increasing research interest into early education in kindergarten with the explicit aim of enhancing 
numerical school readiness by systematically introducing children to numbers and numerical concepts 
before they enter primary school [9]. Therefore, promoting successful acquisition of such basic 
numerical competences in preschool age may have a significant impact not only on children’s later 
school achievement, but also on the outlook for their future adult lives. 

Second, and importantly, the use of touch devices may allow children to playfully grasp basic numerical 
concepts such as cardinal magnitude by applying their most widely used tools for handling numerical 
demands: their fingers. Indeed, fingers are intuitively accessible, always available and easy to handle. 
Maybe for this reason, most children use their fingers at some point of their numerical development to 
count or calculate [10]. However, the association of fingers and numbers goes beyond the anecdotal 
domain. In fact, there is accumulating evidence suggesting that the representation of number magnitude 
may not be purely abstract. Rather, it seems to be rooted in early sensorimotor experiences of finger 
counting. In line with this idea, recent cognitive and (neuro-)psychological evidence points to a close 
association between fingers and numbers [11, 12]. For instance, it has been shown that both the active 
reproduction [13] as well as mere observation [14] of canonical finger patterns (i.e., the prototypical 
finger posture used for representing numerical quantities within a given culture, such as stretching out 
thumb, index and middle fingers for representing 3) seems to facilitate basic arithmetic performance as 
well as magnitude comprehension. Moreover, the use of finger-based numerical strategies was found 
to be associated with better addition performance in the last year of kindergarten and first grade [8]. 
Beyond aiding children’s counting and initial calculations, finger-based strategies also offer the 
possibility to grasp more basic numerical concepts such as the cardinal magnitude information of 
numbers [15]. In sum, not only are fingers natural and accessible tools for counting, representing 
quantities and calculating, they also seem to bolster the attainment of numeracy skills and have a long-
lasting influence on the ability to reason with numbers. 

Considering this body of evidence, it seems that the use of touch-sensitive devices for fostering finger-
based strategies may be a promising direction for promoting children’s early understanding of numerical 
concepts and skills. Accordingly, we developed a game-like app to train finger-based numerical 
strategies on touch-sensitive tablets. Different from most available apps on the market, the conception 
and development of our app followed a theory-driven approach. In particular, it was designed in 
accordance with a theoretical model of finger-based influences on numerical development and based 
on principles drawn from the field of game-based learning. In the following section, we will present a 
more in-depth characterization of this theoretical framework. 

2 THEORETICAL BACKGROUND 
Finger-based representations in a current model of numerical development 
Recently, Roesch and Moeller [16] argued that finger-based strategies may corroborate children’s 
acquisition of basic numerical competences on different developmental levels as suggested by the 
model of early numerical development by Krajewski and Schneider [17]. According to this model, 
numerical skills are acquired on three consecutive levels as described below. 

2.1 Level I: Counting 
On the first level of numerical skills, children memorize and learn how to recite the number word 
sequence and acquire counting skills. At this stage, many of them spontaneously start to use their 
fingers for counting, even without any specific instruction to do so. Through the act of counting on one’s 
fingers, each number word becomes associated with one specific finger ([11]; see Fig. 1). In the 
prototypical (German) finger counting system, the thumb corresponds to 1, the index finger to 2, the 
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middle finger to 3, continuing to the other hand with the thumb for 6 etc. Through this association of 
fingers and specific numbers, the counting principle of one-to-one-correspondence is instantiated and 
becomes readily understandable [18]. Moreover, finger counting may even facilitate the acquisition of 
the correct number word sequence, as the finger-number association may help children perceive 
number words as phonologically distinct items [19]. Moreover, the use of fingers may also convey the 
counting principle of stable order and the ordinal number concept [20], as the motor sequence of finger 
counting (e.g., stretching out thumb first, etc.) is as stable as the number word sequence itself.  

 
Figure 1. Schematic illustration (adapted from [17] depicting the influence  

of finger-based strategies on early numerical skills 

2.2 Level II: Cardinal Magnitude Understanding 
At a second level, children become aware of the quantitative meaning conveyed by a number. The 
acquisition of this so-called cardinal number concept may also be supported by the use of fingers [18]. 
Namely, during finger counting, digits are stretched out one after another (see Fig. 1). As a result, each 
number (word) becomes associated to the corresponding quantity of fingers, both visually as well as 
through tactile and proprioceptive sensations [18]. At the same time, quantities increase one-by-one 
with every additional finger added. Thus, not only the respective cardinal values but also their 
progressive summation is visualized, which is why finger-counting is also seen as cardinalized counting 
[18]. 

2.3 Level III: Initial calculations 
Finally, children start to learn that numbers not only convey quantities but also allow for describing 
relations between quantities. This insight enables them to compose and decompose numbers (e.g., 2 
and 3 equals 5 or 5 is decomposable into 3 and 2) as well as to quantify the precise difference between 
two numbers (e.g., 3 differs from 5 by 2). These abilities reflect initial calculations and can be 
corroborated by finger-based strategies. To compose, for example, 3 and 2, children might first stretch 
out thumb, index finger, and middle finger simultaneously; then add ring finger and pinkie, just to 
conclude that the result is 5, as all fingers of one hand are stretched out in the end (see Fig. 1). The 
other way around, finger-based strategies may also be used to visualize number decomposition. As 
such, children can use finger-based strategies to solve basic addition and subtraction problems [21]. 

Taken together, these considerations indicate that fingers might not only contribute to the acquisition of 
counting but may also support the understanding of cardinal magnitude and initial calculation 
procedures.  

3 METHODOLOGY 
Besides the theoretical foundation on the model of early numerical development [17] and its application 
to finger-based strategies [16], we implemented the app as a game-like task. Game-based learning has 
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become a crucial part in education and aims at enhancing learning effects by creating engaging learning 
environments [22]. Learning with games has proven to be effective and often provided better learning 
outcomes than traditional learning interventions [23,24]. These beneficial effects seem to be particularly 
strong in the domain of math learning [23,25]. Consequently, in the current app we implemented popular 
game elements, such as narrative, virtual incentives, progression systems, as well as visually appealing 
graphics [26] to increase children’s game experience.  

3.1 App programming 
The app was created and built with Unity 2018.3.6f1. We used Unity as a multiplatform framework that 
allows to create Apps for Android- as well as IOS-based touch devices. As a chargeable third-party 
plugin, we used the IOS project builder for Unity [27]. This plug-in allows the development of IOS-apps 
on windows machines, including their installation via WLAN and direct testing on iPads. It also provides 
very useful features like certificate management and an error console. Thus, its usage simplifies the 
development process of IOS-Apps on windows machines significantly.  

Graphics of the game were created in the lab and provided as pictures for the scenes. Flickering 
animations were deliberately avoided to create a calm but motivating atmosphere. Game sounds were 
downloaded from free sound databases on the world wide web. Alongside the tutorials for the three 
different games, they were imported as assets in unity.  

The game routine used a singleton object as game state object, providing the mechanism to transport 
game relevant information between the scenes. The scripts with the game logic were written in C# with 
Visual Studio Code as external editor. All relevant interactions and information (touch events, 
timestamps, game, game level, errors, scores and an identification number of the player) were logged 
in datafiles created or accessed at runtime in append mode, thus avoiding overwriting of existing data.    

3.2 App description 
The app (named Zahlen begreifen, German for “grasping numbers”, Fig. 2) is centered on the story of 
a little alien named Finn who ends up stranded on earth and needs to collect stars to fuel his spaceship 
and fly back home. However, as he has no hands or fingers, he needs children’s help to “grab” the stars 
by placing their fingers on the screen either sequentially for training finger counting strategies or 
simultaneously for fostering cardinality knowledge and performing number decompositions. As such, 
the app offers learning games for training basic numerical competences on all three levels of numerical 
development [17]: i) counting, ii) cardinality knowledge, and iii) initial calculation.  

Although each game targets different basic competencies, they adhere to the same overarching 
structure: first and foremost, an oral narrative illustrated by a sequence of pictures introduces Finn and 
his quest for returning to his home planet. Afterwards, a start screen appears (Fig. 2, left) on which basic 
game configurations can be adjusted, such as complexity level, total number of trials, and a switch for 
(de)activating music track, tutorials or presentation of the introductory scenes. Furthermore, all games 
feature a sky-blue background on which a given number of stars appears (Fig. 2, right). The hues of 
blue and yellow were chosen in order to optimize contrast and facilitate visual discrimination. At the 
bottom center, Finn’s head is to be seen below a grey line which divides the screen into two working 
spaces for the right and left hand. The popping stars are arranged in a disposition that resembles the 
natural position of fingers when stretched out. However, children do not necessarily need to put their 
fingers on top of the stars: rather, they can place them anywhere on the screen. Each level is preceded 
by a short video tutorial displayed on the center top of the screen which reappears whenever three 
consecutive mistakes are made. As the child correctly solves trials, a progress bar in form of a spaceship 
icon is shown on the top right corner of the screen (Fig. 2 right). After a child successfully completed a 
game, a feedback screen appears presenting their total score. The end of the story is illustrated by a 
sequence of pictures showing Finn filling up the spaceship’s tank with stars, flying his spaceship and 
then being reunited with his family.  
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Figure 2. Screenshots of the app Zahlen begreifen. Left: start screen; right: first level of game 1 

ª Game 1: “Count” 
The first game (depicted by the hand icon on the start screen, Fig. 2 left) promotes learning of the 
number word sequence through the use of fingers. On a first level, children are instructed to practice 
the motor sequence of finger counting (e.g., stretching out thumb, index finger, middle finger and so on) 
by touching stars appearing sequentially on the screen. Mirroring the actual motor routine of finger 
counting (i.e., already stretched out fingers are not folded down again), children are instructed not to let 
go of the stars that have already been counted (i.e., fingers which were already placed on the display 
should remain there). Accordingly, trials on which the child lifts up fingers from the display while counting 
are considered incorrect. Game mechanics remains unchanged on level II, with the exception that 
number words are spoken as fingers are placed consecutively on the display. Finally, the third level 
introduces the visual presentation of Arabic numerals in addition to the spoken number words. The 
purpose of this game is to foment the recognition that each touched star corresponds both to a number 
word and to an Arabic numeral. 

ª Game 2: “Set” 
Building on the observation that fingers may be used to represent set cardinality, the second game (Fig. 
2 left, star set icon) deals with finger-based strategies for understanding discrete cardinal quantities and 
the association of number magnitude with symbolic representations of number (i.e., number words and 
Arabic digits). Unlike in the first game, children are hereby instructed to touch the stars quasi-
simultaneously, that is, put down the required number of fingers at the same time. The complexity 
increase across levels, on the other hand, happens in a similar way as in game 1: on the first level, 
children are encouraged to practice the respective finger postures required for representing cardinal 
quantities. Level II brings forth the inclusion of spoken number words whereas Level III presents both a 
number word and an Arabic numeral for each finger combination put down on the screen (Fig. 3 left 
chart). By stretching out and putting down their fingers at the same time, children learn how to associate 
non-symbolic magnitudes (in this case, a given number of fingers) with the respective Arabic digits and 
number words. As opposed to currently existing apps, on our app successive touches are not considered 
a valid response. This way, it is not possible for children to succeed in this game by implementing 
counting strategies. This is a particularly important asset of our game because it warrants effective 
fostering of the game’s target competence (i.e., cardinality strategies) by preventing children to succeed 
through less mature strategies (i.e., counting). 

ª Game 3: ”Calculate” 
Finally, the third game focuses on number relations such as number composition and decomposition. 
Specifically, the child’s task is to first place a certain number of fingers on the screen and then either 
add further fingers or remove some of them to achieve the correct result. Just as in the first two games, 
the first level is intended to practice the motor action of placing and lifting fingers from the screen. An 
addition or subtraction task is presented on a central cloud on the screen alongside an illustration of the 
corresponding finger numeral pattern depicting the solution to the problem (Fig. 3 right). To facilitate 
task comprehension, stars which need to be added or removed are displayed in a different color as 
those which should remain on the screen. While on the first level children are presented with two different 
visual aids to solve the arithmetic problem (i.e. finger image and differently colored stars), on the second 
level they are left with one sole aid, that is, the green stars. Moreover, on the third level children are 
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expected to solve the arithmetic problem without further assistance. On all three levels, feedback in form 
of number words and Arabic numerals is presented following every touch on the display. In this way, 
children have the chance to experiment different combinations of fingers which amount up to a certain 
number when separated or put together, which is considered an important step of numerical 
development leading up to the ability to calculate.  

 
Figure 3: Screenshots of the app Zahlen begreifen. Left: Game 2 – Level III; right: Game 3 – Level III 

3.3 Evaluation of game experience: Preschool GEQ 
Given the lack of standardized measures of game experience in preschool children, we developed a 
simplified version of the Kids Game Experience Questionnaire (KidsGEQ), a widely used instrument in 
game research [28]. In its original version, the GEQ contains questions designed to evaluate players’ 
experiences on seven dimensions: challenge, competence, flow, immersion, negative affect, positive 
affect and tension. Items from the original KidsGEQ were adapted (or excluded when necessary) to 
achieve a more easily understandable, age-appropriate set of questions. Importantly, as we worked with 
a pre-literate group of players, we changed the administration method from self-report to interview. 
Children were asked to answer the questions by pointing to a five-point Likert scale featuring smiley 
pictures [29]. These were ordered from left to right on a progression scale from saddest to happiest. In 
order to inspect children’s understanding of the Smileyometer and familiarize them with the test 
procedure, we included practice questions at the beginning of the questionnaire. The final set of 
questions consisted of 20 items, 16 of which targeted at assessing children’s game experience with 
playing our game. 

3.4 Participants 
A total of 15 children (8 girls, 3-6 years old), mean = 5.27 years, SD = .96 years) responded to the 
questionnaire immediately after playing with our app for around 20 minutes. They were recruited from 
two different kindergartens in a metropolitan middle-class region in the south of Germany. All children 
also participated in a different study conducted by our research group. Two children (13%) did not have 
complete data because they either did not understand or refused to answer some of the questions.   

4 RESULTS 
In the following section, we will describe first results regarding children’s game experience while playing 
with our game-like app.  

4.1 Quantitative analysis 
In general, 67% of children reported having liked or very much liked our app. The percentage of children 
who reported not liking the app was 27%, whereas one child had a neutral response. When asked if 
they would recommend the game to a friend, 60% responded positively, while 33% said they would not 
recommend the game. Again, one child responded neutrally. Moreover, 93% of children said they would 
like to play more adventures with Finn, while one child answered neutrally.    
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To evaluate children’s responses within a game experience framework, we averaged children’s scores 
on all items pertaining to five of seven dimensions of the KidsGEQ (Fig. 4). As a group, children reported 
low to moderate challenge, as well as rather low negative affect and tension. This means children’s 
overall perception of the game indicates they did not find it difficult or effort-demanding and did not think 
the game was boring, stupid or tiresome. Furthermore, they reported no negative feelings of fear and 
annoyance when confronted with difficulties playing the game. Immersion and positive affect scores, on 
the other hand, were observed to be high. This means children were generally engaged during 
gameplay, felt part of the game narrative, and reported positive emotions such as being in a good mood, 
having fun and being proud of their performance.  

In particular, 38% of children did not feel challenged by the game at all, 15% felt somewhat challenged, 
and 54% reported feeling moderately challenged. Regarding immersion, 71% of children reported a high 
level of connection with Finn’s story, 14% were moderately immersed, 7% were a little immersed, and 
14% reported no degree of immersion. As regards negative affect, most children (64%) did not report 
any negative feeling arising from gameplay, 14% had slightly higher negative affect scores, 7% declared 
a very slight negative affect and another 7% had scores compatible with a moderate negative affect 
level. On the other hand, the majority of children (79%) indicated very high levels of positive affect, 
whereas 7% reported high positive effect, 7% minor positive affect and another 7% reported low positive 
affect signs. Lastly, most children reported absolutely no signs of tension (86%) during gameplay, 7% 
had scores indicating negligible tension, and another 7% displayed slight tension. 

 
Figure 4: Children’s average scores on each investigated game dimension  

(max. score was 5, error bars reflect 1 SEM)  

4.2 Qualitative analysis 
To complement the quantitative information collected through the questionnaire, some very insightful 
observations arose from watching children’s interaction with the app. At first, most children seemed to 
enjoy the playful interaction with the numerical learning content. However, their motivation quickly 
declined as they progressed to more difficult items and began making errors. This rapid decrease in 
enjoyment is however inherent to the learning process and reflects a temporarily mismatch caused by 
a slow increase in performance and fast decrease in motivation. Moreover, repeated presentations of 
the tutorial following repeated errors seemed to be one of the main sources of dissatisfaction. Another 
aspect which seemed to inconvenience children was not being able to see the stars below their hands 
when their fingers were already placed on the screen. This issue was particularly frequent in the “Count” 
and “Calculate” games. 

As children kept on playing, their enjoyment levels also seemed to increase again. Interestingly, a child 
who voiced his frustration by calling the game “boring” after successive erroneous trials at the beginning 
of the session, later responded negatively when explicitly asked whether the game was boring. The 
perhaps at first questionable honesty of his response became clear when, moments later, he reached 
out for the iPad and voluntarily started playing with the app again. 

Regarding the administration of the questionnaire, children appeared to be considerably proficient in 
using the Smileyometer and did not seem to refrain from expressing negative feelings and attitudes 
towards the app. This may suggest that the interview format does not interfere with the reliability of 
questionnaire responses. 
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5 DISCUSSION AND CONCLUSION  
Although digital apps have become an indelible part of young children’s lives, there is a clear deficiency 
in regulation of the appropriateness of their contents to this age group. In this context, the label 
“educational” attributed to some of these apps can be particularly deceiving. Attempting to tackle this 
issue, we developed a game-like app for fostering preschoolers’ learning of basic numerical skills. Both 
the conception and the development of the app were based on theories of numerical development and 
game-based learning. 

The idea of promoting the development of early numerical skills through using tablet apps is not new. In 
fact, most educational apps available on the market aim at developing literacy and numeracy skills [30]. 
However, as most of them lack a strong scientific background, they may not effectively support 
preschool children’s learning by providing them with tasks that are either too simple or overwhelmingly 
complex. Additionally, some may even barely touch the core competencies that constitute the building 
blocks of numerical reasoning. To the best of our knowledge, there is currently only one single tablet-
based program for early numerical skills, which is both theory-driven and evidence-based [31]. However, 
our app seems to be the only theoretically motivated app specifically capitalizing on the embodiment of 
numerical representations by means of finger-based representations [32]. This is especially relevant 
because the idea that basic numerical concepts are associated with the kinesthetic and proprioceptive 
sensations which arise from the early experience of finger counting has been receiving increasing 
support [33]. 

Crucially, literature on children’s game experience is also scarce [28]. As we were interested in gaining 
first insights into the playfulness of our app, we adapted an existing game experience questionnaire to 
our target age group. In general, although results showed that most children enjoyed playing with the 
game, they also shed light on aspects which need to be improved in future versions of the app, such as 
the positioning of the stars and the frequency with which the tutorial is presented again after some 
erroneous responses. Based on these considerations, we are currently working on a new version of the 
app aiming at compensating these issues and improving children’s game experience. 

In sum, digital game-like applications have high potential for supporting preschool children’s learning of 
scholastic key competencies. However, in order to fully explore and maximize their benefits, game 
development and scientific research should walk hand in hand to realize educational apps capable of 
promoting both meaningful, effective learning and an enjoyable game experience. Our game-like app 
took the first step to support preschool children’s playful learning of basic numerical competences. 
Hence, it can be considered to represent a successful case of evidence-based game development.  
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