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1. INTRODUCTION

1.1 Background 

The challenges of the globalization and knowl-

edge-based economy in the 21st century make it

imperative to develop STEM (Science, Technology,

Engineering, Mathematics) skills. STEM came

from the United States and was fully introduced

in 2006. It aims to develop problem-solving skills

and habits of thinking, such as curiosity, creativity,

perseverance and collaboration. So over the past

15 years, researchers, educators, and parents have

focused on early STEM development.

Augmented reality (AR) applications are con-

ducive to the cultivation of children's STEM abil-

ities, such as AR cards and AR picture books,

which bring many benefits of three-dimensional ,

fun and attracting children's curiosity to explore

knowledge. But the captured information is always

displayed on the screen, not the actual object.

Therefore, although parents accept the advantages

brought by AR technology, their children are de-

prived of the tactile and physical environment, and

they worry that it will limit their imagination and

harm their physical and mental development by

using screens for a long time (Fig. 1).

Montessori education promotes active learning

by using contact between body and object for

pre-school children aged 2-7. Jerome Bruner's

Theory of Development also believes that when

children learn knowledge, which the process from

the concrete to the abstract is: firstly it comes
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hands-on “Action”, then learning with “Images”

and finally children transform what they’ve learned

into “Language” [1]. It seems to confirm parents'

concerns that it is not enough for pre-school chil-

dren to use virtual educational products, but to

build knowledge with real materials and environ-

ments. The way physical objects touch each other

and combine into different shapes, including mate-

rials and colors, can be used to express abstract

relationships such as spatial, mathematical, and

computational cognition, which provide an im-

portant foundation for pre-school children's later

STEM education. Therefore, this paper studies the

cognitive potential of pre-school children based on

the Tangible User interface (TUI) with physical

interaction.

1.2 Research Purpose and method

This study aims to meet the needs of parents

for the real environment and balance the usage be-

tween digital and physical world, and cultivate the

thinking ability of STEM for pre-school children

in their early years. Based on distributed cognition

theory and collaborative learning theory, this paper

studies the cognitive potential of TUI on pre-

school children, according to the implicit inter-

action characteristics formed by physical inter-

action and real-time tracking provided by AR[2].

The research methods of this paper mainly using

literature collection method and empirical research

method. Firstly, by analyzing the system of AR

collaborative TUI and the implicit features of

physical interaction, and extract the elements of

TUI. Then, the distributed cognition theory and

computer-supported collaborative learning theory

are discussed to analyze the role of TUI in pre-

school children's cognition, which form the sup-

porting foundation and establish the structural

equation model. Finally, the method of experiment

and questionnaire survey is adopted to analyze the

data and test the hypotheses. According to the re-

sults, it got the potential factors of TUI and their

relationship on pre-school children's cognitive

ability (Fig. 2).

2. THEORETICAL STUDY

2.1 AR environment and TUI

AR environment is to create an enhanced work-

space where users can access a shared space based

on the real world and real-time registration of dis-

(a) (b)

Fig. 1. Pre-school children use AR technology. (a) AR 

cards and (b) <Plugo>.

Fig. 2. Research process.
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plays with physical materials [3]. This interaction

mode has physical objects, so that children can feel

the rich multi-modal sensory properties of the

physical world, which is conducive to cognitive

learning (Fig. 3).

Inspired by research into AR environments,

Ishii's team first proposed the concept of TUI in

1997. Enhance computing to the physical environ-

ment to achieve a high degree of readability and

seamless information. TUI has three key concepts:

interactive surfaces, real-time computing of crawl-

able objects , and awareness of environmental con-

text[4]. Ishii advocates using grabable physical ob-

jects and environmental media as inputs, rather

than by considering pure visual enhancement. Four

elements were extracted from TUI features for

analysis (Table 1).

2.2 Physical interaction

TUI make the interface "natural" to use, espe-

cially for pre-school children that they can easy

to use. The natural transition between ubiquitous

computing and the physical interface creates an

implicit style of interaction [5]. It has four di-

mensions: simple physics (gravity, friction, persis-

tence of objects, relative scale); Body awareness

(proprioception, range of motion, hand coordina-

tion, whole-body interaction); Spatial perception

(navigation, depth perception, distance between

objects) and social awareness and skills (the pres-

ence of others, verbal and non-verbal communica-

tion). These four interactive features meet the re-

quirements of hands-on learning, real environment

and social collaboration, so this study will evaluate

the cognitive potential of TUI for pre-school chil-

dren based on physical interaction.

2.3 Differences between TUI and GUI

TUI designers try to increase the capacity of

working memory by using visual, auditory, and

tactile channels to distribute information process-

ing among the three sensory channels. Graphical

user interfaces (GUI) require users to interact

within screen space (Fig. 4). Manches and Malley

proposed the value of tactile, visual, and auditory

information processing for long-term interactions

with physical operations [6]. For example, when

children are facing a computer, abstract actions

such as touching the screen and clicking can not

be as helpful as TUI touching objects, even if they

add vivid and lifelike vision. Marshal demonstrated

that children maintained more control over physical

objects than digital objects accessed through mul-

ti-touch desktops [7]. Jacob compared several in-

teractive techniques for organizing information in

space, showing how TUI can be more effective

than GUI [8]. Verhaegh says TUI is more effective

Fig. 3. AR environmental framework.

Table 1. Interaction elements for TUI.

Element Content

Physical object square, circle, hexagon, etc Solid and plane Metal, plastic, paper and other materials

The sense of touch Enhanced visual perception More immersion Gravity, friction and other properties

The environment Spatial perception Space exploration Mental space rotation

Action on
Objects

Push, lift, spin
Continuous
operation

Express abstract ideas
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for 5- to 7-year-olds than clicking on a game's

graphical interface that involves manipulating ob-

jects in space [9].

2.4 Distributed cognition theory 

Distributed cognition as the theoretical basis of

human-computer interaction research has been

developed over the past 12 years. It is tailored spe-

cifically for understanding the interaction between

people and technology, providing a rich framework

for designing and evaluating human-computer

interaction.

It has three principles. 1. Social organization it-

self is a form of cognition structure. Children live

in different social organizations, such as family,

school and society. They transfer information in

the cognition process. The social environment is

a cognition form of children. 2. It's a process of

embodied cognition. Andy Clark believes that tak-

ing the body and the world seriously is a successful

way of dealing with the complex interaction be-

tween the inside and the outside. Pre-school child-

ren's cognition thinking is the internal model of

understanding the external world. It is inseparable

from external resources, such as good physical

materials, the body and so on. They are integrated

into children's cognition and control activities. 3.

Cognition and culture are inseparable. Culture and

cognition are based on the process of historical

updating. Children are accompanied by the accu-

mulation of culture in the cognition process, which

is the development form of pre-school children's

cognition.

Therefore, children's cognition not only needs to

understand the information processing of the brain,

but also needs to deal with how information is ar-

ranged in the physical and social world (Fig. 5).

Distributed cognition theory plays a special role in

understanding children's interactions with tech-

nology because it focuses on the whole environ-

ment, constantly creating external scaffolding to

simplify children's cognition tasks. This is quite

different from traditional information processing

psychology, which requires symbolic interaction.

2.5 Computer supported collaborative learning 

theory

In Collaborative Learning theory, learning is a

natural social behavior that occurs through con-

versation, trying to solve problems, and seeking to

understand the world. Vygotsky's zone of prox-

imal development (Fig. 6), in which children en-

gage in conversations with "more knowledgeable

others" (teachers or parents). Over time, through

social interaction, it can develop the ability to solve

problems and complete certain tasks independently.

In TUI systems, collaborative learning with a com-

(a)

(b)

Fig. 4. TUI versus GUI interaction patterns (a) and (b) 

[8].

Fig. 5. Distributed cognition framework.
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puter can be formulated by designing both physical

objects and learning activity instructions. Guided

learning helps children show better comprehension.

3. EMPIRICAL RESEARCH

3.1 Problem Description 

Based on the implicit interaction characteristics

of physical interaction and AR environment, this

study attempts to study the potential of TUI for

pre-school children's cognitive development. The

study involved pre-school children aged 3 to 6 and

the experimental tool is an AR education applica-

tion named <Plugo>. The research method is ex-

periment and questionnaire survey.

3.2 Research design and procedures

In order to verify the research problem, the fol-

lowing experimental procedures were used to carry

out the research（Table 2）: 1. Preliminary experi-

ment. To ensure the effectiveness of the subjects,

it was necessary to ensure that all pre-school chil-

dren used <Plugo>, requiring parents to install

gaming software and participate in their children's

games. The experiment was conducted from Feb-

ruary 20 to 27, 2022. 2. Secondary experiment. A

closed questionnaire was conducted for parents

who met the age requirements of pre-school chil-

dren. SQ questionnaire and research topic ques-

tionnaire were set up (Table 3). The survey was

carried out after the end of the fisrt experiment us-

ing 5-level Likert scale. A total of 267 ques-

tionnaires were issued and 245 valid questionnaires

were recovered. The effective rate of the ques-

tionnaire was 91.76%. In order to verify the feasi-

bility of the extracted factors, reliability test and

exploratory factor analysis were performed using

SPSS26.0. AMOS23.0 software was used to con-

duct confirmatory factor analysis, model fitting de-

gree and path analysis for structural equation

model. The purpose is to explore the factors and

relationship between TUI and pre-school child-

ren's cognitive development potential.

3.3 Outcome analysis 

3.3.1 Exploratory factor analysis

In the reliability test (Table 4), Cronbach co-

efficient method was used to test the survey data

in this study, and the results showed that four ef-

fective factors were extracted from the questionn-

aire. Cronbach's Alpha values were respectively

0.859, 0.814, 0.849 and 0.762, which was greater

than the standard value of 0.7. The Cronbach's al-

pha coefficient of the whole scale was 0.921. The

closer the data is to 1, the higher the consistency

of the questionnaire is and the more reliable it is.

Therefore, the reliability of this scale is good.

Meanwhile, the KMO value of the sample is 0.965,

Fig. 6. Zone of proximal development for children.

Table 2. The experimental process.

Preliminary experiment Secondary experiment

The research
methods

Experiment study Closed questionnaire study

The research
content

Pre-school children play
<Plugo> with Parents

1. Reliability and validity analysis, exploratory factor analysis;
2. Confirmatory factor analysis, combined validity;
3. Model fitting degree and path analysis.
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the Chi-square test value of Bartlett sphericity test

is 2126.868, the degree of freedom is 105, and the

significance is 0.000. It shows that the correlation

between non-identity matrix and statistics is very

significant and the validity is good, so it is suitable

for factor analysis.

As can be seen from Table 5, the four effective

factors extracted from the questionnaire contents

are "social collaboration", "Physical interaction",

"spatial perception" and "usability", which are con-

sistent with the theoretical perspective.

3.3.2 Confirmatory factor analysis

In order to further refine the items in each di-

mension and improve the accuracy of latent varia-

bles in the model analysis, this study conducted a

confirmatory factor analysis on the convergence

validity of the measurement model. Further evalu-

Table 3. The questionnaire.

The contents Optional items

7. Do you think the combination of physical materials
can improve children's memory more than using
screens alone?

Strongly don't agree ① ② ③ ④ ⑤Couldn't agree
more

8. Do you think there is a relationship between
children's cognitive activities and the environment?

Strongly don't agree ① ② ③ ④ ⑤Couldn't agree
more

9. Do you think physical interaction is better for
children to understand abstract things?

Strongly don't agree ① ② ③ ④ ⑤Couldn't agree
more

10. Do you think it is better to develop children's
learning ability to have multiple senses (visual,
auditory, tactile)?

Strongly don't agree ① ② ③ ④ ⑤Couldn't agree
more

11. Do you think physical materials can keep children
interested longer?

Strongly don't agree ① ② ③ ④ ⑤Couldn't agree
more

12. Do you think digital educational applications
combined with physical materials can improve
children's problem-solving skills?

Strongly don't agree ① ② ③ ④ ⑤Couldn't agree
more

13. Do you think digital educational applications
combined with physical materials can improve
children's attention?

Strongly don't agree ① ② ③ ④ ⑤Couldn't agree
more

14. Do you think touch gives children a stronger sense
of real experience?

Strongly don't agree ① ② ③ ④ ⑤Couldn't agree
more

15. Do you think screen gestures constrain children's
interactions?

Strongly don't agree ① ② ③ ④ ⑤Couldn't agree
more

16. Do you think using <Plugo> improves children's
spatial cognition (location, shape, path, etc.)?

Strongly don't agree ① ② ③ ④ ⑤Couldn't agree
more

17. Do you think using <Plugo> improves children's
spatial understanding?

Strongly don't agree ① ② ③ ④ ⑤Couldn't agree
more

18. Do you think using <Plugo> can improve
children's mental rotation?

Strongly don't agree ① ② ③ ④ ⑤Couldn't agree
more

19. Do you think using <Plugo> will increase the fun
interaction between parents and children?

Strongly don't agree ① ② ③ ④ ⑤Couldn't agree
more

20. Do you think using <Plugo> will increase the
spatial language communication between parents and
children?

Strongly don't agree ① ② ③ ④ ⑤Couldn't agree
more

21. Do you think using <Plugo> will enhance
children's sense of collaboration?

Strongly don't agree ① ② ③ ④ ⑤Couldn't agree
more



Table 4. Reliability and validity test.

Questionaire
number

Factors
Cronbach's
Alpha

Factor Factor Factor Factor

1 2 3 4

Q17 0.701

0.859
Q18 0.769

Q21 0.668

Q11 0.727

Q9 0.660

0.814
Q12 0.663

Q13 0.692

Q14 0.656

Q15 0.665

0.849
Q16 0.663

Q19 0.688

Q20 0.819

Q7 0.697

0.762Q8 0.673

Q10 0.699

Total variance 55.709 60.703 65.446 69.609 0.921

KMO(Kaiser-Meyer-Olkin) 0.965

Bartlett's test for sphericity The approximate chi-square 2126.868

df(P) 105(.000)

Table 5. Factors results.

Factors The questionnaire Named

Factor1: Social collaboration

17. Improve spatial understanding C1

18. Improve mental rotation C2

21. Enhance the sense of collaboration C3

11. Take a more sustained interest C4

Factor2: Physical interaction

9. Good for understanding abstract things P1

12. Improve your problem-solving skills P2

13. Improve concentration P3

14. Touch is conducive to real experience P4

Factor3: Spatial perception

15. Screen gestures constrain actions S1

16. Good for spatial cognition S2

19. Increase interaction with your parents S3

20. Increased use of spatial languages S4

Factor4: Usability

7. Increase memory U1

8. Provide a learning environment U2

10. Audio-visual touch improves learning ability U3

655A Study on the Cognitive Potential of Pre-school Children with AR Collaborative TUI
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ation of the structural model can only be performed

if the fit of the measurement model reaches an ac-

ceptable standard. From the results of factor anal-

ysis, it can be seen that the standardized factor

loads of all potential variables are above 0.7 (STD

in Table 6). The P value is significant. The co-

efficient of composite reliability (C.R.) of each la-

tent variable is 0.857, 0.801, 0.848 and 0.746. They

are all higher than the standard value of 0.7. The

AVE (Average Variance Extracted) value was

0.560, 0.516, 0.582 and 0.490. All above or close to

the standard value of 0.5. It indicates that each la-

tent variable has good discrimination and inner fit,

so it has good validity.

3.3.3 Structural equation model and path analysis

The structural equation model and path co-

efficient are shown in Table 7. In addition, the main

adaptation indexes obtained from structural model

inspection are listed in detail. The CMIN/DF co-

efficient of the model fitting index was 1.263, the

RMSEA was 0.033, the GFI was 0.945, the AGFI

was 0.923. All meet the standard value above 0.7.

It shows that the model fits very well.

As can be seen from Fig. 7, factor loads of po-

tential variables in social collaboration, physical

interaction, spatial perception and usability are all

greater than 0.7, indicating that potential variables

have a very good explanatory ability to observation

variables and high reliability. According to the path

coefficients among the potential variables of social

collaboration, physical interaction, spatial percep-

tion and usability, physical interaction have a sig-

nificant impact on usability, with the maximum

path coefficient of 0.95, indicating that physical in-

teraction are the key factor for parents to approve

Table 6. Reliability and validity analysis of measurement model.

Unobservable variable
Observed
variables

STD UNSTD S.E. T-value CR AVE

Social collaboration

Q11 0.787*** 1

0.857 0.560
Q21 0.766*** 0.999 0.078 12.866

Q18 0.786*** 1.016 0.077 13.279

Q17 0.758*** 0.971 0.076 12.709

Physical interaction

Q14 0.731*** 1 18.456

0.801 0.516
Q13 0.715*** 0.940 0.086 10.905

Q12 0.744*** 0.986 0.087 11.363

Q9 0.682*** 0.854 0.082 10.386

Spatial perception

Q20 0.752*** 1

0.848 0.582
Q19 0.788*** 1.033 0.082 12.577

Q16 0.761*** 1.024 0.085 12.106

Q15 0.751*** 1.026 0.086 11.915

Usability

Q7 0.707*** 1

0.746 0.490Q8 0.694*** 0.940 0.091 10.368

Q10 0.708*** 0.916 0.087 10.574

Table 7. Model fit coefficient.

Fitting index CMIN/DF RMSEA GFI AGFI CFI IFI NFI TLI

Standard data 1. 3 <0.08 >0.9 >0.9 >0.9 >0.9 >0.9 >0.9

Model coefficient 1.263 0.033 0.945 0.923 0.989 0.989 0.951 0.987
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the usability of TUI. At the same time, physical

interaction are also closely related to spatial per-

ception and social collaboration, and the path co-

efficient values are 0.94 and 091, indicating that

physical interaction are a key factor in providing

children with learning potential. Other factors that

affect usability are social collaboration, with a path

coefficient of 0.60, indicating that TUI helps chil-

dren develop a sense of collaboration and explore

knowledge with parents. The coefficient of spatial

perception to usability is -0.38, which proves that

the usability of TUI is beneficial to the cultivation

of children's environmental space perception and

ability.

3.4 Results

This study investigates the cognitive potential

of TUI based on physical interaction, distributed

cognition theory and cooperative learning theory.

First of all, based on the theoretical investigation,

the characteristics of physical interaction and

children's cognitive characteristics are analyzed.

Secondly, empirical analysis is carried out through

experiment and questionnaire survey. The reli-

ability and validity of the questionnaire met the

standard value of 0.7, so it was suitable for ex-

ploratory factor analysis. Four effective factors

were extracted, named social collaboration, phys-

ical interaction, spatial perception and usability. In

order to improve the accuracy of each potential

variable in the model analysis, confirmatory factor

analysis was carried out, and the standardized fac-

tor loads of all potential variables were above 0.7,

with significant P values. The component reli-

ability of each potential variable (C.R) and the ex-

traction volume of mean variance (AVE) both met

the standard value, indicating good validity. CMIN/

DF, RMSEA, GFI, AGFI and so on all meet the

standard range, so the model fitting degree is good.

Through path analysis of potential variables, it is

found that the path coefficient of physical inter-

action on usability is the largest, and then social

collaboration and spatial perception , which proves

that physical interaction are the most important

factor in TUI cognitive potential. At the same time,

social collaboration affects usability, and usability

affects spatial perception, suggesting that the cog-

nitive potential of TUI plays an important role in

cultivating children's spatial ability. Spatial ability

is one of the important STEM skills, so the cogni-

Fig. 7. Structural equation model.
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tive potential of TUI is conducive to the develop-

ment of STEM ability in early pre-school children.

4. CONCLUSION AND LIMITATIONS OF THE 

STUDY

4.1 Conclusion

Studies have shown that the rich properties of

physical interaction play an important role in fos-

tering social collaboration and environmental spa-

tial ability. TUI supported by AR is conducive to

the development of children's spatial ability. Spe-

cific analysis is as follows:

(1) Physical interaction are the most critical ele-

ment in TUI.

Tactile, visual and body movements of physical

materials can help children perceive the real envi-

ronment, enhance their sense of collaboration, build

knowledge and enhance memory.

(2) TUI is beneficial to pre-school children's

spatial ability cultivation.

The awareness of social collaboration and the

interaction of physical materials are conducive to

pre-school children's understanding of abstract

things. Their mental rotation ability also are im-

proved. These are the potential obtained by using

TUI. At the same time, all these lay an important

foundation for the development of children's spatial

ability.

4.2 Research limitations and future research

This study analyzes the potential of TUI and AR

collaboration on pre-school children's cognitive

development, which is embodied in four aspects:

social collaboration ability, spatial ability, usability

and physical interaction.

The limitation of this study is that only pre-

school children aged 3-6 years were selected as

subjects, so generalization is limited for all TUI

users. It is predicted that further studies of other

age groups will be more meaningful results. In ad-

dition, based on the dimensions of natural inter-

action, this study limited the cognitive potential of

TUI to four categories for analysis, so the research

results may be one-sided. If the cognitive potential

of TUI interaction is divided according to the cat-

egory of cognitive development on the basis of nat-

ural interaction research. It can be ensured more

objective certainty. TUI's role in spatial ability

training will be further studied.
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