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Abstract. Augmented Reality (AR) is increasingly used as an educational tool in 
a range of domains with the goal of enhancing students’ performance as well as 
their learning experience, thanks to the interactivity and visual appeal of AR 
objects. While some attempts, albeit limited, have been undertaken to prove these 
beneficial effects in learning 3D geometry, the results remain inconclusive and 
there are some methodological issues such as under-evaluation of user 
experience. With the aim to enrich the applied body of knowledge on this specific 
topic, we developed an AR application that allows its users to learn about cross-
sectional shapes and variables in 3D geometry. We compared the AR-based 
approach with the traditional chalk-and-board approach by involving sixty 12-16 
year-olds from two schools. The AR class showed a significantly stronger 
learning effect than the traditional class, especially for the more complex 
geometric concepts. The AR class found the application engaging, regardless of 
their level of knowledge gain, which bore no significant relation with their 
intention to use it. The methodological challenge for implementing control 
groups and the practical challenge for affordable emerging educational tools 
should be tackled in future research. 
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1 Introduction 

The rapid growth of computing technology enhances the use of software to support 
human activities in various fields such as education, health and entertainment. The rise 
of multimodal and multisensory interactions enabled by mobile devices, for instance 
accelerometer-based [1], camera-based [2], location-based [3], voice-based [4] and 
touch-based [5], leads to the development of a variety of specific applications. 

In particular, Augmented Reality (AR) has attracted more and more research 
attention in different areas. AR is a technology used to create an enhanced real-time 
interactive experience by combining computer-generated 3D and real-world contents.   
Apart from visual images, some AR systems provide enhanced audio or haptic 
experiences [6].  Such enhanced experiences render AR a powerful tool in engaging 
customers in business [7], visitors in cultural heritage [8], players in games [9], and 
learners in education [10, 11], to name just a few examples of AR-enhanced human 



 

activities.  The research study presented in this paper focuses on the application of AR 
in education.    

In the domain of computer science, Yilmaz [12] studied teachers’ and children’s 
opinions on the educational effect of AR-based magic toys and found that the 3D virtual 
objects in the magic toys could make children more interested in learning. Furthermore, 
Fotouhi-Ghazvini and colleagues [13] proposed a mobile AR for adding a real sense of 
learning to a game for students, which could enhance their learning motivation. 
According to the study of Kysela and Štorková [14] on tourism education, using AR to 
provide tourists with experiences at cultural heritage sites by overlaying 3D virtual 
objects onto the real scene could serve as an attractive environment for studying history. 
These examples illustrate that the attractiveness and interactivity of AR can be used to 
support people to learn with enjoyment and effectiveness.  

Geometry is an area of mathematics that involves studying a broad range of shapes 
such as pyramid, rectangular, cuboid and sphere. They are difficult to learn in 2D 
format, especially when they can be cut at any angle to produce various cross-sectional 
shapes.  Indeed, the study of Adolphus [15] showed the difficulty in teaching and 
learning geometry, as the conventional instructional environment is not conducive to 
learning geometric concepts in 3D.  Geometry is also relevant to learning chemistry 
with abstract concepts as well as concrete examples such as molecular structures, which 
are composed of three-dimensional spaces of atoms that are not easily understood in a 
classroom or a laboratory. To explain such shapes, people use general presentation 
software (e.g., PowerPoint) where, however, learners can only view passively the 
learning objects presented because they cannot interact with them [16].  In contrast, AR 
allows dynamic and interactive manipulations of 3D images [17] and thus can be useful 
for teaching geometry. Students can move, rotate, reflect, or stretch the images. 
Nonetheless, only a small number of research studies (e.g. [18, 19, 20]) have been 
conducted to investigate the effectiveness of learning geometric 3D shapes with AR, 
and they reached inconsistent conclusions. Furthermore, some methodological 
limitations were identified in the existing work on this specific topic. First, the lack of 
control group to assess the effect of learning geometric shapes with the conventional 
teaching approach as compared with an AR-based approach. Second, the evaluation of 
the AR application focused on the learning effect, but overlooked the user experience 
aspect. 

Consequently, we have been motivated to collect more empirical data to address the 
main research question: To what extent can AR-enabled 3D virtual objects make 
learning more effective and more engaging for students as compared with the 
traditional 2D approach?  The answer to this question is important for informing the 
design of this new learning technology, which should be usable, useful and desirable.  
Accordingly, we developed a dedicated AR-based application that can be beneficial to 
children of 12-16 years old to learn geometric shapes in 3D and assess its learning and 
experiential effects with this target group.  Overall, the main contribution of this work 
is to enrich the relatively small applied body of knowledge on this specific topic from 
the methodological and practical aspects. 

The rest of the paper is structured as follows: We first present the literature review 
in Section 2, followed by the outline of our methodological framework in Section 3. 
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Then we report our empirical study and results in Section 4 and 5, respectively.   In 
Section 6, we discuss three issues that we deliberated when planning and implementing 
our study. In Section 7, we conclude and draw implications for future research.  

2 Literature Review 

In this section we first provide an overview of AR in education, followed by a review 
on the existing technological approaches to learning geometric concepts. Then we 
outline the related work on user experience (UX) and user engagement (UE), especially 
the UE scale that we adopted for our empirical studies (Section 3). 
 
2.1 AR in Education  

One of the most essential functions of AR is the dual-presence of information where 
two information displays are overlaid on each other [21]. Wu and colleagues [22] 
reported that one of the common AR applications is education. Mayer [23]  argued, 
based on the cognitive theory of multimedia learning, that AR comprising texts, 2D or 
3D images could be used to improve learning because people tend to learn better from 
words and pictures combined together than from words alone. Sommerauer and Müller 
[24]  examined the use of AR for education through conducting an experiment at a 
mathematics exhibition. Their experimental study was similar to that of Morrison and 
colleagues [21] in that both studies made a comparison between the use of AR and non-
AR.  While the results of Morrison and colleagues [21] were not conclusive, the results 
of Sommerauer and Müller [24] showed that museum visitors learned significantly 
better from the AR exhibition than from the non-AR one. 

AR has also been applied to education in various domains such as cultural heritage 
[25] for which, however, no formal evaluation of the learning or experiential effect was 
performed. The study of Ibáñez and colleagues [26] showed that using AR was more 
effective in promoting students' knowledge of electromagnetic phenomena with a 
higher level of enjoyment as compared with using web-based applications.  For learning 
astronomical phenomena, using AR with three markers - sun, earth and moon - could 
enhance the learners’ perceptions of mobilization [27]. By using a new interaction 
method with a pico-projector as an AR system to enhance the digital display on static 
paper, teachers, students, and experts commented that AR was useful for learning [28].  
Yang, Chu, and Yang [29] demonstrated the use of an inquiry-based AR learning 
system to learn about the properties of gas in a real-world context with 70 students of 
eleventh grade. It helped students to improve their learning performance on gas 
properties in terms of adjusting the parameters of pressure and temperature. In another 
research study [30], twenty computer science students took part in an experiment aimed 
to compare two educational approaches: an AR-based application and a non-AR 
approach to programming debugging. The results found that the AR application was 
more effective in increasing the students’ computational thinking and learning 
outcomes when compared with the non-AR approach.   

Overall, as indicated in the above literature review, in the last decade the use of AR 
for educational purposes has been expanded to a large range of domains, especially 



 

STEM. However, the research work is scattered over the broad range and the number 
of empirical studies per domain, say mathematics, is small.  This makes it difficult to 
draw any conclusive claims on the learning effect of AR.  Hence, it is necessary to 
conduct more systematic research to substantiate the applied body of knowledge on 
applying AR as an educational tool in general and as an enabler to understand geometric 
concepts in particular. 

 
2.2 Learning Geometric Concepts 

Study of geometry as a branch of mathematics has a long tradition and is highly relevant 
to other science subjects as well as to art. Traditionally, basic geometric shapes are 
drawn with pencil, paper, ruler and compass. In recent decades, computing technologies 
have played an ever-increasingly important role in education in general and in study of 
geometry in particular. Using 3D computer-aided design (CAD), such as AutoCADTM, 
MayaTM, 3DStudio MaxTM and others, has become commonplace in teaching and 
learning geometric concepts in 3D.  While such software applications can help create 
beautiful 3D shapes, they should also support the process of learning  geometry (e.g., 
3D shapes and geometric variables). Hence, their user interfaces should be easy to 
understand.   

With computers having the built-in ability to record user activities, the related 
software was able to track how users created geometric shapes, to reproduce the process 
of construction with changes in parameters (e.g. size, coordinate, color) and to present 
the resulting shape instantly. Today, there are different proprietary software 
applications for dynamic two-dimensional geometry, and the most popular ones are 
Cinderella [31] and Euklid [32].   

AR is the current technological advancement with strong potential for enhancing 
education in a broad range of domains [22], including geometry. In fact, AR is more 
than the combination of hardware, software and contextually relevant information [33]. 
Utilizing the power of the AR technology, especially its interactivity and visual appeal, 
can support people to learn 3D geometry with high effectiveness and efficiency, and 
positive learning experience.  

 
2.3 User Experience and User Engagement 

User experience (UX) and user engagement (UE) are very closely related concepts for 
designing interactive systems. UX puts emphasis on the experiential aspect of human-
computer interaction, encompassing a broad range of emotional responses with 
engagement being one of the key qualities.     

Don Norman [34] was one of the authors to use the word "User Experience" to 
describe a person's total experience with every aspect of a system. He argued that 
‘usability’ was too narrow to show a holistic vision of human-computer interaction. UX 
as a study explores factors influencing the subjective experience humans have when 
interacting with technology. Moreover, Gegner and colleges [35] proposed that UX is 
a ‘counter-movement to usability thinking’ that focuses on pragmatic quality (cf. 
hedonic quality). While different definitions of UX exist (e.g. [36, 37]), researchers 
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tended to agree that UX involves users’ emotional, cognitive and behavioral responses 
before, during and after interacting with a system, product or service  [38]. 

Like UX, the notion of user engagement (UE) has different definitions. Grounded in 
relevant theoretical frameworks, O’Brien [39] defined user engagement as “a quality 
of UX characterized by the depth of an actor’s cognitive, temporal, affective and 
behavioural investment when interacting with a digital system”.  Apart from the 
definitional challenge, O’Brien and colleagues [39] tackled the issue of operationalising 
UE by developing a standardized UE scale based on their systematic literature review 
and on their own empirical work in a range of domains, including e-learning, e-
commerce and gaming.  Specifically, they adopted the attribute-based approach [39]. 
Deriving from Jacques’s UE work on educational multimedia [40] and Webster and 
Ho’s on presentaion software [41], O’Brien and colleagues [39] identified a set of user-
system attributes (e.g., attention, motivation, perception of control, curiosity, intrinsic 
interest) that constitute an engaging experience.  The original UES consists of 31 items 
for six dimensions of engagement, and has been used in a variety of domains such as 
education, online news, and social network systems. Subsequently, O’Brien and 
colleges [38] validated a short form (UES-SF) where the number of items was reduced 
to 12 representing four dimensions of engagement: focused attention (FA), perceived 
usability (PU), aesthetic appeal (AE), and reward (RW), which are defined as follows: 

• FA: Focused attention, feeling absorbed in the interaction and losing track of 
time.   

• PU: Perceived usability, negative affect experienced as a result of the interaction 
and effort expended. 

• AE: Aesthetic appeal, the attractiveness and visual appeal of the interface. 
• RW: Rewards, the worthwhile and feeling interested in the experience. 

The UES-SF was proved to have strong psychometric properties [39]; this characteristic 
together with its relevance to our research topic can well justify our choice of this 
instrument for our empirical study. 

3 Methodology 

In this section, we first present the methodological framework for the empirical studies 
of which details are reported in Section 4. Next, we describe the development of the 
AR application as the intervention for enhancing children’s learning of 3D geometry. 
 
3.1 Methodological Framework 

As described in Introduction, this research aims to analyse the effectiveness of an AR 
application for supporting high school students to learn geometric shapes in 3D.  The 
methodological framework is illustrated in Fig. 1. Accordingly, the empirical studies 
were conducted with students of 12-16 years old. The intervention was developed with 
the User-centered Design (UCD) approach [42], involving students and teachers, who 
were key stakeholders of the intervention, throughout the development process in order 
to understand their needs and preferences. 

The phases of the UCD approach were implemented as follows (cf. Section 3.2):  



 

1) Expert interview: We conducted interviews with teachers to get input how they 
typically teach 3D geometry and what the learning objectives and outcomes are. 
2) Specify the context of use:  To understand the context where the AR application 
would be used, we carried out in situ observations in classrooms to understand how 
children typically learn 3D geometry and also conducted interviews with some children 
to identify their preferences with regard to the alternative approach to learning 
geometry.  
3) Specify requirements:  Based on (1) and (2), a set of requirements was derived to 
inform the development of the AR application. 
4) Produce design solutions and evaluate them: Early prototypes were designed and 
evaluated with the teachers and children. Feedback was obtained to improve the design. 

For the experimental design, we employed the between-subject method. The two 
key independent variables (IVs) were learning outcome and user experience, which 
were evaluated with a domain-specific knowledge test (i.e. the pre-/post-test) on 3D 
geometry and the standardized UES-SF (Section 2.3), respectively. School children 
were recruited through their teachers whom the first author acquainted through his 
network. They were randomly allocated to two groups under different conditions. The 
impact of the learning approach typically used in classroom (Normal Class) was 
compared with that of the AR-based approach (AR Class). Post-intervention interviews 
with children were also conducted. This mixed-method approach is recommendable for 
triangulating the empirical data collected to draw valid conclusions [43]. 
 
3.2 Augmented Reality Application Design 

With the user requirements gathered with the UCD approach (Section 3.1) and the 
results of the analysis of the learning content on 3D geometry, the AR application was 
developed. The tool Unity 3D [44] based on C# programming was used. 3D models are 
built by using Autodesk Maya and they can be displayed on a camera by using the 
Vuforia AR plug-in.  In general, users interact with physical markers by putting them 
in front of a camera. The images are captured and processed by the AR system. After 
that, virtual 3D objects are overlaid onto the corresponding markers to be displayed on 
a computer screen.  Users can view the resulting 3D objects and respond to feedback. 
In accord with the UCD approach, a prototype design needs input from relevant 
stakeholders. Three teachers in secondary schools who have been teaching mathematics 
for about 5 years were interviewed on how what they typically teach 3D geometry in 
classroom. In addition, in situ observations of classroom teaching were made. It was 
found that the teachers rely on the use of chalk and board to draw 3D shapes when 
explaining the concepts to their students. Furthermore, ten students aged 12-16 years 
old were interviewed to share their opinions about learning 3D geometry. They 
commented that 3D shapes, particularly cross-sectional shapes, were difficult to 
understand in 2D form such as hand-drawn geometric shapes on cardboard. They were 
enthusiastic about an interactive application that can show them the shapes clearly.  
This student feedback resonated with what was shared by the teachers interviewed, who 
stated that the seven important geometric shapes - cone, cube, cuboid, cylinder, prism, 
pyramid and sphere - and their cross-sectional shapes were difficult for students to 
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Fig. 1. The research methodology framework. 

understand when they were taught with cardboard or paper. The teachers proposed the 
need of a tool that can display 3D models clearly and allow such 3D models to be 
zoomed, scrolled, scaled, moved or rotated, thereby enabling students to view the 
models from different perspectives. The AR application prototype was designed 
accordingly and was later checked with the teachers to invite further feedback. The AR 
application prototype was developed with a set of AR markers consisting of seven 
shapes with five angles for learning cross-sectional shapes and geometry variables (Fig. 
2 and Fig. 3).  
 

 Cone Cube Cuboid Cylinder Prism Pyramid Sphere 
AR Markers for cross-
sectional shapes 
learning        
AR Markers for 
geometry variables 
learning        

Fig. 2. AR Marker of seven geometric shapes. 



 

45o 75o 90o 135o 180o 

     

Fig. 3. AR Markers of Cone shape in five different angles. 

Children can move and push the markers in front of the camera of a tablet, then the 
corresponding 3D geometric shapes are presented to enhance the learning process by 
enabling children to interact with the 3D digital objects displayed. Later on, children 
were given quizzes to assess their knowledge gain. 

4 Empirical Study 

4.1 Instruments 

AR application and Tablet.  The AR application (Section 3.2) is installed in a tablet 
with the following technical specifications: Screen size: 8 inches; Operating system: 
Android 7.X Nougat; Processor: Octa Core; Resolution: 1920 x 1200; Memory: 128 
GB. This is a quality device with a relatively high price (£250/$330).  To ensure that 
the learning process and user experience would not be compromised by a less powerful 
tablet, we opted for this choice. However, the drawback was the small number of tablets 
we could afford to purchase with a limited budget for the study. As the AR Class would 
be taken on an individual basis, we estimated that the impact of having a small group 
of five instead of thirty children working on their own tablet at the same time could be 
marginal, especially if the AR application was meant to engage their attention in the 
tasks at hand. Nonetheless, we acknowledge that this may not be an ideal arrangement.  

Pretest, Posttest and Quizzes. The domain-specific knowledge pretest/posttest and 
quizzes were constructed by the first author in collaboration with three math teachers, 
who were also interviewed for gathering requirements (Section 3.2).  The pretest and 
posttest were actually the same test administered before and after the intervention, and 
the differences between the two test scores were used as a measure of the learning 
effect. The quizzes, which were given during the intervention, were used to measure 
the immediate learning gain and to sustain participants’ attention and interest in the 
learning activities. The answer format is multiple-choice, and the test consists of four 
parts. The maximum scores for the whole pre-/post-test and quizzes were both 40.   

Table 1.  The structure of pre-/post-test and quizzes; Part A to D are of increasing complexity.   

Parts Number of questions Description: The questions are about … 
Part A 13 What the cross-sectional shapes are after the cutting.  
Part B 13  At which angle the shapes are cut. 
Part C 7 Geometric variables.  
Part D 7 Formulae with geometric variables.  
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Pre-/post-test and quizzes had the same number of questions and structure but the 
questions were different, though they were all related to the topics covered in the 
Normal/AR class (Table 1).  There was no time limit to answer them.  Paper was used 
for the pre-/post-test in both the Normal class and AR class. For quizzes, paper was 
used in the Normal class while a tablet was used in the AR Class.  

Questionnaires and Interviews. To evaluate the user experience of the AR application 
(Section 2.3), two research methods - questionnaire  and interview – were employed. 
After interacting with the AR application, participants were asked to complete the 
questionnaire comprising the 12-item UES-SF [39] and 2 items on ‘Intention to Use’ 
[45] derived from the Technology Acceptance Model (TAM). Accordingly, an 
individual's behavioral intention to use a system is largely determined by the perceived 
usefulness and perceived ease of use [45].  After that, semi-structured interviews (group 
discussion) were conducted to collect further information about user experience. It took 
on average about ten minutes to complete both the questionnaire and interview.  

4.2 Procedure 

AR Class.  It took place in a regular classroom where a group of children followed the 
given workflow (Table 2). The Class was taken on an individual basis when each 
participant interacted with the AR application on the tablet with a set of AR markers on 
his/her own.  Participants were instructed not to discuss the tasks with their peers during 
or after the AR Class. 

Table 2. The AR Class workflow 

 Tasks Display screens Descriptions 
1 Pretest Paper-based It has four parts of questions: Part A, Part B, 

Part C and Part D 
2 Introduction  

 

 
The introduction is about how to use the AR 
application for learning cross-sectional 
shapes. 

3 Cross- 
sectional 
shapes 
learning 

 

This section is for children to learn cross-
sectional shapes.  Children need to put a 
marker in front of the tablet, which displays 
the 3D shape with the name of its cross-
sectional shape. Children can press the cut 
button to view the cut. 



 

 Tasks Display screens Descriptions 
4 Quiz on 

Cross-
sectional 
shapes 

 

 

Quiz of Part A: The question is about what is 
the cross-sectional shape after the cutting? 
When a child clicks one of answer buttons, 
the application will show the correct one. 
 
 
 
Example: The question about a rectangular 
shape and the answer is Square. 

  

  

 

 
Quiz of Part B: The question is about at 
which angle is the shape cut? When a child 
clicks one of answer buttons, the application 
will show the correct one. 
 
 
Example: The question is about a cross 
sectional shape of a rectangular shape and 
the answer is 45. 

5 Introduction  

 

 
The introduction is about how to use the AR 
application for learning geometry variables. 

6 Geometry 
variables 
learning 

 

This section is for children to learn cross 
sectional shapes.  Children need to put the 
marker in front of the tablet, which then 
displays the 3D shape with its variables such 
as length, width and the name of its cross-
sectional shape.  

7 Quiz of 
Geometry 
variables  

 

 

 
Quiz of Part C: The question is about 
geometry variables.  
 
 
 
 
Example: Which letters represent Radius? 
When a child clicks one of answer buttons, 
the application will show the correct one: the 
2D plane and its variables. 
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 Tasks Display screens Descriptions 
  

 

 

Quiz of Part D: The question is about 
calculation with the geometry variables.  
 
 
 
 
 
Example: Find the area of a circle, where 
area is Pi * Radius * Radius? When a child 
clicks one of answer buttons, the application 
will show the correct one. 

8 Posttest Paper-based 
 

The children will take the posttest which has 
the same questions as the pretest. 

 
Normal class. It was delivered by a math teacher who was asked to follow the steps 
corresponding to those of the AR application (cf. Table 2). The teacher used chalk and 
board to draw the shapes, cross-sectional shapes, and variables of 3D geometry (Step 
2, 3 & 5 in Table 3) and administered the quizzes (Step 5 & 7 in Table 3) in the way 
similar to the corresponding steps in Table 2. Participants were instructed not to discuss 
the tasks with their peers during the class. 

Table 3. The Normal class workflow 

 Tasks Descriptions 
1 Pretest It has four parts on a piece of paper: Part A, Part B, Part 

C and Part D. 
2 Introduction  The teacher introduces the topic of cross-sectional 

shapes in 3D geometry. 
3 Cross-sectional shape learning The teacher describes the seven shapes of 3D geometry 

and shows the 3D geometry cross-sectional shapes 
(45°, 75°, 90°, 135°, 180°) in 2D representations. 

4 
5 

Quiz on Cross-sectional shapes 
Introduction 

The children take a quiz on cross-sectional shapes. 
The teacher introduces the topic of 3D geometry 
variables 

6 Geometry variables learning The teacher shows the 3D geometry variables such as 
width, length and diameter in 2D representations. 

7 Quiz on geometry variables  The children take a quiz on 3D geometry variables. 
8 Posttest The children take the posttest.  

 
4.3 Participants  

The empirical study was approved by the Ethics Review Committee of the University 
of Leicester. Altogether 60 children aged 12 to 16 years were involved in the study, 
which took place in two secondary schools. All participations were voluntary and 
consented by the children and their parents/guardians and school authorities. The 
participants were divided into two groups: the Normal Class for the first school and the 
AR Class  for the second school with 30 each. For the AR class, all participants (18 



 

male, 12 female; average age: 14.07) were asked to carry out a set of tasks on an 
individual basis in a session that lasted about 30 minutes (Table 4).  None of them had 
any AR experience before taking part in the study. For the Normal class (11 male, 19 
female; average age: 14 years old), the teacher used the conventional approach (Section 
4.2) and the class lasted about 45 minutes. The longer duration was attributed to the 
fact that the teacher needed time to draw the shapes by hand whereas the AR application 
retrieved and displayed the shapes instantly.  

Table 4. The descriptive statistics the AR class. 

Gender AR class 
Mean (Minutes) SD N 

Female 30.56 11.85 12 
Male 29.72 7.74 18 

 
4.4 Research Model and Hypotheses 

The data collected in this study were to evaluate our research model (Fig. 4) and verify 
the six associated hypotheses (H). The key assumption underpinning the hypotheses is 
that the AR application can support children to learn 3D geometry more effectively and 
in a more engaging manner than the traditional chalk-and-board approach.  

 
Fig. 4. The diagram of the research model with the hypotheses 

In addition, we hypothesize that the learner attributes, including gender, prior 
knowledge, and age, may influence the relations between the IV (i.e. learning approach) 
and two DVs (i.e. learning effect, user experience). Note that the participants’ prior 
knowledge was assessed only by the pretest. However, as the learning effect was 
operationalized in terms of the differences between the posttest and pretest scores, we 
cannot evaluate the role of prior knowledge as a covariate. It could have been measured, 
for instance, by the participants’ academic performance at school (e.g. math exam 
grades), but such data could not be made available to us. Furthermore, as the 
participating children were from the same year group, there was basically no difference 
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in age, which cannot be verified as a co-variate in this context.  Another covariate could 
be ‘previous experience in computing technology’. Apart from asking the participants 
of the AR class if any of them had used AR (none of them put up their hand), we did 
not collect any other data in this regard. Hence, we cannot verify this co-variate.  

• H1: Participants in the Normal Class have the same 3D geometry background 
knowledge level as those in the AR Class as measured by the pretest scores. 

• H2: Participants in the Normal Class have the same 3D geometry knowledge level 
as those in the AR Class during the learning process as measured by the quiz 
scores. 

• H3: Participants in the AR Class gain a significantly higher level of 3D geometry 
knowledge than those in the Normal Class, as measured by the difference scores 
(i.e. the discrepancy between the posttest and pretest scores). 

• H4a: There is a significant correlation between the total quiz scores and posttest 
scores of the Normal Class. 

• H4b: There is a significant correlation between the total quiz scores and posttest 
scores of the AR Class. 

• H5:  There is a significant correlation between the learning effect as measured by 
the difference scores and (a) user engagement as measured by the self-reported 
questionnaire; and (b) intention to use of the AR Class. 

• H6a: There is a significant difference in the learning effect between two genders 
in the AR Class. 

• H6b: There is a significant difference in the UES scores between two genders in 
the AR Class. 

5 Results  

5.1 Learning Effect 

The Shapiro-Wilk test was applied to individual datasets to assess if they are normally 
distributed, and the result thereof informed the selection of appropriate parametric or 
non-parametric statistical methods for verifying each of the hypotheses. The statistical 
results from Pretest, Posttest and Quizzes are shown in Table 5. 

Table 5. Results of Normal classroom and AR classroom. 

Knowledge Test Class Medium Parts Mean SD. 
Pretest Normal class Paper A 8.37 1.56 

B 7.63 2.19 
C 4.67 1.12 
D 4.57 1.43 

Total 25.23 2.73 
AR class Paper A 8.60 1.25 

B 7.23 2.60 
C 5.13 1.04 
D 4.73 1.34 

Total 25.70 3.79 



 

Knowledge Test Class Medium Parts Mean SD. 
Quizzes Normal class Paper A 10.60 1.40 

B 8.63 3.05 
C 5.23 1.19 
D 4.53 1.48 

Total 29.00 5.17 
AR class Tablet A 9.83 1.12 

B 9.87 1.76 
C 6.20 0.71 
D 6.07 0.69 

Total 31.97 2.91 
Posttest Normal class Paper A 9.67 1.58 

B 8.77 3.01 
C 5.47 1.33 
D 4.90 2.06 

Total 28.80 5.72 
AR class Paper A 8.97 1.25 

B 9.57 1.89 
C 6.07 0.91 
D 5.87 0.73 

Total 30.47 3.07 
 
H1:  To ensure that the children in the two experimental groups started with the same 
level of 3D geometry knowledge, a statistical analysis of their total pretest scores was 
carried out. The independent samples t-test was used to verify the significance of the 
difference between the two groups. The results showed that participants in the Normal 
Class had the same 3D geometry background knowledge level as those in AR Class as 
measured by the pretest scores (t(58) = .55, p = 0.586). 

H2: The independent samples t-test was used to verify the significance of the difference 
between the two groups. The results (Table 6) showed that participants in the Normal 
Class did not have the same 3D geometry knowledge level during the learning process 
as those in the AR Class as measured by the total quiz scores (t(58) = 2.74, p = 0.008).  
However, when breaking it down into four parts, the two groups had the same 3D 
geometry knowledge level as measured by the quiz scores of Part B (t(58) = 1.92, p = 
0.06).  Interestingly, for Part A with the least difficult questions, the Normal Class 
performed significantly better than the AR Class whereas for Part C and Part D, the AR 
Class performed significantly better. The results suggest that the interactivity and 
visual-spatial representation enabled by AR can help children learn more complex 
geometric concepts.  

Table 6. Independent sample test of the quiz scores of the Normal Class and AR class. 

 t-test 
t df p 

Part A -2.34* 58 0.023 
Part B 1.92 58 0.060 
Part C 3.80** 58 0.000 
Part D 5.14** 58 0.000 
Total 2.74** 58 0.008 
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H3: The independent samples t-test was used to verify the significance of the difference 
between the AR and Normal Class in terms of the difference scores (Posttest – Pretest). 
The results (Table 7) showed that there was no significant difference in the learning 
effect between the two groups (t(58) = 1.04, p = 0.303), although the AR Class had 
higher scores in Part B, C, and D.   

These results were inconsistent with those of the quiz scores (H2), which showed 
that the AR Class could learn better. The contrast might be attributed to the fact that for 
the quizzes the AR Class used the same digital presentation medium whereas for the 
posttest the AR Class needed to shift from the digital tablet to paper. This might have 
impact on the children’s perceptual and cognitive load. Indeed, some attempts have 
been undertaken to investigate the relation between the assessment medium and 
performance [46, 47, 48], though the findings are inconclusive. 

Table 7. Independent sample test of the difference scores of the Normal Class and AR class. 

 t-test 
t df p 

Part A 2.25 58 0.028 
Part B 1.60 58 0.117 
Part C 0.36 58 0.719 
Part D 1.88 58 0.066 
Total 1.04 58 0.303 

 
H4a: The result showed that there was a significant correlation between the total quiz 
and posttest scores (N = 30, rs = .468, p < .01).  It implies that the higher the quiz scores, 
the higher the posttest scores the children in the Normal class would gain. 

H4b: The result showed that there was a significant correlation between the total quiz 
and posttest scores  (N = 30, rs = .431, p < .05). It implies that the higher the quiz scores, 
the higher the posttest scores the children in the AR class would gain. 

 
5.2 User Experience 

As shown in Fig. 1, only the participants in the AR Class completed the questionnaires 
on the user experience of the AR application. Results are shown in Table 8. 

Table 8. Results of the UES-SF and Intention to Use 

 # Statements Mean (N= 30) 
UES 
short 
form 
 

FA-1 I lost myself in this experience. 3.70 
FA-2 The time I spent using this AR just slipped away. 4.10 
FA-3 I was absorbed in this experience. 4.37 
PU-1 I felt frustrated while using this AR. 2.03 
PU-2 I found this AR confusing to use. 1.83 
PU-3 Using this AR was taxing. 1.97 
AE-1 This AR was attractive. 4.10 
AE-2 This AR was aesthetically appealing. 4.07 
AE-3 This AR appealed to my senses. 4.23 



 

 # Statements Mean (N= 30) 
RW-1 Using AR was worthwhile. 4.60 
RW-2 My experience was rewarding. 4.43 
RW-3 I felt interested in this experience. 4.73 

Intention 
to use 

IU-1 Assuming I have access to this AR, I intend to use 
it. 

4.60 

IU-2 Given that I have access to this AR, I predict that I 
would use it. 

4.33 

 
H5a: The results of Spearman’s rank test showed no significant correlations between 
the  difference scores and the average scores of Focused Attention, Perceived Usability, 
Aesthetic Appeal and Reward Factors (N = 30, rs = -.246, -.005, -.019, -.114,  
respectively, p > .05).   

H5b: The result of Spearman’s rank test showed no significant correlation between the 
difference scores and Intention to Use (N = 30, rs = 0.075, p >.05).  

Overall, the above findings showed that the learning effect and user experience had 
no significant correlation. Nonetheless, the ratings of the four dimensions of UES-SF 
indicated that the AR application could engage its users in the learning activities 
(focused attention [FA] = 4.1) with good usability (perceived usability [PU] = 4.1, 
reversed), high attractiveness (aesthetic appeal [AE] = 4.1) and very high level of 
worthiness and interest (reward [RW] =4.6).  However, the level of engagement in 
interacting with the AR application bore no relation with the level of knowledge gain. 
Interestingly, the user experience also bore no relation with the intention to use, 
although it was rated very high with the mean of 4.5. 

H6a: The independent samples t-test was used to verify the significance of the 
difference in the learning effect as measured by the difference scores between two 
genders in the AR Class (Mmale = 4.61, SDmale = 3.10; Mfemale = 5.00, SDfemale=3.88). 
The results showed no significant difference between the male and female participants 
(t(28) = .304, p = 0.764). 

H6b: The Mann-Whitney test was used to verify the significance of the differences in 
the UES-SF four dimensions between two genders. The results (Table 9) showed no 
significant difference in the perceived user engagement quality of the AR application 
between two genders.    

Table 9. Mann-Whitney test of the UES-SF scores between male and female participants 

UES-SF         Gender (Mean)           Mann-Whitney test results 
Male  Female U Z P 

Focused Attention 16.17 14.50 77.50 -1.45 .628 
Perceived Usability 15.92 14.88 98.50 -.57 .759 
Aesthetic Appeal 15.08 16.13 96.50 -.65 .759 
Reward Factors 14.19 17.46 89.00 -.99 .304 
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Interview/group discussion. The original plan was to conduct individual semi-
structured interviews, but it was found practically challenging to do so, given the time 
constraint. Instead, a group discussion with the whole class was conducted with the first 
author being the moderator. We summarize some key comments shared. 

First, participants stated that they could learn 3D geometry with the AR app in a way 
better than with the traditional approach using chalk and board and paper. It was 
because the geometric shapes were displayed in 3D, which could be seen much more 
clearly than they were in 2D.   

Second, the visualization effect enabled by the AR app helped children better 
understand the geometric shapes, because they could be zoomed, scrolled, scaled and 
easy to view from different angles. The most interesting part was the use of the camera 
to display the images and 3D shapes with quizzes.   

Third, all users intended to recommend the AR app to others. It was fun to use with 
playful interactions and, unlike the classroom teaching, cross-sectional shapes resulted 
from cutting could be observed instantly with precise measures, although some 
participants suggested that the app support a wider range of cutting angles. 

6 Discussion 

In this section we discuss three practical issues on which we have reflected when 
planning and implementing our empirical work. The issues – high costs of emerging 
technologies and organizational constraints for running field studies - are relevant for 
other researchers pursuing along this line of enquiry to consider. 

6.1 Affordability of Digital Devices 

Mobile touch devices like tablets can be used in education in many ways as shown by 
our AR app. Learners can benefit from their compactness, portability, interactivity and 
personalisation. Nonetheless, our study was constrained by the costs of such devices; 
the issue of affordability should be addressed, considering the risk of digital divide. 
While we cannot estimate the future costs for immersive technology and tablets, we 
anticipate that they will drop in about five years, given the trend of increasing usage1. 
The extent of cost reduction much depends on the pace of the growing market.  Above 
all, educationalists need to take the equality into account when employing new 
technology to enhance teaching and learning.  

6.2 Augmented Reality (AR) vs. Virtual Reality (VR)  

In VR environments users can manipulate objects by moving, rotating and resizing 
them [49]. Virtual reality provides users with immersive experience as if they were in 
the physical world being mimicked, thanks to sensors (e.g. accelerometer) and 

                                                        
1https://www.statista.com/topics/3286/augmented-reality-ar/;/2532/virtual-reality-vr/; 
841/tablets/ 



 

instruments (e.g. camera) that support multimodal and multisensory interactions [50]. 
Although VR can be used as an integrated educational tool to make children more 
engaged, it demands extra infrastructure and equipment such as head-mounted display 
headsets and hand-held controllers, which are expensive.  The use of VR may make the 
issue of affordability (Section 6.1) more acute, because schools normally do not have 
sufficient resources to buy extra equipment. Consequently, we pursue a more promising 
approach to learning with AR. 

 
6.3 Longitudinal study 

The learning effect of an educational intervention should be long-lasting, and such 
effect can be evaluated with retention tests in the context of a longitudinal study [51]. 
Unfortunately, we were not able to implement it because we had only been given a 
short window of time to carry out our empirical work at the schools. In fact, getting 
cooperation from schools to support research study is challenging. The schools where 
we conducted our study could not accommodate our request to track the children’s 
related progress in a longer-term. Outreach activities to promote benefits of getting 
involved in educational research may facilitate the realization of empirical work. 

7 Conclusion 

The results of this study showed that the AR Class performed better than the Normal 
class when the children were learning complex 3D geometry.  Furthermore, the children 
had a high level of user engagement as indicated by the ratings of the four dimensions 
of the UES-SF, irrespective of the strength of the learning effect demonstrated. One 
encouraging finding was that the AR application could engage the children in the 
learning activities. However, there was no significant relation between the level of 
engagement in interacting with the AR application and the level of knowledge gain, 
which bore no relation with the intention to use the AR application in future either.   

There are some limitations in our study. First, the sample size was relatively small 
because the challenge of recruiting schools to participate.  Second, the number of tablets 
constrained the number of children who could take the AR Class at the same time. 
While this constraint should not affect the children’s performance, as it was individual-
based learning, it made the study much more time-consuming.  A practical implication 
of this issue is how to contain the price of emerging technologies to make them 
affordable for their wide adoption as educational technology that can benefit a large 
number of children. Third, the  target group of our study was secondary school children. 
It would be interesting to examine whether the results would be similar for children of 
different ages and with varied levels of prior experience in technology.   

Overall, our study has demonstrated the potential of AR technology as an effective 
tool for learning complex geometric concepts. Based on our ongoing review of the 
burgeoning area of digital game-based learning [52], we are motivated to explore how 
the promise of AR for technology-enhanced learning tool will further be strengthened 
with the motivational power of gamification [53].  
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