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Abstract
Spatial reasoning has been shown to be an important, trainable cognitive skillset 
for developing successful engagement in science, technology, engineering and 
mathematics (STEM), but little empirical work has been conducted in the context of 
digitally mediated pedagogies. This paper reports on a study into the effectiveness 
of a technologically enhanced STEM program on the spatial reasoning of a cohort of 
year 7 students (n = 107). The students undertook five digitally based activities over 
the period of a week and were assessed on their spatial reasoning development and 
attitudes towards STEM prior and subsequent to the intervention. Results indicate 
that the week of learning activities had an impact on attitudes towards STEM and 
had a positive impact on overall spatial skills. However, no statistically significant 
improvements were found within the spatial sub-skills or in relation to specific 
activities.

Keywords Educational technology · Spatial reasoning · Middle school education · 
Technology enhanced learning environments · STEM · Student attitude

Introduction

An educational priority of many countries is to provide children of all ages with 
experiences that promote and develop the interdisciplinary concepts within science, 
technology, engineering and mathematics (STEM) to better prepare young people 
to possess the cognitive skills required to enter STEM careers (Bruce et al., 2016; 
Lowrie & Jorgensen, 2018). A key component to successful engagement in STEM 
is the ability to think and reason spatially. Spatial reasoning has gained enormous 
attention within the field of mathematics education since the 1970s. However, 
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the increasing interest from the fields of cognitive neurosciences, mathematics, 
psychology and philosophy across all age, sex and demographic groups illustrates 
the transdisciplinary and universal nature of this skillset (Bruce et al., 2016; Lowrie 
& Jorgensen, 2018). The diversity of this skillset is evident in the way humans as 
embodied, situated beings (Lakoff & Núñez, 2001) interact between spatial models 
of objects, spatial relations between objects, or exploring the spatial coordinates of 
places and spaces (Uttal et al., 2013). For example, locating, orienting, decomposing/
recomposing, balancing, patterning diagramming, navigating, comparing, scaling, 
transforming and seeing symmetry (Bruce et al., 2016) are all skills that engage our 
spatial reasoning abilities; however, they are not constrained to a particular context 
or discipline.

In acknowledging the transferability and affordances spatial reasoning provides 
in a wide range of everyday contexts, significant attention has been dedicated to 
exploring the prevalence of and advantages that spatial reasoning plays in the STEM 
domains of learning. Wai et al. (2009) examined this connection in an analysis of 
longitudinal research on spatial reasoning and STEM education, spanning 50 years. 
The findings report that spatial abilities are influential in the STEM domains at 
school and well beyond. That is, those students who possess strong spatial reasoning 
skills not only achieve greater success in STEM-based learning opportunities but 
are also more likely to enter a STEM-based career once they leave school. Despite 
these findings of the positive impact spatial reasoning can have on achievement in 
the STEM fields, relatively little is understood about the relationship between spatial 
activities incorporated into STEM learning designs and knowledge, skills and 
dispositions developed by children undertaking them (Cutting, 2019; Stieff & Uttal, 
2015; Mulligan et al., 2017).

The study presented in this paper will respond to this gap in knowledge about 
the relationship between spatial learning design and knowledge, skill and disposition 
development by investigating the impact of a week-long, school-initiated program of 
spatial activities conducted within a Technology Enhanced Learning Environment 
(TELE). The TELE in use is an example of the kind of spaces being commissioned 
by many schools and school systems in Australia (see for example South Australia 
Department for Education, 2020), as in other parts of the world (Community 
Research and Development Information Service (CORDIS), 2020), generally in 
the form of dedicated ‘STEM’ buildings. This move follows a similar investment 
in so-called next-generation learning spaces in many higher education campuses 
around the world (Matthews et  al., 2011; Leonard et  al., 2017). At both levels of 
education, these spaces tend to reify a distinctly constructivist/social constructivist 
understanding of learning in their promotion of student led—and typically 
collaborative—problem solving. This student centric focus of TELEs is reflected in 
the use of collaborative areas for laptop usage; the use of advanced computer pools 
with floor space for experimentation with robots; podcasting equipment for student 
voice; a 360° room for class immersion and VR for individual experiences; and 
advanced 3D printers for students to actualise their digital creations.

Despite some now dated reviews (Scottish Funding Council, 2006; Blackmore et al., 
2011), research on the impact of these spaces remains nascent. Indeed, there is a strong 
sense in the literature that the dominant narratives of ‘twenty-first century change’ 
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vastly outweigh the empirical evidence as a basis for this investment (see for example 
Carvalho & Yeoman, 2018). Within the empirical work that does exist, though, there 
is a strong suggestion that the relationship between the learning space and any changes 
in learning is complex. Waldrip et al. (2014), for example, found that the connection 
between student performance and a ‘next-generation’ learning space seemed to be 
mediated by impacts on student well-being. Accounting for these complex effects is 
of increasing interest to educational researchers (Woolcott et al., 2016; Leonard et al., 
2017). It is also an important influence on the design of the present study in which we 
have adopted a multi-phasic research design to begin to capture changes in both spatial 
skills and in student attitudes and disposition. This study considers the learning space 
‘in the wild’, so to speak, and adopts a multi-phasic design in order to learn about the 
learning taking place in TELEs as operated by teachers in their normal practice rather 
than within the confines of a controlled experiment. Before we return to the detail of 
the study design, we will complete this introduction with a discussion of some key 
elements of spatial reasoning and student attitudes to STEM.

Aspects of spatial reasoning

Spatial reasoning can be considered as a meta term for a set of important cognitive 
skills that involve the understanding and engagement with three main components: the 
first is an awareness of spatial concepts such as distance and dimensions; the second is 
the processes and tools that learners engage with when decoding information such as 
external representations; and the third constitutes the reasoning and decision making 
required to understand the problem contexts and data sources (Carroll, 1993; Lowrie 
et  al., 2019; National Research Council, 2006). Spatial reasoning is often ill-defined 
within the relevant literature and used interchangeably with terms such as spatial 
thinking, spatial abilities and visual spatial reasoning. Despite these ambiguities in 
terminology, research from the fields of psychology and education generally agree 
that spatial reasoning describes an ‘ability to generate, retain, retrieve, and transform 
well-structured visual images’ (Lohman, 1996, p. 97). As Battista (2007) describes, 
it is ‘the ability to see, inspect, and reflect on spatial objects, images, relationships 
and transformations’ (p. 843). This study, however, is not concerned with defining 
or re-defining what constitutes a spatial ability. Rather, we are interested in what 
affordances technology may provide in developing children’s spatial skills. We 
therefore take the theoretical position of a three-tier framework for articulating the core 
components of spatial reasoning (Ramful et al., 2017). The three components to this 
framework are mental rotation, spatial visualisation and spatial orientation and serve as 
the spatial reasoning abilities our study will explore (Linn & Petersen, 1985).

Mental rotation

As the name suggests, mental rotation is the cognitive process which involves 
imagining what a 2D shape or 3D object may look like after it has been turned 
by a specific angle (Shepard & Metzler, 1971). Two mental rotation paradigms 
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are primarily used in the literature to describe the way in which mental rotation 
is distinguished. The first is concerned with perspective tasks, which require the 
participant to determine how an object would appear from a different viewpoint; 
for instance, mentally rotating a 3D structure to consider what it would look 
like if rotated 90°. The second paradigm describes comparison tasks, which are 
concerned with changes to the object itself, rather than the change in position or 
perspective of the participant. The aim here, therefore, is to determine whether 
pairs of visual stimuli presented from two different perspectives are in fact 
congruent or mirror images (Guillot et al., 2012).

Spatial visualisation

Spatial visualisation has been recognised as a process or skill that is a core spatial 
reasoning construct, and vital for understanding and engaging in STEM (Arcavi, 
2003; Ontario Ministry of Education, 2008; Ramful & Lowrie, 2015). Spatial 
visualisation is one of the most complex categories to define in the broader 
landscape of spatial reasoning. As the term itself is categorised in many ways, 
it is often criticised because of its lack of specificity (Uttal et  al., 2013). Linn 
and Petersen (1985) defined spatial visualisation as a multi-step manipulation 
of objects. That is, performing multiple rotations and transformations of 
objects mentally may occur whilst the participant keeps a mental record of 
each application and its impact on the original image at hand. Two common 
instruments used to measure this ability are the Paper Folding Test and the 
Form Board Test (Ekstrom et  al., 1976), which require participants to imagine 
a series of spatial transformations (Lowrie et  al., 2019). Spatial visualisation is 
also described as the generation, retention, retrieval and manipulation of spatial 
properties of these imagined objects (Lowrie et  al., 2019), and is also referred 
to as thinking with the ‘mind’s eye’ (Ontario Ministry of Education, 2008). 
The common thread between these definitions is the multi-step nature of the 
manipulations and transformations held in one’s mind.

Spatial orientation

As the third spatial reasoning ability of focus in this study, spatial orientation differs 
from the close relationship between the former two abilities described, in that spatial 
orientation does not require the participant to mentally move an object; rather the 
perceptual perspective of the participant viewing the object is changed or moved 
(McGee, 1979; Tartre, 1990). Unlike the perspective tasks for mental rotation 
described above, spatial orientation requires the participant to regulate their own 
orientation or posture in relation to the surrounding environment. That is, it requires 
the participant to mentally navigate pathways through space to make sense of and 
interpret visual representations of the objects in such spaces—such as maps (Connor 
& Serbin, 1980; Pietropaolo & Crusio, 2012).
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Developing spatial reasoning

By partnering with a school which was invested in assessing the educative 
effectiveness of their new technologically enhanced learning space, this study 
aimed to examine how lessons within this new environment effected students spatial 
reasoning development. Researchers consistently identify digital tools, such as 
dynamic geometric environments (Sinclair et al., 2016), 3D printing (Cochran et al., 
2016), virtual reality (Ulan et al., 2018, Leonard and Fitzgerald, 2018) and games 
such as Minecraft (Andrus et al., 2020, Fowler et al., 2019), as effective developers 
of spatial reasoning. Despite the significant development of these educational 
technologies and the many papers which suggest digital tools as effective conduits 
for developing spatial reasoning (see for example Attard et  al., 2020; Lowrie & 
Logan, 2018; Venturini & Sinclair, 2017), little actual empirical work has been 
conducted. Also of interest was the clarification of which spatial skills and subskills 
were specifically developed through the use of computer aided design programs and 
robotics. The development of these important cognitive skills has obvious benefits 
for student’s successful achievement at school (Cheng & Mix, 2014; Woolcott et al., 
2020) and is integral to those seeking to enter STEM careers (Uttal et  al., 2013; 
Sorby & Panther, 2020).

Technologically mediated forms of spatial reasoning development

The integration of technology into the contemporary classroom is increasingly 
prevalent and can allow students to explore a range of interdisciplinary concepts 
and spatial reasoning skills. For example, in an experimental study exploring the 
role interactive enabled virtual environments, animated (observational) virtual 
environments and conventional (pen and paper) training had on high school 
students’ spatial visualisation skills, both the virtual groups made gains significantly 
higher than the control group (Rafi et al., 2008). Many studies have emphasised the 
importance of applying appropriate learning aides (manipulatives) and experiences 
to the classroom (Lieban & Lavicza, 2019) in the development of conceptual 
ideas and spatial skills. However, the accessibility to technology schools are now 
experiencing means we need to reconsider what physical materials, resources and 
experiences we can utilise for authentic learning experiences. This is particularly 
prescient to modern theories of embodied learning (Leonard & Fitzgerald,  2018) 
which emphasise the diagrammatic and gesturally congruent movements of digital 
tools as a means to engage spatial reasoning in ways that have previously been 
impossible (Johnson-Glenberg, 2019). 

In the context of the activities explored in this study, the use of computer-aided 
design (CAD) programs and 3D printing have shown promise in the effective 
exploration properties of 3D shapes (see for example Cochran et al., 2016; Lieban 
& Lavicza, 2019; Singer & Shafer, 2018). The virtual manipulation, segmentation 
and combination of objects, whilst developing pre-visualised objects for printing, 
engages students in the types of problem solving important to the development of 
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spatial reasoning (Harris et  al., 2020). Likewise, coding robots offers a powerful 
method for posing rich spatial problems (Sebena, 2017; Francis et  al., 2015) and 
therefore, encourages them to perform spatial visualisations, especially in path 
based spatial subskills such as spatial orientation (Harris et al., 2020).

Student attitudes towards STEM

Declining enrolments in the STEM disciplines, particularly in science and 
mathematics, have been a concern in Australia for over 30 years (see for example 
Dekkers & de Laeter, 2001; Dekkers et  al., 1986; Kennedy et  al., 2014; Kennedy 
et  al, 2018). Central to forming an understanding of these has been the concept 
of student attitudes towards school STEM courses, with the premise that positive 
attitudes towards STEM leads to increased enrolments in these subjects and hence 
greater exposure to many of the unique learning experiences and focussed critical 
thinking skills associated with these subject areas. In particular, as elucidated by the 
learning context of this study, these STEM disciplines are ideally placed to develop 
skills in spatial thinking.

However, attitudes are not a unidimensional construct and students do not form 
attitudes towards one subject area in isolation from their other subjects (see Kennedy 
et al., 2016). It is therefore appropriate in this context to consider how a student’s 
attitudinal profile develops and changes in response to learning activities such as 
those described in this study. Kennedy et al. (2016) describe a student’s attitudinal 
profile in terms of seven attitudinal factors: perceived difficulty, enjoyability, career 
intentions, relevance, self-efficacy, career usefulness and personal usefulness. In 
addition to developing a students’ spatial reasoning skills, we predicted that the 
learning activities used in this study would also enhance the students’ self-ratings 
of relevance, self-efficacy and enjoyability towards science and mathematics as 
studied at school as well as counter some of the blockers introduced by high levels 
of perceived difficulty and low levels of personal relevance.

Ways of exploring and measuring the complex cognitive and affective changes 
resulting from the establishment of a new TELE became a key focus of this project. 
This exploratory project worked as a pilot within the context of the participant 
school with the aim of developing the school’s capacity to measure the impact of 
their planned interventions through multiple dimensions.

Method

School context

The participants were students from two campuses within a multi-campus Preschool-
Year 12 College. Situated in an outer-metropolitan location, this very large 
co-educational school services a mixed demographic that is broadly representative 
of the wider Australian population.
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At the time of the study, the college had recently opened a central TELE to be 
used by students from all campuses, known as The Innovation and Creativity School 
(TICS). As schools begin to utilise TELEs, they make compromises which balance 
factors such as educational effect, equity and staffing. The common use of this 
facility between the different campuses had led to an initial learning design involving 
what were, in effect, week-long excursions to TICS. That is, students worked on 
various projects within the TICS building for a week instead of their regular class 
activities, with classes from the different campuses of the college rotating through 
the space. The decisions made by the participant school are quite typical of TELE 
implementation and, as the study sought to explore real world implementation, these 
choices affected the structure of the study. The timing of visits to TICS is shown in 
Table 1.

This study also took place in the midst of the early stages of the COVID-19 
pandemic and was suspended for some time due to related school closures. The 
impact of this disruption is unclear, but for some students in the study the time 
at TICS represents the majority of their face-to-face school for some weeks, with 
the rest of their learning moving to online engagement from their homes. Future 
research is likely to show more about the impact of this disruption.

Participants

Two groups of year 7 students (12–13-year-olds) were involved in a week (15 h in 
total) of rotational tasks using technologically mediated pedagogies designed and 
facilitated by staff from the school. Group 1 consisted of 18 girls and 16 boys, while 
group 2 included 32 girls and 41 boys. Ethics approval was sourced from University 
of South Australia and the school. Written consents from parents were obtained 
before the videoing and analysis stage.

The two groups fulfilled different roles in the study due to logistical issues at the 
participant school beyond the control of the researchers. Within this paper, group 
1 was used to show the effect of a week of learning experiences in the TICS on 
their spatial reasoning. This group’s assessments of attitude towards STEM also 
acted as a post-visit benchmark as they attended TICS prior to the attitude surveys 
being conducted. The larger group, group 2, were assessed for the effects of specific 
activities on spatial reasoning and how a week at the TICS affected their views of 
the STEM subjects. This group’s activities were also videoed and behaviour coded 
to explore the effect of pedagogical choices on spatial reasoning.

Lessons

All lessons were conducted by digital technology teachers working in the TICS. 
The students participated in five technologically themed activities over a week: GPS 
in sport, webpage design, creative digital storytelling, 3D modelling and robotic 
engineering.

The tasks identified to have the most potential for engaging in spatial reasoning 
were the 3D modelling—due to the focus on virtually rotating, splitting and 
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combining 3D objects—and Robotic Engineering with its focus on navigation. 
Whilst the GPS in sport included some consideration of spatial orientation, it was 
more focussed on data analysis. It was hypothesised that this activity may not have 
improved spatial reasoning past what would normally be developed in a regular 
physical education lesson. However, the handling of real data in this activity was 
hoped to improve students’ attitudes towards the relevance of mathematics outside 
of the classroom.

The 3D modelling activity examined the elements of spinning-tops that lead to 
them spinning for the longest time such as where the majority of the weight was 
positioned or the negative effects of asymmetry. After some time experimenting 
with some example tops and learning TinkerCAD skills, the students used their 
analysis of the experiments to design their own tops which were later printed on a 
3D printer and tested for effectiveness (see Fig. 1 as an example).

The robotic engineering lesson introduced the students to advanced block 
coding using ‘mBots’. These robots are coded to move at various angles and use 
advanced sensors to measure distances and aspects of tilting. Throughout the day, 
students were challenged to tasks of increasing complexity using their knowledge of 
abstraction, algorithms, simulation and evaluation.

The GPS in sport session used trackers during an outdoor physical session 
to provide data for excel analysis relating to concepts such as top speed, speed 
zones and distance travelled. The webpage design lessons explored how to create 
a webpage using the underlying code whilst the digital innovation and creativity 
course used Adobe Spark to develop a persuasive text using storytelling features and 
the fundamentals of visual design.

Spatial reasoning testing materials

Ramful et al. (2017) developed and validated the spatial reasoning instrument (SRI) 
to measure the spatial reasoning of 11–13-year-old students. This paper-and-pencil 

Fig. 1  A spinning top design in 
TinkerCAD
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test, developed from the extensive psychological literature, identifies three spatial 
skills: spatial orientation, spatial visualisation and mental rotation. Mimicking 
national testing regimes, such as Australia’s NAPLAN, the SRI has 30 multiple 

Fig. 2  Example test item from the SRI for spatial visualisation, spatial orientation and mental rotation
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choice questions based on images or diagrams with minimal written instruction 
(examples below in Fig. 2).

The SRI was used prior to the students attending the week of learning activities 
(see Table 1). Group 1 completed the post-tests after the week of activities in order 
to assess the overall contribution of the week’s activities to their spatial reasoning. 
Group 2 completed the post-tests after they had completed 1 day of their activities. 
In this way, the less spatial activities—GPS in sport, webpage design and creativity 
and digital storytelling—could act as controls to the more spatially based activities. 
Neither group received their pre-test scores prior to the post-test in order to mitigate 
memory effects and only students whose parents had provided consent were 
included in the analyses.

Affective assessment materials

The research team are involved in an ongoing project with the school to measure 
students’ changing attitudes towards their subjects over time which makes use of 
the School Attitude Survey (SAS) instrument. This research tool expands on the one 
developed by Kennedy (2016) by adding two additional attitudinal factors, subject 
anxiety and creativity, to the existing seven described previously. The SAS measures 
students’ self-reported attitudes towards all of their curriculum subjects using a 
digital online tool. Students move on-screen sliders like the example in Fig.  3 to 
rate their relative agreement with specific statements for each of their subjects. This 
effectively results in an analogue scale from − 50 to + 50 for each attitudinal factor 
for each subject. By calculating a mean rating for each attitudinal factor across all 
subjects, a student’s composite attitude rating (CAR) is generated. This CAR can 
then be subtracted from that student’s ratings for each subject in turn to generate 

Fig. 3  Screenshot of the school attitudes survey
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a Subject Attitude Rating (SAR). The SAR is therefore a student’s relative attitude 
rating for a particular subject in comparison to their attitude rating to school in 
general. This approach allows for individual subjects or the separate attitudinal 
factors to be compared between groups of students without the need for a universally 
agreed upon definition of neutral attitude (see Kennedy et  al., 2016 for detailed 
explanation).

Data from the SAS were used to assess any affective changes to students’ attitudes 
over the week of activities. Due to administrative reasons, group 1 attended TICS 
prior to the SAS measurement point. Therefore, attitude data from group 1 acts as 
a post-visit benchmark of student attitudes. The SAS was administered to group 2 
before and after their visit to TICS (see Table 1). Therefore, these data allow the 
impacts of the full week of activities on students’ attitudes to be measured.

Video coding with new coding protocol

In order to examine the actions which may promote spatial reasoning, the activities 
of 3D modelling and robotics engineering were selectively filmed and coded with 
an observation protocol adapted from Smith et al. (2013) ‘Classroom Observation 
Protocol for Undergraduate STEM’ (COPUS). Additions to COPUS included 
specific spatial reasoning actions (e.g. estimating measurements, using gestures to 
indicate rotation, computer-based movements which split or combine an object), use 
of technology, experimentation and advanced problem posing.

The videos were analysed using ‘Interact’ software which allows for continuous 
and concurrent coding and then the subsequent creation of visualisation timelines 
and statistical data.

Results

Pre‑tests

An independent-samples t test was conducted to compare female spatial reasoning 
pre-test scores to male spatial reasoning pre-test scores for both groups. In group 
1, there was no significant difference between the scores for female spatial 
reasoning pre-test scores (M = 17.1, SD = 5.1) and male spatial reasoning pre-test 
scores (M = 17.7, SD = 4.8)); t(32) = 0.731, p = 0.73. In group 2, there was also 
no significant difference between the scores for female spatial reasoning pre-test 
scores (M = 18.6, SD = 5.7) and male spatial reasoning pre-test scores (M = 18.6, 
SD = 6); t(71) = 0.195, p = 0.85. An independent-samples t test showed that 
there were no significant differences in spatial reasoning skills between group 1 
(M = 17.50, SD = 4.88) and group 2 (M = 18.66, SD = 5.84) prior to the visit to TICS 
(t(105) = 1.00, p = 0.25).

A repeated measures ANOVA was conducted to identify relative differences in the 
means of the individual spatial subskills in the pre-test for both group 1 and group 
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2 combined (as independent-samples t tests did not show any significant differences 
between the schools’ means for each subskill). The results show that there was a 
small but statistically significant difference in the individual subskill scores F(2, 
212) = 141.73, p < 0.01, ηp

2 = 0.24. Spatial Orientation scores were significantly 
greater than Mental Rotation scores (t(106) = 10.95, p < 0.001) which were found to 
be significantly greater than Spatial Visualisation scores (t(106) = 5.70, p < 0.001).

Post‑tests

A two-way ANOVA for repeated measures (three subskills: mental rotation, spatial 
orientation and spatial visualisation by two measurement times: pre and post) was 
conducted on each group separately to examine the effect of the visit to TICS on 
students SRI total scores and subskill scores. Results from the two groups are 
displayed in Table 2.

There was a significant difference between the scores on pre- and post-tests for 
group 1 (mean difference = 0.68, F(1,33) = 15.28, p < 0.001, ηp

2 = 0.32). There was 
also a significant difference between subskills (p < 0.001); the means of each subskill 
were all significantly different from each other (p < 0.005). Overall, the group 1 
showed a large improvement in SRI total scores after a week of technologically rich 
activities, but there was no statistically significant difference between the growth 
shown in any particular subskill.

The results of group 2 showed that there was a large and statistically significant 
difference between subskills (F(2,136) = 125.8, p < 0.001, ηp

2= 0.65); the means of 
each subskill were all significantly different from each other (p < 0.005). However, 
there was no significant difference between the subskill scores on pre- and post-
tests (Mean difference = 0.72, F(2, 136) = 0.52, p = 0.59, ηp

2 = 0.008). This indicates 
that whilst the participants generally scored better on certain spatial subskills (such 
as spatial orientation) than others, their participation in any one activity did not 
significantly improve any specific spatial skill. The interaction between total spatial 
reasoning score and pre- and post-tests was also not significant suggesting that the 
time of exposure to the activity may have been insufficient.

Before visiting the TICS the second group was divided into a number of 
classes. These classes each did a different activity on the first day and their results 

Table 2  Mean scores and standard deviation in individual subskills and total spatial reasoning for group 
1 and group 2

Group 1 Group 2

Subtest (max score) Mean score (standard deviation) Mean score (standard deviation)

Pre-test Post-test Pre-test Post-test

Mental rotation (10) 5.24 (2.31) 6.01 (2.40) 5.94 (2.52) 6.32 (2.64)
Spatial orientation (10) 7.94 (1.65) 8.26 (1.56) 8.03 (1.99) 8.26 (1.86)
Spatial visualisation (10) 4.32 (2.10) 4.71 (2.15) 4.70 (2.37) 4.81 (2.48)
Total (30) 17.50 (4.88) 19.09 (5.20) 18.65 (5.87) 19.38 (5.94)
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are shown in Table  3. A two-way ANOVA for repeated measures was conducted 
to examine the effect of the type of specific activity on SRI scores (five learning 
activities: 3D modelling, robotic engineering, GPS and sport, webpage design and 
creative digital storytelling by two measurements times: pre and post). There was 
no significant difference between the activities in term of development between pre 
and post-tests (F(4,68) = 0.14, p = 0.97). There was no significant difference between 
learning activity groups development between tests in any particular subskill 
(F(8,136) = 0.66, p = 0.73).

Affect

As outlined previously, attitudes are not unidimensional and so differing aspects 
need to be considered when analysing the effect of the visit to TICS on student 
affect. Several comparative analyses are worthy of investigation. Firstly, is there 
a change in attitudes towards school in general seen in the group 2 pre- and post-
attitude profiles? Figure  4 shows some small variation in the differing aspects of 
the composite attitudinal profiles; however, a one-way repeated measures ANOVA 
did not reveal any statistically significant differences between the attitudinal profiles 
of group 2 before and after their visit to TICS. A Wilcoxon rank sum test was used 
to identify any differences in the attitudinal profiles between group 1 (measured a 
number of weeks after their visit to TICS) and group 2 post (measured immediately 
after their visit to TICS). This non-parametric test was utilised to compare the two 
groups as the assumption of equal variance, required for an independent samples 
Student’s t test, was not supported by the sample. No statistically significant 
differences between the two profiles were identified. This is to say that the CARs 
of group 1 students after their visit to TICS were statistically similar to the CARs of 
group 2 students after their visit even though these visits were measured around 6 
weeks apart.

Secondly, is there a change in attitudes towards mathematics or science seen in the 
group 2 pre- and post- attitude data? Figure 5 shows what appear to be some small 
positive changes in attitude between the two testing points in particular in regard 

Table 3  Mean scores and standard deviation on pre-test and post-test by individual activity from group 2

Group Mean total score Std. deviation

Spatial activities 3D modelling Pre-test 20.25 6.94
Post-test 20.94 6.16

Robotic engineering Pre-test 19.14 4.80
Post-test 19.50 5.87

Non-spatial activities Website design Pre-test 17.85 4.88
Post-test 19.15 4.30

GPS and sport Pre-test 19.00 7.19
Post-test 19.50 6.43

Creative digital storytelling Pre-test 17.00 4.99
Post-test 17.81 6.75
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to creativity, self-efficacy and career usefulness in mathematics. Again, a one-way 
repeated measures ANOVA was used to compare the profiles of group 2 pre- and 
post-visit to TICS. However, this revealed no statistically significant changes in stu-
dents’ attitude ratings towards mathematics at the p < 0.05 level between the pre- and 
post-measurements for the attitudinal factors of creativity (F(1,83) = 1.39, p = 0.24), 
self-efficacy (F(1,83) = 1.59, p = 0.21), or career usefulness (F(1,83) = 0.14, p = 0.71).

Fig. 4  Boxplot of student composite attitude ratings towards school subjects

Fig. 5  Boxplot of student attitude ratings towards mathematics for selected attitudinal factors
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A Wilcoxon rank sum test was then used to compare the attitudinal profiles of group 
1 (measured a number of weeks after their visit to TICS) and group 2 post (measured 
immediately after their visit to TICS). This test revealed a number of statistically 
significant differences in the attitudinal profiles for mathematics between group 1 
and group 2 post-visit to TICS, and these are shown in Table 4. The SARs of group 2 
students for mathematics were statistically greater than the attitudes of group 1 students 
post visit across five attitudinal factors.

Figure  6 shows the attitudinal profile of these same groups of students towards 
their science classes. A one-way repeated measure ANOVA revealed no statistically 
significant differences between the pre- and post-attitudinal profiles of group 2. Again, 
a Wilcoxon rank sum test was used to compare the attitudinal profiles of group 1 and 

Table 4  Statistically significant differences in the attitudinal profiles for Mathematics between group 1 
and group 2 post-visit to TICS

Attitudinal factor Group 1 median 
SAR

Group 2 median SAR 
post-visit

Wilcoxon W p

Creativity 0.00 6.98 329 0.004
Enjoyability −18.70 5.27 196 0.001
Relevance −3.85 10.50 303.5 0.002
Self-efficacy −8.55 9.71 351.5 0.010
Personal usefulness 0.00 16.10 373.5 0.020

Fig. 6  Boxplot of student attitude ratings towards science for selected attitudinal factors
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group 2 post-visit to TICS. No statistically significant differences in the attitudinal 
profiles for science were found.

Video

Analysis of the video of the 3D modelling and robotic engineering lessons 
demonstrated that spatial reasoning was not actually the main focus of the tasks 
being undertaken, as seen in Fig. 7. In the 3D modelling lesson, the coding showed 
that 33% of the students’ actions were related to listening compared to 11% being 
involved in actions which demonstrate spatial reasoning. The robotic engineering 
session involved much more experimentation (26% compared to 8% in 3D 
modelling) but seemed to have a higher focus on computational thinking (29% of 
student actions) compared to spatial reasoning (6% of student actions).

In both classes, teachers attempted to get the students working autonomously 
whilst they provided individual guidance (67% of teacher’s time in robotics 
engineering and 48% in 3D modelling) but the CAD program and the tight 
parameters of the 3D modelling instructions reduced the amount of time the students 
were involved in inquiry type tasks.

Discussion

One of the primary goals of the study was to ascertain if spatial reasoning skills 
could be developed by learning in a TELE. Whilst early results for group 1 were 
positive, it is difficult to confidently identify which particular actions led to these 
results. The results of group 2 used controls but failed to show that any specific 
activity had a significant effect on SRI scores. The shortened time period between 
measurements for this second group likely affected the results, as students had only 

Fig. 7  Percentage of codes for students’ actions from sampled sections of robotics engineering and 3D 
modelling
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had one day of using the technology before the SRI measurement was conducted. 
Further research is required on the effects of extended periods of computer aided 
interventions.

Interesting results emerged from the comparisons of the pre-tests and post-tests. 
Whilst recent research has shown significant differences in male and females spatial 
reasoning ability (see Logan & Lowrie, 2017; Reilly et al., 2017), no such pattern 
emerged in this study for either group of participants. This may be a result of the 
structure of the spatial reasoning instrument itself as similar results were seen when 
Lowrie et al. (2018) used the SRI in their larger study, but further investigation is 
warranted.

Another aspect of the study which may be influenced by the spatial reasoning 
instrument is the substantial difference between the individual subskills scores in 
both groups. Using the pre-test scores, it is evident that spatial visualisation is of 
particular difficulty to students, whilst skills in spatial orientation are relatively well 
established. It was hypothesised that these visualisation scores would improve in 
the 3D modelling classes as many of the dynamic spatial processes such as mental 
transformation, scaling, translation between 2D shapes and 3D objects and dynamic 
spatial relations have been shown to be related to working in CAD environments 
(Ramey et al., 2020) and spatial visualisation has previously been demonstrated to be 
highly malleable to training (Hawes & Ansari, 2020). This development, however, 
was not evident. A possible reason for this discrepancy, other than the short time 
period, could be that the prescriptive nature of the task (i.e. creating a spinning top 
using the findings from their experiments) required the students to use the program 
as a support for their creation of the object rather than engaging their inner mental 
processes. For example, if they identify that the ‘body’ of the top needs to be at least 
5 times larger than the ‘pivot point’ of the bottom they can use simple algorithms 
and enter a figure which the CAD program will convert into the dimensions of the 
object. This in itself does not necessarily engage students in spatial reasoning but 
rather computational thinking (identifying a pattern, abstracting the unimportant 
parts, creating an algorithm, conducting a simulation and evaluating the efficiency 
of the result). Likewise, many of the students were using the coding function of the 
tinkerCAD program to develop their tops which did not involve them visualising the 
result but rather experimenting and applying prior knowledge in order to assess the 
results.

This focus on computational thinking was noted in the video analysis, including 
the design conjectures (see Sandoval, 2014 for more details) of the individual 
teachers before they started the lesson. Teachers could often identify spatial aspects 
in the expected actions of the students, but the development of spatial reasoning 
did not sit at the heart of their lessons and was often an addition to the focus on 
a technological skill. Both 3D modelling and particularly robotic engineering 
emphasised problem solving and utilised computational thinking extensively to the 
expense of particular focus on the spatial subskills. This dilution of purpose may 
have had an impact of the efficacy of the spatial reasoning development of the 
program.

A secondary goal of the study was to determine the extent to which learning in 
an integrated TELE could change students’ attitudes towards their distinct classroom 
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subjects. The results of the SAS for group 2, measured after all activities had been 
completed, showed no statistically significant effect on the student attitudinal 
profiles as a whole. As group 1 was shown to hold statistically similar CARs 
to group 2 this observation can be extended to this TELE more generally. This is 
somewhat surprising as the spatial and computational nature of the activities did 
require students to make use of mathematical thinking skills in solving the problems 
presented. However, the lack of a change in attitude is likely explained because the 
activities were focussed on a specific project at hand and did not require students to 
explicitly draw out knowledge and experiences from their specific subject classes or 
return the knowledge gained during the visit to the TICS to their classroom subject.

The statistically significant differences in SARs for mathematics between group 
1 and group 2 post-visit are somewhat interesting. The lack of change in attitude 
between group 2 pre- and post-visit suggests that the differences visible in the 
profiles are more systemically embedded in the nature of mathematics teaching 
and learning at the two campuses of the school. This difference in attitude towards 
mathematical thinking may underly some of the differences in computational and 
spatial reasoning observed in the two groups in the video analysis. However, the 
origins of this difference in attitude require further research.

Whilst student cognitive development could have benefited from more rigorous 
attention to spatial reasoning, some of the affective gains during the time at TICS 
were quite promising. Students’ observed levels of engagement when working within 
the TELE demonstrate the potential for similar institutes to increase engagement 
with STEM subjects, although longer periods of time of exposure to such activities 
would likely lead to improved results. Whether this novelty effect would continue 
requires more research, but it clearly illustrates the impact of environment on the 
mindset of students. The small increases in levels of self-efficacy, creativity and 
relevance observed in this study, while not statistically significant, may suggest that 
a change in learning environment and approach may encourage learners who had 
previously negative attitudes towards school to be more open towards the STEM 
fields.

Future considerations

Students involvement in the suite of learning activities needs to be examined over 
longer periods, to enable greater cognitive development, but this study was limited 
by the constraints of school logistics. Whilst engagement improved over a few 
sessions, spatial reasoning seemed to require a more focussed and extensive program 
of lessons. As the centre is new to the school, this exploratory study identified some 
of the possibilities for future development of technologically rich courses. The 
activities over the week also acted as models for digitally mediated pedagogies for 
each of the classes’ teachers. It is therefore hoped that classroom teachers will begin 
to use the ideas developed by the centre in their own classes and in so doing further 
extend their students understandings of STEM skills such as spatial reasoning.

This study suggests that further work on the conceptualisations of how digital tools 
can extend and challenge students’ spatial reasoning is needed. Learning tasks need 
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to do more than just involve spatial reasoning; they need to centre around authentic 
situations which compel the students to engage in the complex processes of mental 
rotation, visualisation and spatial orientation (Francis et  al., 2015) and develop 
sophisticated communication processes—through the use of spatial language. Whilst 
scaffolding is important, the technologies chosen for learning tasks need to avoid 
mitigating the mental efforts which improve the skill.

Further research is required into more extensive programs with rigorous focus 
on spatial skills, in order to assess whether TELEs can have significant impact on 
these important skills. Similarly, it is important for future studies to judge whether 
the changes in affect encouraged by the experiences in the TELE are persistent and 
have an effect on student engagement once they return to regular classrooms. Future 
investigations could therefore explore whether an extended time at the TICS was 
more meaningful in terms of affective change than weekly visits. Further research is 
also warranted into identifying whether these affective changes, as measured by the 
SAS, result in better learning and continued study in the STEM field in later years of 
schooling.

Conclusion

This study explored the effects TELEs have on middle years’ students spatial 
reasoning skills, specifically, spatial visualisation, mental rotation and spatial 
orientation. It was found that students made positive gains in their spatial 
reasoning skills, from pre- to post-test. Further, whilst the SRI results did not 
indicate statistically significant improvement between the different spatial abilities 
targeted, the Student Attitudes Survey suggested that the TELE in this project has 
the potential to increase the engagement, self-efficacy, creativity and relevance to 
everyday life perceptions that the student held about STEM.

More importantly, the mixed-methods approach taken in this study has allowed a 
nuanced picture to emerge of with respect to the further research required. Notably, 
it shows a need for research that unpacks the interaction of skills such as spatial and 
computational thinking in TELE spaces; explores the connections between attitude, 
skills development, and activity design and that builds a better understanding of the 
impacts of timing and ‘dose’ time in the TELE.
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