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Abstract
In recent years, there has been a surge in research in spatial thinking across the interna-
tional community. We now know that spatial skills are malleable and that they are linked 
to success across multiple disciplines, most notably Science, Technology, Engineering and 
Mathematics (STEM). While spatial skills have been examined by cognitive scientists in 
laboratory environments for decades, current research is examining how these skills can 
be developed in field-based environments. In this paper, we present findings from a study 
within a Technology Teacher preparation programme where we examined first-year stu-
dents’ spatial skills on entry to university. We explain why it was necessary to embed a 
spatial skills intervention into Year 1 of the programme and we describe the impact that 
this had on students’ spatial scores and on academic performance. The findings from our 
study highlight a consistent gender gap in spatial scores at the start of the first-year with 
female students entering the Technology Teacher preparation programme at a lower base 
level than male students. We describe how we integrated spatial development activities into 
an existing course and how an improvement in spatial scores and overall course perfor-
mance was observed. The paper concludes by discussing the long-term sustainability of 
integrating spatial interventions within teacher preparation programmes while also high-
lighting the importance of future research to examine spatial skills as a fundamental com-
ponent of technological capability.

Keywords  Spatial thinking · Instruction · Intervention · Visualisation · Teacher preparation

Introduction

In a 2006 national report in the USA, spatial thinking was described as ‘a missing link’ in 
the school curriculum (NRC, 2006). The report stated that a concerted effort to better inte-
grate and infuse spatial thinking into schools could enable students to engage at a deeper 
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level in their learning and it could also help foster a new generation of spatially literate 
students.

The Programme for International Student Assessment (PISA) is often cited by research-
ers when comparing science, mathematics, reading, and problem-solving skills of 
15/16 year olds across the world (Anderson et al., 2007; Herborn et al., 2020). ‘Space and 
Shape’ is a component of ‘Mathematical Literacy’ in PISA and it contains elements that 
are spatial in nature with a focus on geometry, spatial visualization, measurement and alge-
bra (OECD, 2014). When Space and Shape was last assessed in 2012, Ireland, the USA, 
the United Kingdom, Sweden, Turkey and Spain were among the countries that performed 
significantly below the OECD average in that component. Shanghai-China was the best 
performing country across the OECD for Space and Shape and they were joined by coun-
tries such as Korea, Netherlands, Germany and Australia in performing significantly above 
the OECD average (OECD, 2014).

In recent years, research has found that spatial skills are malleable and they can be 
developed with targeted instruction (Uttal et al., 2013a, 2013b). It is now clear that strong 
spatial skills are positively correlated with success in STEM disciplines (Hegarty et  al., 
2017; Wai et al., 2009). Some studies have found that females tend to perform lower than 
males in timed spatial tests (Casey et al., 1997; Lippa et al., 2010; Sorby, 2009) and this 
has triggered attention from policy makers who are keen to address the gender imbalance 
favouring males that persists in STEM related courses and professions (Card & Payne, 
2020; Yonghong, 2008).

In this paper, we provide our experience from a Technology Teacher preparation pro-
gramme at the University of Limerick where high numbers of students were failing 
a ‘Design and Communication Graphics’ (DCG) course in their first year, and were not 
directly progressing to the second year of their programme. Concerns were raised by uni-
versity administration in relation to retention targets for the programme not being met over 
a number of consecutive years. Based on the growing body of research evidence around the 
correlation between spatial skills and performance in STEM, combined with the low rank-
ing of Irish adolescents in Space and Shape, we examined the spatial thinking skills of first 
year students entering the programme over a 4 year period to establish if low levels of spa-
tial skills could be a factor in the poor course performance. This paper should be of inter-
est to researchers, policy makers and educators especially in countries which are among 
the lower ranked nations for Space and Shape, as measured by PISA. The importance of 
our study is supported by Atit et al. (2018) who highlight the need to work with teachers 
in supporting their spatial skills development as teachers spatial skills may influence the 
development of students spatial skills in their classrooms.

An overview of spatial thinking

As human beings living on planet earth, we exist in space every minute of every day and 
without space our world would be inconceivable (Newcombe & Shipley, 2015). In its sim-
plest form, we can think about space in a 2-dimensional, or 2D, format. Arrangements 
of lines and points on flat surfaces form geometric shapes including; squares, rectangles, 
triangles, circles, irregular polygons and so on. Rising up from a flat or planar surface, 
objects can occupy a 3-dimensional, or 3D, volumetric space. Our world contains an abun-
dance of 3D spatial objects ranging from basic solids such as cubes, cones and pyramids, 
to the atom, the human body, buildings, an urban landscape, and the vast ocean floor. As 
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human beings, we live in and navigate our way through spaces on a daily basis, and we are 
constantly interacting with a variety of spatial objects.

Considering the prevalence of space and spatial objects in all of our daily lives and 
the surge in technologies used to communicate spatial information, there is a need for a 
concerted effort to integrate strategies and tools for spatial skill development across disci-
plines in schools and colleges (Janelle et al., 2014; NRC, 2006; Wai & Uttal, 2018). This 
is becoming increasingly more important when one considers the performance (mentioned 
earlier) of countries across the world in the Space and Shape component in PISA.

Fundamentally, spatial thinking concerns the position of objects, their shapes, their rela-
tions to each other, and the paths they take as they move (Newcombe, 2010). Moore-Russo 
et al. (2012) succinctly describe three components for spatial literacy including; visualiza-
tion, reasoning, and communication. Visualization helps people in creating cognitive rep-
resentations, enabling them to see and understand the characteristics of spatial objects in 
their mind. When visualizing a spatial object it can be physically present and a person can 
improve their understanding about the spatial properties of that object by physically manip-
ulating it or moving around it and viewing it from different orientations. There are also 
times when the spatial object might not be physically present and it could be described on 
a flat surface such as a drawing, map, or another form of image. This requires a higher level 
of skill to be able to understand the conventions in which the object is communicated and 
from this visualize the described object. Reasoning about a spatial object, involves being 
able to mentally manipulate internal representations, imagine changes to objects such as 
cut sections, form judgements, and make conclusions. The communication component of 
spatial thinking involves being able to exchange information through interactions with one-
self or others by describing spatial objects and any manipulation of these using tools such 
as; sketching, computer modelling, physical modelling, gesturing, and verbal dialogue.

While spatial thinking is relevant across many disciplines, it is considered a fundamen-
tal skill within the STEM domain (Smith, 1964). In recent years, a number of research 
studies have reported that spatial thinking is an important component within STEM and 
that strong spatial skills are positively correlated with high grades, most notably in Math-
ematics (Hegarty et al., 2017; Uttal et al., 2013a, 2013b; Wai et al., 2009). In a longitu-
dinal study conducted by Wai et al. (2009), it was found that the likelihood of earning an 
advanced degree in STEM is directly related to a person’s spatial ability. Perhaps one of 
the more significant research findings in recent years is that spatial skills are a predictor 
of success in STEM disciplines (Stieff & Uttal., 2015). These findings combined with the 
knowledge that spatial skills can be taught and are malleable has led to a surge in interest in 
the area across the international research community.

Spatial thinking in schools and colleges

In an OECD Working Paper, Newcombe (2017) described two main strategies for devel-
oping spatial thinking skills including; a ‘direct training’ approach and a ‘just-in-time’ 
approach. The ‘direct training’ approach involves the identification of students who strug-
gle with spatial thinking and the completion of a set of developmental activities designed 
to alleviate these. An example of a ‘direct training’ intervention is the spatial thinking 
course designed by Sorby (2011) for Engineering students which includes specific activi-
ties across ten modules involving the use of physical block cubes, a workbook and digital 
software. This intervention has been shown to be effective in helping weak spatial learners 
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in their first year of Engineering studies, and it has been found to help female students in 
particular resulting in higher grades and improved retention (Veurink & Sorby, 2017). The 
‘just-in-time’ approach involves the integration of spatial tools and strategies into existing 
curricula as the need arises. Examples of just-in-time tools and strategies include; the use 
of sketching, physical models, gesture, and dynamic digital software and applying these 
strategies on an as-needed basis in the curriculum (Gagnier et  al., 2016; Goodchild & 
Janelle, 2010; Stieff et al., 2016).

As the attention of researchers has turned to examining the nature of spatial thinking in 
field-based environments, we are beginning to learn more about the challenges and oppor-
tunities for its integration in schools and colleges. Project TALENT was a large national 
study conducted in the USA which tracked 4428 students who entered teacher prepara-
tion programmes after high school. In their report of this study, Atit et  al. (2018) high-
light that secondary STEM teachers had substantially stronger spatial skills than secondary 
non-STEM teachers and preschool/primary teachers. They describe the need for further 
research to examine if there is a relationship between teachers’ spatial skills and student 
learning while also highlighting the need to investigate the effect of spatial training for 
teachers and the impact that this can have on their current or future students.

In contrast to the findings from Project TALENT, Moore-Russo et al. (2012) found in 
their work with pre-service and in-service Mathematics teachers at a large research uni-
versity in the USA, that many teachers’ spatial skills were underdeveloped and in particu-
lar the teachers struggled with dimensional reasoning. Furthermore, they reported that 
many of their participating teachers had poor vocabulary relating to spatial concepts and 
that misconceptions hindered their performance in spatial tasks. Staying within the field 
of Mathematics, Lowrie et al. (2017) examined the impact of a visuospatial training pro-
gramme on elementary students’ mathematics performance through an experimental study. 
Their findings showed that students’ mathematics performance improved following the 
classroom-based intervention and they claim that this was the first such study to find this in 
an elementary school setting. In a recent study, Atit et al. (2020) examined the relationship 
between motivation for mathematics and spatial skills in middle school mathematics stu-
dents and they found that both motivation and spatial skills interact significantly to predict 
student mathematics performance.

Moving to the Science domain, there is considerable interest in the role that spa-
tial thinking plays in the study of Chemistry and Anatomy. In their work in Chemistry 
classrooms, Cooper et  al. (2017) describe the important role of sketching as a funda-
mental enquiry activity that helps students with model-based reasoning. Also supporting 
the importance of spatial thinking in Science, Hegarty (2014) highlights the correlation 
between spatial ability and performance in science programmes and she describes the need 
to better understand how students can be supported in working with and creating spatial 
representations. In their work with medical students, Gonzales et al. (2020) found that spa-
tial training did not improve the spatial scores or anatomy test scores but they highlighted 
that spatial skills testing can help in highlighting students who may require additional aca-
demic support.

In relation to Technology Education, several studies have looked at different aspects of 
spatial thinking in schools and teacher preparation programmes in recent years with some 
of these studies published in this journal. In a recent study by Šafhalter et  al. (2020) it 
was found that the integration of SketchUp (a digital modelling software) into a ‘Tech-
nology and Technics’ class for 11–14 year olds resulted in improved spatial visualization 
scores of students. Lin (2016), in their work with industrial design students at a university 
in Taiwan found that students’ spatial visualization and spatial relations scores improved 
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after receiving design training and they describe the need to extend research in this area to 
examine if students’ creativity increases through design training. Similarly, Goktepe Yildiz 
and Ozdemir (2020) in their work with middle school students found that completing engi-
neering design-based activities improved students’ spatial abilities.

Other research stemming from the Technology and Engineering Education domain has 
offered insights into different aspects of spatial cognition. Strong spatial skills are not only 
important to visualization but they also support ‘thinking’ when problem-solving (Duffy 
et  al., 2020). Furthermore, strong spatial skills help to increase the capacity of working 
memory and reduce cognitive load during graphical problem-solving tasks (Buckley et al., 
2019; Delahunty et  al., 2020). Finally, it is worth noting that spatial skills have been of 
interest across the technology and design community for over 30  years, stemming back 
to the work of Price and Reid (1990) when they examined predictors of craftsmanship in 
young children.

Our review of the literature highlights that there is a growing body of research that is 
concerned with the nature of spatial thinking across the education landscape. We know that 
targeted spatial training can enhance spatial skills, but it is clear that enhanced spatial per-
formance does not always correlate with success across all STEM disciplines. While spa-
tial training has been shown to positively impact some aspects of academic performance, 
other variables are also at play including motivation (Atit et al., 2020), self-efficacy (Power 
& Sorby, 2020), and spatial anxiety (Atit et al., 2018).

Context of the study

As described in the Introduction section of this paper, our study was concerned with 
addressing a high failure rate in a Year 1, Design and Communication Graphics (DCG) 
course for first-year pre-service Technology teachers at the University of Limerick. Almost 
1 in every 4 students (typically 35 out of 135) were awarded fail grades in DCG in their 
first year and this trend was persistent over a number of years. On examining the 2012 
PISA results for Space and Shape, we felt that it would be worthwhile to examine first-year 
students’ spatial skills on entry to the Technology Teacher preparation programme and to 
investigate if low spatial skills were a factor in the poor course performance.

The 4-year undergraduate programme qualifies teachers to teach in mainstream sec-
ondary schools with specialization in Construction Studies, Engineering, Technology, and 
DCG. Historically DCG was accepted by both university staff and students as a ‘filtering 
mechanism’ that ‘weeded out’ students who were going to have difficulty in progressing 
through the programme. It was often cited locally that the complex aspects around plane 
and descriptive geometry were difficult for many students to understand and visualize and 
that if students were not naturally good at spatial thinking, it would prove difficult for them 
to progress to graduation. Thus, the DCG course, not by design, became a filter to sort the 
students into two bins – those who could or could not become future technology teachers. 
Based on our review of the literature, the research questions for this study were as follows:

1.	 What are the baseline spatial skills of students on entry to the Technology Teacher 
preparation programme?

2.	 What impact would a spatial intervention have on students’ spatial skills?
3.	 What impact would a spatial intervention have on course performance?
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Evaluation of first year baseline spatial skills

In this section of the paper we describe how we evaluated students’ spatial skills at the 
beginning of their first year of study. We conducted this evaluation over four consecutive 
years with four separate cohorts of first-year students. Several different measures of spatial 
ability were considered for use including; the Mental Cutting Test (MCT) (CEEB, 1939), 
Differential Aptitude Test (DAT) (Bennett et al., 1973), and the Purdue Spatial Visualiza-
tion Test of Rotations (PSVT:R) (Guay, 1977). In the end, the PSVT:R was selected for use 
in the study as this provided us with the means to compare our results with those obtained 
by others in the Technology and Engineering Education research space.

The PSVT:R instrument is widely used across the engineering education research 
community to measure the ability of students to mentally rotate geometric configurations 
through specified angles of rotation. Another factor in our decision to use this instrument 
was that it aligned with the types of spatial skills required in the study of DCG where stu-
dents need to mentally view and rotate different 3D geometries such as cubes, cylinders, 
spheres, pyramids in both their original form and combined with other solids. The PSVT:R 
instrument has been used widely and Maeda and Yoon (2013) have conducted a meta-anal-
ysis on the test.

The test, containing 30 questions, was administered to all first-year students who 
were in attendance during their first DCG lecture in September of each year 2014 –2017. 
Instructions were provided on the inside page of the test booklet and students were allowed 
20 min to complete the test. Over the 4-year period, a total of 405 students completed the 
test at the commencement of their studies. The results for these are detailed in Table 1 with 
scores disaggregated by gender. The minimum and maximum possible score for the test are 
0 and 30 respectively.

The results over the 4-year period from 2014 to 2017 highlight that male students enter-
ing the programme consistently scored higher than females in the mental rotations test. 
This underperformance of females was not surprising as Irish females have also performed 
lower than males in the Space and Shape aspect of PISA (Close & Shiel, 2009). Further-
more, the international literature also highlights that females often underperform on timed 
spatial tests (Maeda et al., 2013; Sorby et al., 1999) compared to their male counterparts. 
It should also be noted that the low proportion of females studying on the Initial Technol-
ogy Teacher Education programme is representative of the percentage of females study-
ing Technology subjects in Irish secondary schools. [Technology subjects at the second-
ary school level are still influenced by a legacy where males were encouraged to study 
Woodwork and Metalwork as preparation for entry into apprenticeship training]. While 
the current suite of Technology subjects espouse to cater for both genders, the majority 
of students who study them continue to be largely male. The consistent scores for each 
year group across the four years are also not surprising as during this time the secondary 

Table 1   PSVT:R scores on entry to program 2014–2017

2014 2015 2016 2017 2014—2017

n Mean SD n Mean SD n Mean SD n Mean SD n Mean SD

Male 114 20.98 4.74 119 20.92 4.84 79 21.51 5.27 75 20.53 4.90 387 20.98 4.90
Female 7 16.43 3.99 2 16.5 4.95 3 19.67 2.52 7 17.86 7.73 19 17.47 5.36
Total 121 20.72 4.81 121 20.85 4.85 82 21.44 5.20 82 20.30 5.19 406 20.82 4.97
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school curriculum in Ireland has not changed significantly, therefore we would expect that 
the scores would be similar each year.

As this test was administered during the first week of semester 1, it is valid to com-
pare the scores with other similar studies. In a recent study conducted at TU Dublin by 
Duffy et al. (2015) the spatial skills of 627 first year students enrolled on STEM courses 
were measured at the beginning of first year using the PSVT:R instrument. They recorded 
a mean score of 18.20. Sorby et al. (2018) in their work with Engineering students in the 
USA recorded a mean PSVT:R test score of 23.93. As the combined average score for the 
Technology Teachers in this study was 20.82, this highlights that Irish students are com-
mencing their university studies with lower spatial skills than their US counterparts but the 
indicators are that the spatial skills of pre-service Technology teachers might be stronger 
than the STEM students at TU Dublin.

The data presented in this section provided us with evidence that a spatial intervention 
was warranted. In the next section we describe the spatial tools and strategies that were 
integrated into the course.

Description of first semester DCG module

Traditionally, Design and Communication Graphics 1 (DCG 1) was entirely focused on 
the study of plane and descriptive geometry with an emphasis on solving graphical prob-
lems using manual drafting equipment such as: drawing board, tee-squares, set squares, 
protractors, compasses, pencils and so on. Since 2007, a design element in which students 
use sketching and CAD (SolidWorks) to solve conceptual design problems, has been intro-
duced to the study of DCG in Irish secondary schools.

In light of developments in the national curriculum in Ireland and the relatively low 
spatial skill levels of our first-year students, we decided to infuse the following into the 
module:

1.	 Spatial Thinking Intervention developed by Sorby (2011)
2.	 A supplemental series of 2D and 3D freehand sketching activities

The purpose of DCG 1 is to facilitate the development of students’ understanding and 
knowledge of fundamental graphical concepts and principles while facilitating the explo-
ration of these using different communication strategies such as freehand sketching and 
CAD. Both the Sorby intervention and supplemental sketching activities were infused 
within the module to complement the study of plane and descriptive geometry and the 
exploration of design. As these are both cited as appropriate tools/strategies for the devel-
opment of spatial thinking, we hoped that their integration would help students in their 
graphical problem-solving exam at the end of the course as this was the main element that 
students were failing. Because the Sorby spatial skills intervention and the sketching activi-
ties were embedded within the module, all students regardless of their initial spatial skill 
score, were required to complete all elements.

Table 2 gives a breakdown of the course contact hours each week with a brief descrip-
tion of the purpose of each element. 
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Sorby spatial intervention integrated into DCG1

The spatial skills intervention by Sheryl Sorby (2011) is comprised of a workbook, soft-
ware, and snap cubes. The chapters, of which one was completed each week include the 
following:

	 1.	 Surfaces and Solids of Revolution
	 2.	 Combining Solid Objects
	 3.	 Isometric Drawings and Coded Plans
	 4.	 Orthographic Drawings
	 5.	 Inclined and Curved Surfaces
	 6.	 Flat Patterns
	 7.	 Rotation of Objects about a Single Axis
	 8.	 Rotation of Objects about Two or More Axes
	 9.	 Object Reflections and Symmetry
	10.	 Cutting Planes

Further information on the workbook and accompanying software can be found in Sorby 
et al. (2018) and Power and Sorby (2020). One chapter of the intervention was assigned a 
two-hour slot each week. All students were provided with 15 snap-cubes which they used 
as a visual aid in several chapters in the workbook (Fig. 1).

Although many of the objects illustrated in the workbook can be constructed using 
snap-cubes, some objects with sloped surfaces could not be readily created. We used a 
rapid protype machine to create any irregular objects appearing in the workbook and these 
were provided for any students who struggled to visualize them. This approach helped the 
weaker students by being able to physically hold and manipulate the geometry in order to 
assist them in constructing and mentally rotating the visual mental image associated with 
the problem at hand. This scaffold was used on a limited basis and most students were able 
to independently visualize the objects without reference to the objects created using the 
rapid prototype machine (Figure 2). 

Each lab group consisted of 20 students who demonstrated a mix of spatial skill levels. 
We encouraged all levels of students to reflect and critically think about their learning as they 
worked through the workbook. For example, in the revolve activity shown in Fig. 3, rather 

Fig. 1   Classroom environment 
for the spatial skills intervention
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than solely converging on the solution, students were encouraged to discuss in pairs or groups 
why the other three options were incorrect. Students typically sketched the profile of the 
objects or created 3D models in SolidWorks.

The workbook was graded on a Pass/Fail basis. Students were expected to have completed 
all activities each week and they were encouraged to cross-check their answers with each 
other.

Fig. 2   Creating objects that typically cannot be formed using the snap-cubes

Fig. 3   Looking beyond the solution
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Sketching intervention

In the one hour sketching lab, the focus was on perceptual activities where a visual stim-
ulus or target image/object was present. Sketching was viewed as a developmental pro-
cess and students were graded on a Pass/Fail basis for this component as well. Details 
of each sketching task, informed by the work of Lane (2017), Lane & Seery (2011) and 
Lane et al. (2009, 2011, 2012), are provided in Table 3.

Results

Over the 4 year period from 2014 to 2017, students entering the Technology Teacher 
program completed the PSVT:R test at the start of the semester and again thirteen 
weeks later at the end of the semester. The pre and post-intervention spatial scores are 
shown in Tables 4 and 5 below.

Overall spatial performance

In total across all 4 years of data collection, 362 students completed both the pre and 
post-test. A paired samples t-test was conducted to evaluate the impact of the inter-
vention on students’ scores on the Purdue Spatial Visualization Test of Rotations 
(PSVT:R). The maximum score on the PSVT:R is 30. There was a statistically signifi-
cant increase in spatial performance from Pre-test (M = 20.86, SD = 4.93) to Post-test 
(M = 24.43, SD = 4.26), t (362) = 18.473, p < 0.0001 (two-tailed). The mean increase in 
spatial scores was 3.56 with a 95% confidence interval ranging from 3.18 to 3.94. The 
eta squared statistic (0.49) indicated a large effect size. This significant increase high-
lights the benefit of integrating targeted spatial development tools and strategies on a 
whole class level for all ability levels. We believe that working through the intervention 
activities was beneficial for all of the pre-service teachers as it exposed them to the tools 
and strategies that they could adapt and employ in their secondary school teaching in 
the future.

It is also worth noting that the average post-intervention score for the pre-service 
Technology teachers at the University of Limerick (23.89) is similar to the scores of 
first-year Engineering students at Michigan Tech University on enrolment to the pro-
gramme (Sorby et al., 2018), further highlighting a gap between Irish and US students.

Gender performance

We conducted two paired samples t-tests to evaluate the impact that the spatial interven-
tion had on gender performance. For females, there was a statistically significant increase 
in spatial scores from Pre-test (M = 17.59, SD = 5.67) to Post-test (M = 23.53, SD = 3.94), t 
(16) = 4.182, p < 0.001 (two-tailed). The mean increase in scores was 5.94 with a 95% con-
fidence interval ranging from 2.93 to 8.95. The eta squared statistic (0.52) indicated a large 
effect size. This brings the females to a similar level with the comparison (non-interven-
tion) female group at Michigan Tech where the mean score was 23.4 (Sorby et al., 2018).
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Table 3   Details of perceptual sketching activities

Activity—Purpose Sketch

Week 1—2D to 2D Grid Sketch
The students were provided with a target sketch and a blank sheet with 

grid
Instruction was provided in relation to ‘seeing’ the geometry to include 

shape, proportion and relationships
Students ‘copied’ the drawing at a scale of 1:1 using their short-term 

memory to visualize and memorize the original and then retrieve and 
communicate on the blank grid

Students were required to work at their own pace with no time limit

  
  

Week 2— 2D to 2D Grid Scaled Sketch
This was similar to the Week 1 activity; however, time, scale and 

hatching were introduced
The target sketch was shown on a 2 m × 2 m projector screen and 

students were required to scale this down to their A4 sheet
A time limit of 40 min was used and each square on the grid was 

revealed at approximately 2-min intervals
Students were provided with tips and information relating to hatching 

before the activity commenced

  

Week 3 and 4—2D to 2D Rendering
An image of a sphere, cone, cylinder and cube were shown to the stu-

dents on the 2 m × 2 m projector screen with no grid present
Students were required to use a sighting method with their pencils to 

establish the scale of the sketch
The students were then provided with tips in relation to different values 

that can be drawn using a pencil and subsequent to this they rendered 
their sketch

  
  

Week 5—2D to 2D Negative Space and Rendering
The silhouette of a caricature was initially shown to the students on the 

2 m × 2 m projector screen with no grid present
Students were required to use a sighting method with their pencils to 

establish the scale of the sketch
Once the outline figure/negative space was sketched, the geometry 

within was revealed and this was sketched and rendered
The important aspects introduced in this activity were sighting scale, 

the concept of negative space and rendering

  

Week 6 and 7—3D to 2D Conversion
Students used the snap cubes from the Sorby intervention and sketched 

these in a number of orientations in space
A picture plane was utilized to help the student’s convert the 3D object 

on to the 2D ‘picture plane’

  
Week 8, 9 and 10—3D to 2D Conversion
Using all the strategies learned throughout the previous exercises, 

students sketched a number of physical objects where they were 
required to sight and imagine the ‘picture plane’

These objects and buildings varied in size and shape
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For male students, there was a statistically significant increase in spatial scores from 
Pre-test (M = 21.02, SD = 4.84) to Post-test (M = 24.47, SD = 4.27), t (345) = 18.287, 
p < 0.0001 (two-tailed). The mean increase in scores was 3.45 with a 95% confidence 
interval ranging from 3.08 to 3.82. The eta squared statistic (0.49) indicated a large 
effect size. This post-intervention score is slightly below the male comparison (non-
intervention) group reported by Sorby et al. (2018) where the mean score was 25.36.

In order to compare the mean scores of male and female students in the PSVT:R we con-
ducted an independent samples t-test for the pre and post intervention scores. A significant 
difference in scores was observed for the pre-test where males M = 20.98, SD = 4.90 and 
females M = 17.47, SD = 5.36; t (404) = 3.03, p = 0.01 (2-tailed). The magnitude of the dif-
ferences in the means (mean difference = 3.51, 95%) was small (eta squared = 0.02). There 
was no significant difference in scores observed for the post-test where males M = 23.89, 
SD = 4.62 and females M = 22.74, SD = 4.45; t (426) = 1.07, p = 0.29 (2-tailed).

The results show a greater improvement for females who started from a lower baseline 
and yet recorded similar spatial scores to males at the end of the semester. The PSVT:R 
scores highlight that students entering the Technology Teacher preparation programme 
in Ireland have lower spatial scores than the Engineering students at Michigan Tech 
University.

Spatial visualization scores and graphics problem‑solving

We conducted a correlation analysis between the spatial scores (pre and post) and the 
scores in the end of semester graphical problem-solving exam for DCG 1. We wanted to 
establish if the pre and post spatial scores predicted performance in this exam. A sample 
question from the exam is shown in Fig. 4 below.

Table 4   Pre-Intervention PSVT:R scores on entry to program 2014–2017

2014 (Start of 
Year)

2015 (Start of 
Year)

2016 (Start of 
Year)

2017 (Start of 
Year)

2014–2017 (Start 
of Year)

n Mean SD n Mean SD n Mean SD n Mean SD n Mean SD

Male 114 20.98 4.74 119 20.92 4.84 79 21.51 5.27 75 20.53 4.90 387 20.98 4.90
Female 7 16.43 3.99 2 16.5 4.95 3 19.67 2.52 7 17.86 7.73 19 17.47 5.36
Total 121 20.72 4.81 121 20.85 4.85 82 21.44 5.20 82 20.30 5.19 406 20.82 4.97

Table 5   Post Intervention PSVT:R scores at end of semester 1 2014–2017

2014 (End of 
Year)

2015 (End of 
Year)

2016 (End of 
Year)

2017 (End of 
Year)

2014–2017 (End 
of Year)

n Mean SD n Mean SD n Mean SD n Mean SD n Mean SD

Male 102 25.18 3.98 102 24.75 3.98 113 22.71 5.21 92 22.97 4.69 409 23.89 4.62
Female 6 23.33 5.89 2 22.50 4.95 4 20.00 4.24 7 23.86 3.29 19 22.74 4.46
Total 108 25.07 4.09 104 24.71 3.98 117 22.62 5.19 99 23.03 4.60 428 23.84 4.62
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The relationship between pre and post-intervention spatial scores and the end of semes-
ter graphics exam was investigated using Pearson product-moment correlation coefficient. 
Preliminary analyses were performed to ensure no violation of the assumptions of normal-
ity, linearity and homoscedasticity. In terms of pre-intervention scores and scores in the 
problem-solving exam, there was a small, positive correlation between the two variables, 
r = 0.225, n = 398, p < 0.01, with high spatial scores at pre-intervention stage associated 
with high scores in the exam. When we examined the relationship between post-interven-
tion scores and scores in the problem-solving exam, we also found a small, positive cor-
relation between the two variables, r = 0.202, n = 411, p < 0.01, with high levels of scores in 
the PSVT:R at post-intervention stage associated with higher scores in the end of semester 
exam.

These small correlations suggest that other factors such as problem-solving, flexibility, 
confidence, experience and motivation may also be impacting performance on these exams.

Course performance

We examined the impact of the infused interventions on overall performance in the DCG 
course. The number of Fail grades from 2010 to 2019 are shown in Fig. 5. It should be 
noted that the primary data used in this paper for the intervention is only for 2014–2017 
but the intervention remained the same in 2018 and 2019.

It can be seen that when the interventions were first introduced in 2014 that the fail-
ure rate initially remained fairly high. We examined Student Evaluation of Teaching (SET) 
reports and other evaluations of teaching and found that while students appeared to enjoy 
the module and found it beneficial, concerns were raised about the high number of contact 
hours and this was resulting in a heavy workload for the students.

In 2016, we changed the sketching lab and spatial skills lab to a blended classroom 
approach and only invited students who scored below a threshold of 18/30 in the PSVT:R 
to a face to face class. The remaining students completed the Spatial Thinking and 

Fig. 4   Sample question from 
DCG1 graphical problem-solving 
exam
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sketching activities in their independent time with the aid of online videos provided by the 
course teaching team. This gave students more flexibility to arrange their own schedules. 
This appears to have made a positive impact on the student experience with improved over-
all course performance observed.

General discussion

In this paper, we have described why it was necessary to infuse a spatial intervention 
within a pre-service Technology Teacher Education programme. While the pressure to 
address and reflect on the high failure rate of students initially came from university admin-
istration, who expressed concerns about poor retention rates in the programme, the findings 
from our study highlight the positive impact that the intervention had. As Higher Educa-
tion is increasingly being viewed as a global commodity (Naidoo, 2003), there is grow-
ing pressure on universities to ensure that certain performance metrics are being met. This 
top down pressure (Blackmore, 2009; Goldfarb & Henrekson, 2003) combined with the 
growing number of students pursuing higher level education with diverse backgrounds and 
abilities (Jamelske, 2009), means that many university course leaders and teaching staff 
are being forced to examine the merits of integrating interventions to ensure students have 
the best possible chance of succeeding. In the case of the study presented in this paper, 
this top down pressure resulted in a positive outcome for both the students and the uni-
versity as spatial skills were significantly improved in addition to improved course perfor-
mance. Without this pressure from the university administration there is a possibility that 
the course team might not have realised the significant spatial deficit of students entering 
the Technology Teacher preparation programme.

In progressing the research agenda relating to the development of spatial skills in 
schools and colleges (Janelle, 2014), this study has shown how a blended spatial skills 
intervention, incorporating the Sorby workbook and supplemental sketching activities, has 
resulted in a significant improvement in spatial performance within Technology Education. 
To the best of our knowledge, this study is the first to show that a spatial intervention can 
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be successfully infused within an existing curriculum for pre-service Technology Teachers 
and which has resulted in improved spatial performance of the students in the programme. 
While our study contributes to the knowledge base around the effectiveness of spatial train-
ing within pre-service teachers education programmes, it should be noted that there is need 
for further research in this area. The PSVT:R instrument only provides a measure of stu-
dent’s ability to rotate objects by given parameters. It does not measure other factors of 
spatial cognition such as closure, speed, scanning, imagery and so on. These have been 
described by Buckey et al. (2018) and are worth taking into consideration when measur-
ing the impact of spatial interventions on performance in discipline specific tasks. Fur-
thermore, other aspects such as; student motivation, anxiety, self-efficacy, previous subject 
experience and prerequisite content knowledge, all impact performance in problem-solving 
tasks. Therefore, the results in end of semester exams and overall module performance 
should be examined with these variables in mind.

A significant finding from this study was that female students were able to bridge a 
large gap in spatial performance compared to male students after completing the spatial 
activities. Based on existing research relating to gender differences in spatial performance, 
particularly for mental rotation tasks, it did not come as a surprise that the females per-
formed lower on the timed spatial pre-test. However, the improvement in spatial scores at 
the post-intervention stage was significant for both males and females, and females were 
able to successfully bridge the pre-test gap with males. This highlights the value in ensur-
ing that females are provided with the necessary supports to address potential spatial defi-
cits. It also puts a spotlight on the experience of females in secondary schools and in their 
day to day lives. Are males provided with opportunities for spatial skills development that 
females don’t necessarily experience? It is clear that females can bridge the gaps in spatial 
performance but is it sustainable and acceptable that they will leave secondary school with 
ground to make up compared to their male counterparts? On the contrary, recent research 
by Toth and Campbell (2019) at an Irish university examined the impact of taking the time 
factor out of spatial tests. They found that no evidence of a significant gender difference 
when time was not a factor when taking a spatial test. However, it could be that removing 
the time factor means that females can employ a less efficient, analytical method for prob-
lem-solving and are not truly drawing on their mental rotation skills. In fact, the original 
authors of the PSVT:R (Bodner & Guay, 1997) advocated for the use of strict time limits 
in taking the test because they felt that extending the time led to measuring something 
other than true mental rotation skills. Due to the link they observed between speed and true 
mental rotation strategies in problem-solving, they revised the original PSVT:R used in 
this study (30 items over 20 min) to a test consisting of 20 items to be administered over a 
10 min time period. This also highlights a need for future research in the area.

There appears to be some differences in the international literature in relation to the 
spatial skills of STEM teachers. Atit et al. (2018) have reported that students with strong 
spatial skills are attracted into STEM teaching careers while Moore-Russo et al. (2012) 
have reported that Mathematics student teachers often struggle with spatial thinking 
skills. In this study in Ireland, we found that pre-service technology teachers consist-
ently have underdeveloped spatial skills on entry to their program of study when com-
pared with Engineering students at Michigan Tech University in the USA. This forces 
us to shine a spotlight on the secondary school experiences of students and the nature 
of the school curriculum across different countries. While the majority of Irish pre-ser-
vice Technology teachers have experience in ‘hands-on’ subjects such as Woodwork and 
Metalwork in school, their struggles with spatial skills appear to persist. Perhaps it is 
the case that the pre-service Technology Teachers in this study are among the strongest 
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spatial learners transitioning from Irish secondary schools to university and that stu-
dents entering other programmes may have even lower spatial abilities. On the contrary, 
it should also be considered that entry to pre-service Technology Teacher programmes 
does not require grades in ‘higher-level Mathematics’ from secondary school but entry 
to mainstream Engineering programmes in most Irish universities does require students 
to have taken ‘higher-level Mathematics’ at secondary school. As spatial skills and 
mathematics performance have been shown to be significantly correlated (Atit et  al., 
2020), future research should look at the nature of the curricula offered in secondary 
schools on a national and international level to examine what is working and what is not 
in terms of spatial skill development.

Educational implications

We found in this study that spatial interventions can be successfully integrated into a Tech-
nology Teacher education programme with significant positive effects. While this further 
highlights that spatial skills are malleable, it must be questioned if it is sustainable for col-
leges and universities to integrate such interventions in the future. If students entered col-
lege and university with better spatial skills, would this enable them to engage more deeply 
in their studies? Would they be in a better position to engage in advanced spatial problem-
solving and reasoning from the beginning? What impact could initial higher spatial skills 
have on academic performance and the advancement of different STEM disciplines?

Perhaps it is time to shift the focus towards secondary schools and help teachers 
develop strategies and skills to integrate spatial thinking across different disciplines. 
Lane et  al. (2019) have examined this and have described potential challenges around 
establishing who is responsible for spatial thinking in secondary schools. In order for 
any real progress to be made in secondary schools, future research needs to consider 
the role of different disciplines and how a collective effort can be made to develop spa-
tial thinking across the curriculum. Although we believe it is likely that many of the 
Technology Education teachers who graduated from the programme at UL will go on to 
incorporate a spatial thinking focus or exercises in their future secondary teaching roles, 
it is unclear if this would have a significant national impact on the spatial skills develop-
ment of all students. In Ireland, similar to the situation in most other countries, a small 
percentage of students overall enrol in Technology subjects in secondary school and an 
even smaller percentage of girls enrol in these courses.

Finally, the impact of COVID on the spatial learning experience should be considered. 
As many schools have been forced to go online, this has meant that much learning is hap-
pening on screen with a reduction in the amount of hands-on activities. While students 
who already have well-developed spatial skills might adjust well to online spatial learning, 
it might prove more difficult for the weaker students who need classroom contact time and 
need to physically manipulate objects that are available in classrooms. How do we ensure 
that learning experiences involving physical manipulation and practical activities are main-
tained? In secondary schools, practical subjects such as Woodwork and Metalwork have 
been significantly impacted by COVID as much of the hands-on learning cannot be done at 
home. What impact would the reduction of physical, hands-on learning have on the devel-
opment of spatial skills? There is much to consider for education provision, the develop-
ment of technological capability and spatial skills in a post-COVID world.
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Conclusions

Similar to the USA, this study has found evidence to suggest a ‘missing link’ possibly 
exists in the Irish Education system in relation to Spatial Thinking. While we found that 
the spatial performance of pre-service Technology teachers can be improved with targeted 
instruction and learning activities, our findings have raised more questions than answers. 
There is significant potential for international collaborations across the STEM teacher edu-
cation domain to examine different aspects of curriculum, pedagogy, and education policy 
with a view to addressing the ‘missing link’ that exists in relation to spatial skills develop-
ment. While most in the STEM disciplines recognize the value in having students who 
are strong spatial thinkers, there is currently no systematic instruction in developing these 
skills in our pre-college education systems. This hit-or-miss strategy often means that some 
students, particularly women, begin their post-secondary studies at a disadvantage. If we 
are to achieve true gender equity in the STEM fields, it is important that we employ a 
more explicit strategy for spatial skills development, particularly in our teacher prepara-
tion programs. The study described here presents a “first-step” in the process of infusing 
spatial skills instruction in pre-college education. By designing and implementing a spatial 
skills intervention for students in a Technology Teacher education programme, not only 
have we improved their overall success as undergraduate students, but hopefully we have 
also started down the path towards improved spatial instruction in secondary schools.
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