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Editorial on the Research Topic

Women in STEM Education

We are delighted to present this special edition of Women in STEM Education as

a positive platform to examine insights from a range of fields including engineering,

mathematics and information technology. The articles fall into two broad groups; those

pertaining to the experiences and perspectives of women in STEM fields and those exploring

enabling pedagogical approaches for all learners.

Learning experiences and perspectives of women in
STEM fields

The first section presents papers which address perspectives of how women experience

learning and education in STEM fields. The articles represent collaboration from a range

of different countries and phases of education from young learners to adult students, with

a strong emphasis on the importance of creating inclusive and positive STEM learning

environments and communities, to meet the global needs of STEM competences.

Kim and Kim’s study from South Korea documents the chilly climate perceived by female

undergraduate engineering students. Using a concept-mappingmethod, they conceptualized

and identified aspects that contribute to the chilly climate, such as inherent exclusion and

alienation within the culture, lack of gender sensitivity, male-centered study situations,

and indirect prejudice toward women. The paper highlights the expectations that female

students experience a negative culture formed by social myths which arguably inhibits female

participation in STEM.

Fernandez et al., have focused on differences in the time use in laboratory-based

activities for university students. They used surveys where students reported the duration

of undertaking activities and made observations of the actual time used. They found that

female students spent less time in laboratories and interacting with the equipment, but took

more time to observe and take notes than their male peers. However both groups were

equally content with their time use. The authors suggest that females adopt roles in the

laboratory which are formed by their expectations that they are less technically active and

more observant than male students, a perspective that requires consideration by universities

to ensure their obligations to an inclusive pedagogical stance.

Ladewig et al. questioning of gender stereotypes in the German Physics Olympiad,

a science competition for German students, affords yet another lens through which

to view gender differences. Using social threat theory to identify the reasons why

women are under-represented and drop out earlier than men in the competition,
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they assumed that negative stereotypes about women’s abilities

in physics and the predominant male environment worked as a

threat to the female gender-identity. An intervention study in the

form of two weekend assemblies for the participants, where they

focused on belonging and values, however, showed no significant

differences between genders. The researchers suggest that female

students who have a genuine interest for physics are resilient toward

the negative impacts from threats against their social and gender

identities and conclude that genuine interest is a strong factor for

female participation within the STEM fields.

Balasubramanian et al.’s case study shows how the retention of

women in STEM careers in the US can be met by programmatic

innovations. Various innovations were tried out over a period of

8 years, both curricular (colloquium, laboratory) and co-curricular

(community building, junior review and conference participation).

They concluded that a combination of several innovations resulted

in an increased number of successful female major students,

increasing degree completion by 200% (over 10 years) and resulting

in an average graduation rate far above national standard. Another

important outcome was that 80 % of the women physics majors

maintained careers within the field greater than 5 years post-

graduation.

Lane et al., were also concerned about the students’

participation in STEM-subjects for future competence needs.

Their study aimed to identify students’ attitudes toward STEM

education and careers for post-primary level and beyond, in an

Irish context. Their survey study revealed that female students have

more positive attitudes toward physics while male students are

more positive about mathematics. The authors suggest this is an

interesting aspect for discussing the role of STEM subjects within

the post-primary curriculum.

E�ective STEM pedagogies for all

The collaborative review paper by Zhu et al. illustrates the

efficacy of providing learners with both integrated and informal

opportunities to develop their spatial skills from kindergarten

to adulthood. It makes the case that spatial skill development

can enhance complex STEM problem-solving and vice versa.

The authors also highlight how extra-curricular involvement is a

positive predictor for girls’ interest and confidence in mathematics,

a vital enabler for further engagement in STEM careers. Despite

an abundance of literature suggesting that boys outperform girls

in spatial skills there appears to be no biological reason why this

should be the case, rather it appears this factor may be due girls’

perceptions of societal norms. This argument gains credence when

it is considered that there is evidence that when girls are given

constructive feedback on their spatial ability, they improve their

performance. The timing and manner of feedback are important

factors, with the suggestion that accurate peer feedback can also

be facilitative.

Collaborative problem-solving facilitated by peer support,

features extensively in our paper (Blackmore and Rønningsbakk)

exploring children’s perspectives on using mobile technology

during science inquiry. The technology was seen to act as

a conduit for sharing approaches and results of a range of

STEM investigations. Children were exceptionally positive about

developing both knowledge and skills by interactions with each

other, supplemented by appropriate teacher feedback and guidance.

This technology enhanced learning approach also conferred the

advantage of capturing in-the-moment science phenomenon in

primary classrooms, arguably a significant enabler for maintaining

children’s innate curiosity of the world around them.

Heim and Wang explored an alternative pedagogical

perspective in their paper focusing on the affordances of cross-

curricular learning to support computer science programming.

They endeavored to examine linkages of children’s perceptions

of computational thinking during mathematics and food and

health study. Whilst the majority of children were not able to make

explicit links between unplugged programming and following

recipes, there were indications that some children understood that

food production involves a step-by-step set of instructions. This

approach resonates with the recommendations made by Zhu et

al. in terms of providing children with rich authentic experiences,

that mirror STEM problem-solving and affording opportunities for

learning to be transferred from one context to another.

The learning of student teachers is also an important element

to be considered when exploring effective STEM pedagogies. In

the paper by Leming and Johanson examining the perceptions of

digital critical competence by student-teachers, they found a range

of different perspectives including an awareness for the necessity

of source criticism and links with a functioning democracy. This is

heartening since these professionals will act as facilitators for 21st

century skill acquisition. Such findings have implications for initial

teacher educators since student teachers need to be given time

and opportunity to develop a secure understanding of processes to

identify authentic and rigorous learning resources.

In summary, we hope this special edition will provide insights

into enabling STEM learning for all and inform practice in a range

of contexts to support future collaboration and innovation.
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Fascinating or dull? Female 
students’ attitudes towards STEM 
subjects and careers
Ciara Lane 1*, Sila Kaya-Capocci 2, Regina Kelly 3, 
Tracey O’Connell 1 and Merrilyn Goos 1

1 EPI*STEM, National Centre for STEM Education, School of Education, University of Limerick, 
Limerick, Ireland, 2 Faculty of Education, Agri Ibrahim Cecen University, Agri, Turkey, 3 School of 
Education, University of Limerick, Limerick, Ireland 

Internationally, the need to advance science, technology, engineering 

and mathematics (STEM) education is recognized as being vital for 

meeting social and economic challenges and developing a scientifically, 

mathematically, and technologically literate citizenry. In many countries, 

however, there are gender differences in the participation and achievement 

of girls and women in STEM education and STEM careers, usually to the 

disadvantage of females. This paper aims to identify challenges to female 

students’ participation in STEM both at post-primary (secondary school) 

level and beyond in the Irish context. The research questions we aim to 

address in this paper are: (1) what are student attitudes towards science, 

technology, engineering and mathematics as measured through interest 

and perceived ability in STEM, students’ valuing of STEM and students’ 

commitment to STEM? and (2) what gender differences occur regarding 

students’ attitudes to science, technology, engineering and mathematics? 

A survey was completed by 308 post-primary students in Ireland as part 

of a one-year research project titled “STEMChAT: Women as catalysts 

for change in STEM education.” Data analysis compiled descriptive 

statistics, including response frequencies and percentages and median 

and interquartile range values, and compared gender differences in survey 

responses using the Kruskal–Wallis H Test. Results indicated that female 

students had significantly more positive attitudes to science compared 

to males while in comparison, males had significantly more positive 

responses to mathematics compared to females. Challenges regarding 

access to and understanding of STEM in the context of post-primary 

education are discussed.
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STEM, attitude, gender, awareness, ability, value, commitment
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Introduction

Internationally, there has been an increased emphasis on 
science, technology, engineering and mathematics (STEM) 
education due to its significant impact on social, environmental 
and/or economic development (Kelley and Knowles, 2016; 
Martin-Paez et al., 2019). Even though STEM education is a highly 
studied topic, there are still disputes about its meaning. While 
some researchers explain STEM education with a simple 
description of the four STEM disciplines (science, technology, 
engineering and mathematics), others view it as an educational 
approach at the intersections of any number of the four disciplines. 
For example, different researchers view STEM education as:

• Science or Maths,
• both Science and Maths,
• Science by incorporating Technology,
• Engineering or Maths,
• a quartet of separate STEM disciplines,
• Science and Maths are connected by a Technology or 

Engineering program,
• coordination across STEM disciplines,
• combining two or three STEM disciplines,
• complementary overlapping across STEM disciplines,
• transdisciplinary STEM course or program.

Bybee (2013)
Additionally, some studies adopting a more complex 

understanding view STEM education as merging all four STEM 
disciplines in an integrated manner (McLoughlin et al., 2020). This 
study was conducted in Ireland, where the meaning of STEM 
education is multi-faceted and can include the teaching of the four 
STEM disciplines in isolation as well as encouragement for cross-
disciplinary approaches, especially in primary schools (Department 
of Education and Skills [DES], 2017). However, subjects taught in 
Irish post-primary schools are not integrated; rather, students study 
subjects from the constituent STEM disciplines in a discrete manner.

In many countries it is recognised that providing effective STEM 
education at primary, secondary and tertiary levels is vital to increase 
the number and quality of STEM graduates (Marginson et al., 2013; 
Honey et al., 2014; DES, 2017; The Scottish Government, 2017). In an 
increasingly global society, it is important for all students to develop 
‘STEM literacy’ to meet social, personal, economic and environmental 
challenges (Mohr-Schroeder et al., 2020) and, thus, STEM education 
has come to the fore of national and global policies in recent decades. 
However, in Ireland, as in many other countries worldwide, gender 
differences in the participation and achievement of girls and women 

in STEM education and the STEM workforce are palpable, usually to 
the disadvantage of females.

In 2018, Ireland had the highest rate of STEM graduates in the 
EU at 35.2 per 1,000 persons aged 20–29 (Central Statistics Office, 
2021). However, Ireland also had the largest gender differential in the 
EU, with 47.3 male STEM graduates per 1,000 compared to 23.0 
female STEM graduates. The gender gap problem is often portrayed 
as a “leaky pipeline,” with low female participation in second-level 
STEM subjects leading to similarly low participation rates in third-
level STEM programs. In Ireland, there are many informal activities 
available to students, both male and female, that are designed to boost 
participation in STEM education and STEM careers. These include 
the BT Young Scientist Awards (BT Young Scientist and Technology 
Exhibition, 2021), CoderDojo (CoderDojo Foundation, n.d.), SciFest 
(2021), and RDS STEM Learning (RDS, 2021). However, the benefits 
of these informal initiatives are not fully realised unless education 
systems and schools also provide equal opportunities for boys and 
girls to access and benefit from quality STEM education.

This paper draws on survey data collected as part of a Science 
Foundation Ireland (SFI) funded research project titled “STEMChAT: 
Women as catalysts for change in STEM education” aiming to 
encourage female post-primary students to pursue STEM subjects 
and careers. The survey was conducted with post-primary students 
from 12 schools before STEMChAT activities were introduced 
(school-based workshops involving conversations with female 
undergraduate STEM students about university courses and careers). 
As such, findings reflect participants’ pre-existing attitudes to 
STEM. The conceptual framework for our study is informed by the 
UNESCO (2017) Ecological Framework, which depicts the multiple 
and overlapping factors that may influence girls’ and women’s 
participation, achievement and progression in STEM studies and 
careers. These factors are described at four interactive levels: 
individual; family and peer; school; and society. At the individual 
level, cognitive traits such as spatial or linguistic skills may 
be  influential, along with psychological factors that include self-
efficacy, interest and motivation. Family and peer-related factors 
highlight the role of parental beliefs, expectations, educational and 
occupational backgrounds; the household environment and 
resources; and peer relationships. School-level factors include the 
learning environment, teacher characteristics, teaching strategies, the 
curriculum and learning materials, and assessment procedures and 
tasks. Societal and cultural norms can reinforce or challenge gender 
stereotypes, and at this societal level of the Ecological Framework the 
mass media and social media are significant influences on the 
socialisation of children and young people. Also, at the societal level, 
formal policies and legislation can also promote gender equality and 
the advancement of women in the STEM fields.

While it is difficult to investigate the Ecological Framework’s 
multiple levels and inter-related factors in a single study, attention 
paid to any influential factor or level (e.g., the psychological 
factors at the individual level) must also take into account the 
interactions of the other levels and factors (e.g., family, peer, 
school and societal factors). Although this paper focuses on 
specific psychological factors at the individual level (students’ 

Abbreviations: DES, Department of Education and Skills; EU, European Union; 

OECD, Organisation for Economic Co-operation and Development; SFI, 

Science Foundation Ireland; STEM, Science Technology Engineering 

Mathematics; UNESCO, United Nations Educational Scientific and Cultural 

Organization.
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attitudes), we are cognizant of the various other factors at other 
levels in which our study is contextualized. The research questions 
we aim to address in this paper are:

1.  What are student attitudes towards science, technology, 
engineering and mathematics as measured through:

• awareness of STEM (initial interest)
• perceived ability in STEM
• students’ valuing of STEM
• students’ commitment to STEM (long-term interest)?

2.  What gender differences occur regarding students’ attitudes 
to science, technology, engineering and mathematics?

Our paper firstly introduces STEM education in the Irish 
context and then discusses relevant literature with regard to 
students’ attitudes to STEM, including gender differences. A 
quantitative analysis is conducted on the survey data collected from 
post-primary students. The results are discussed in terms of access 
to STEM subjects and students’ attitudes and gender differences, 
and the limitations of the study are presented. The paper concludes 
with the contributions to the STEM education field by identifying 
the challenges to female students’ participation in STEM and 
providing potential research areas to address these challenges.

STEM education in Ireland

The STEM Education Policy Statement 2017–2026 released by 
the Department of Education and Skills (2017) in Ireland reveals a 
vision for providing “the highest quality STEM education 
experience for learners that nurtures curiosity, inquiry, problem-
solving, creativity, ethical behaviour, confidence and persistence, 
along with the excitement of collaborative innovation” (p. 12). The 
policy statement underlines the built-in educational benefits of 
inspiring young people’s curiosity about the natural world while 
also highlighting the importance of producing STEM graduates to 
drive Ireland’s economy. The policy statement discusses the 
necessity of high-quality STEM education for all students, not only 
those interested in STEM-related careers, due to its importance in 
creating STEM-literate citizens who can make well-informed 
decisions about global issues affecting future generations. 
According to the STEM Education Policy Statement, engagement 
and participation of learners with STEM is the first of four pillars 
of the STEM policy plan for advancement. Therefore, it is highly 
important to investigate and address problems of low participation 
in STEM disciplines in Irish post-primary schools.

In Ireland, post-primary education comprises Junior Cycle 
(the first 3 years) and Senior Cycle (the final 2 years), with an 
optional Transition Year between Junior and Senior Cycle. At the 
end of Senior Cycle, students sit the Leaving Certificate 
examination, the results of which determine their entry to third 
level courses and careers. Students typically study a minimum of 
six subjects for Senior Cycle, with English, Irish and mathematics 
taken by the majority of students, due to these being effectively 

compulsory (being required for entry to most third level courses). 
Apart from mathematics, other STEM subject choices for Senior 
Cycle include applied mathematics, biology, chemistry, physics, 
physics & chemistry, agricultural science, construction studies, 
design & communication graphics, and engineering.

Students’ subject choice at Senior Cycle is naturally affected by 
subjects they completed at Junior Cycle, subjects offered in the 
school, availability of teachers, and the students’ attitudes towards 
these subjects, among others. In Ireland, there are dramatic gender 
imbalances at the post-primary level in favour of male students in 
physical science and technology subjects and in favour of female 
students in biology. DES (2017) shows the significant gender 
differences in the selection of science subjects at Senior Cycle, with 
the ratios of male students to female students greater than 3:1 for 
physics and approximately 2:3 for biology. Moreover, the number 
of female students is considerably lower than male students in 
STEM courses in higher education.

Access to subjects for female students at post-primary level may 
be affecting interest and opportunity to study these subjects. Access 
to subjects in post-primary schools can be  difficult at times 
depending on school budgets and resources in subjects such as 
engineering or construction studies where tools and space may not 
be available to equip a practical workshop classroom. In 2019, 325 
females sat the Leaving Certificate engineering examination while 
4,440 males sat the same exam. Attending single-sex schools, 
particularly single-sex girls’ schools, affects students’ access to 
subjects. Many all-girls post-primary schools would not have 
workshops for practical subjects like construction studies. Single-sex 
education is common in Irish schools: in 2017, the Irish Times 
newspaper reported that one-third of schools in Ireland catered for 
either girls only or boys only (Ahlstrom, 2017). This is a structural 
feature of the education landscape that can reinforce negative gender 
stereotypes, such as the perception that STEM subjects and careers 
are more suitable for boys (report by Accenture, 2014).

Gender disparities in STEM education in Ireland are 
compounded by subject hierarchies and sub-cultures that exist 
within the post-primary school curriculum. McGarr and Lynch 
(2017), in their analysis of the STEM agenda in the Irish education 
system, highlighted the hierarchical ordering of subjects that often 
reflects the social and educational capital available to those who 
choose these subjects. The pursuit and performance of students in 
technology and engineering subjects versus that in mathematics 
and science subjects is seen as reflective of student ability in these 
subjects. STEM subjects have generally been presented as one 
interrelated entity; however, they play different roles in Irish post-
primary schools. The vocationally focused subjects of technology 
and engineering have traditionally served the needs of lower 
socio-economic groups, while mathematics and science have been 
viewed as higher-status subjects that prepare middle-class students 
for university degrees and more privileged occupations. McGarr 
and Lynch highlighted the absence of technology and engineering 
from the broader STEM agenda in post-primary schools, which 
they claimed is largely due to the under-resourced and out-of-date 
subjects on offer. For example, the curriculum for engineering has 
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been in place without change or update for over two decades. 
These researchers argued that the academically oriented subjects 
of science and mathematics monopolize the STEM agenda, while 
the traditional role of the vocational subjects in preparing students 
for post-school employment is now downplayed due to the 
massification of higher education.

Further research on issues in STEM education internationally 
is discussed in the next section, particularly in relation to attitudes 
and gender differences.

Issues in STEM education

Many issues relating to STEM education are raised by 
international researchers, some of which involve students’ 
attitudes towards STEM education, particularly regarding gender 
differences at high school (post-primary) level (Brown et  al., 
2017). To limit our review of the literature, attitudes towards 
STEM are characterized as STEM interest, STEM values, and 
STEM perceived ability according to Mahoney’s (2010) Students’ 
Attitudes Towards STEM Survey as used in our study, and gender 
differences are specified as STEM stereotypes. It is acknowledged 
that these constructs overlap in many research studies, as the 
following brief review demonstrates.

Students’ attitudes towards STEM

In the last decade, several studies investigated particular variables 
that drive or limit interest in STEM (Valla and Ceci, 2014; Falk et al., 
2017; Means et al., 2021). In general, females have been found to have 
lower interest levels in STEM compared to males (Falk et al., 2017). 
Social inclusion factors are noted as a particular reason for lower 
interest. Means et al. (2021) reported on a large-scale meta-analysis 
of the relationship between attendance at an inclusive STEM high 
school and a range of academic and motivational outcomes. Rather 
than selecting students on the basis of prior academic achievement, 
inclusive STEM high schools provide opportunities for under-
represented youth to develop STEM interest and talent. The meta-
analysis found that students who attended an inclusive STEM high 
school were more likely than students in non-STEM comparison 
schools to report high interest in undertaking a graduate degree and 
in entering a STEM career, and this effect was also found for 
low-income and female students. Turner et al. (2019) reported on the 
importance of efficacy in relation to STEM interest; peer support was 
noted as a contributing factor to efficacy. These studies call on the 
need to focus on equity-oriented interventions that increase the social 
belongingness of students in STEM domains where there is unequal 
participation by gender in order to increase interest in STEM.

Value beliefs have gained increasing attention in the 
psychology domain in recent years, with value-related beliefs 
noted as a strong predictor of career aspirations in STEM (Wang 
et al., 2013; Wegemer and Eccles, 2019). Van Tuijl and Van der 
Molen (2016) conducted a review of literature regarding the study 

choice factors that are most influential on children from the age 
of 8–16. They conclude that the undesirable affective value 
associated with many STEM fields is detrimental to the career 
aspirations of young people, particularly those who do not align 
with the stereotypical image of STEM careers. Tzu-Ling (2019) 
used multiple regression to investigate the difference between 
males’ and females’ career aspirations using the variables of task 
value, self-efficacy and family support. Tzu-Ling reported that task 
value is a variable that can significantly predict STEM career 
aspirations, regardless of gender, whereas self-efficacy could 
significantly predict STEM career aspiration for male students 
only. Eccles and Wigfield (2020) argued that more research is 
needed to explore how complex interactions between culture, 
gender, and ethnicity influence the development of individuals’ 
subjective task values. These studies highlight the need to develop 
the cultural and affective value of STEM and STEM tasks as a 
means to counter the negative values associated with some 
STEM fields.

Historically, researchers report that females’ lack of interest 
in STEM was attributed to their lack of ability (Jungert et al., 
2019; Sobieraj and Krämer, 2019). More recently, research in 
this area concerns the difference between males’ and females’ 
perceived abilities (Hand et  al., 2017; Sobieraj and Krämer, 
2019). Brown et al. (2017) reported instances where, although 
post-primary school students achieve the same grades in STEM 
subjects, females’ perceived ability was lower than that of males. 
Similarly, Sobieraj and Krämer investigated differences between 
male and female self-efficacy and perceived competence, 
finding that female students had lower self-perceptions of their 
abilities in STEM compared to male students. Hand et al. (2017) 
argued that the subtle biases of high school teachers have a 
detrimental effect on female self-efficacy in mathematics and 
science: such biases were evident when teachers expected girls 
and boys to perform differently in STEM subjects based on their 
perceptions of masculine and feminine traits. Ertl et al. (2017) 
reported that stereotypes have a damaging impact on female 
students’ self-concept, even when they have academic success. 
Ertl et al. suggested the reason may derive from the stereotypical 
belief that female achievements are due to diligence rather than 
ability. Kessels (2015) noted that when the stereotype is 
associated with a particular STEM career that does not align 
with a student’s self-concept, this constrains their career choice. 
Van Aalderen-Smeets and van der Molen (2018) hypothesised 
that changing students’ implicit theories of intelligence might 
improve their STEM-related self-efficacy beliefs and possibly 
the likelihood of choosing STEM-related study or careers. This 
is particularly important for female students, who are thought 
to hold entity beliefs more so than males; in other words, girls 
are more likely to believe that intelligence is fixed rather 
than malleable.

Overall, the literature identifies that females have lower levels 
of interest in STEM and lower perceptions of their abilities in 
STEM than males. This difference may be caused by social factors 
which influence students’ interest in STEM.
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Gender differences in STEM stereotypes

Blažev et al.’s (2017) study with school pupils in Croatia shows 
that male students and those who had previous success in STEM 
subjects are more likely to hold stereotypical beliefs about 
STEM. Several factors have been proposed to positively impact 
stereotypical beliefs, such as the presence of females in a class 
(Gunderson et al., 2012; Master et al., 2014; Riegle-Crumb et al., 
2017). Riegle-Crumb et al. (2017) conducted a study regarding the 
presence of females in high school classes. They reported that 
female peers had a positive impact in reducing male peers’ 
stereotypical beliefs. The presence of female teachers seemed to 
have a similar impact: Master et  al. (2014) found that female 
teachers reduced female students’ concerns about being negatively 
stereotyped in classroom situations. In contrast, Gunderson et al. 
(2012) reported that gender-biased stereotypes about females’ 
mathematics capabilities are cultivated, rather than ameliorated, by 
teachers. Exposure to role models is often promoted as a way of 
overcoming negative stereotypical beliefs about STEM. Gladstone 
and Cimpian’s (2021) systematic review of the literature in this field 
yielded four recommendations for maximising the effectiveness of 
role models in STEM for motivating students from diverse gender 
and ethnic backgrounds: (1) portray role models as being 
competent and successful, while avoiding extreme levels of success 
that might instead be alienating; (2) portray role models as being 
meaningfully similar to students; (3) prioritise exposure to role 
models from groups that are traditionally underrepresented in 
STEM; (4) portray role models’ success as being attainable. Luo 
et  al. (2021) investigated upper primary students’ stereotypical 
beliefs about STEM careers and found that these beliefs negatively 
predicted STEM self-efficacy and career-related outcome 
expectations. Their findings suggest that interventions targeting 
STEM career aspirations need to target STEM stereotypes, self-
efficacy, and outcome expectations simultaneously.

Methodology

The data presented in this paper were collected as part of the 
STEMChAT project between 2019 and 2020 in Ireland. In line 
with the UNESCO (2017) Ecological Framework, while this paper 
focuses on specific psychological factors at the individual level as 
described, we are cognizant of the various other factors at other 
levels in which our study is contextualized. For example, at the 
family and peer level, our participants were sampled from schools 
located in socially disadvantaged areas, meaning that many of the 
students were likely from families with a lower socio-economic 
status which has been linked to lower academic achievement and 
expectations as well as possible adherence to more conventional 
gender role beliefs (Tenenbaum and Leaper, 2003; Organization 
for Economic Co-operation and Development [OECD], 2016). At 
the school level, participants attended 12 different post-primary 
schools with consequential exposure to different learning 
environments, including teacher quality and instructional 

practices, resources, assessments and school environments 
(UNESCO, 2017). At the societal level, deeply embedded societal 
and cultural norms regarding ‘traditional’ gendered subject choice 
at school and perceived gender ‘appropriate’ careers permeate 
more recent gender equality and inclusive policies in relation to 
STEM education and the STEM workforce (DES, 2017). As the 
project aimed to encourage female post-primary students to 
pursue STEM subjects and careers, the participating schools were 
selected according to their accessibility, social disadvantage of the 
area, and enrolment of female students.

Participants

The participants of the study were post-primary students 
(mainly Transition Year students) in Ireland. Transition Year is a 
one-year program that students can volunteer to complete 
between Junior Cycle and Senior Cycle. In some Irish schools, 
Transition Year is mandatory. Each school designs its own 
Transition Year programme; therefore, programme content can 
vary between schools. A total of 308 students completed the 
survey including 218 females (71%) and 89 males (29%). One 
student did not disclose gender. Participants were aged between 
14 and 18 years with a mean age of 16 years. Participants were 
sampled from schools participating in the STEMChAT project 
which led to a sampling bias in favour of females; this is discussed 
later as a potential limitation of the study.

Study context and design

The surveys were completed by students from 12 post-primary 
schools (nfemale school = 4, nmale school = 2, nmixed school = 6) with 4 schools 
offering subjects from each of the STEM disciplines (science, 
technology, engineering and mathematics), 2 schools offering 
science, technology and mathematics subjects, and 6 schools 
offering only science and mathematics subjects. It is worth noting 
here that none of the single-sex girls’ schools were offering 
technology or engineering subjects.

In the Junior Cycle (lower secondary) curriculum, mathematics 
and science are taught as stand-alone subjects, and there is a suite of 
“technology” subjects comprising applied technology, engineering, 
wood technology, and graphics. There is a wider range of STEM 
subjects offered in the Senior Cycle curriculum, reflecting increased 
specialisation at this level of schooling. In their analysis of the 
treatment of STEM subjects within the Irish post-primary school 
context, McGarr and Lynch (2017) observed that mathematics and 
science occupy a higher status in the hierarchy of school subjects, in 
part because they have clearly defined subject boundaries and draw 
on long-established bodies of academic knowledge. In contrast, the 
traditionally vocational engineering and technology subjects hold a 
lower social status, draw on subject knowledge from a range of 
disciplines and are thus more loosely framed. This classification 
proved to be  significant for our study, since the naming of the 
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engineering and technology subjects made it difficult for students to 
identify them as belonging to the STEM categories of “engineering” 
and especially “technology.”

Survey instrument

Our study is concerned with individual level factors referred 
to in the UNESCO (2017) Ecological Framework, specifically 
interest, perceived ability, value and commitment to STEM. These 
individual psychological factors are captured for both male and 
female students in our study, enabling gender comparison. 
We used a survey to identify students’ perceptions about STEM 
careers and students’ attitudes towards STEM. The items of the 
survey were drawn from two pre-existing validated surveys; 
Students’ Attitudes Towards STEM Survey (Mahoney, 2010) and 
STEM Semantics Survey (Tyler-Wood et al., 2010).

The Students’ Attitudes Towards STEM Survey (Mahoney, 
2010) involved 24 items aiming to investigate high-school 
students’ awareness of (initial interest in) STEM, perceived ability 
in STEM, perceptions of the value of STEM, and commitment to 
(long-term interest in) STEM. For each item, students were asked 
to choose either science, technology, engineering or mathematics 
and indicate their response. For example, the first item, in the 
category of awareness of STEM, was “I do not like […]”; students 
responded by identifying one of the STEM disciplines that they 
did not like. Thus, for each item, students chose one STEM 
discipline that matched the attitude portrayed by that item: they 
were not required to indicate their attitudes towards every STEM 
discipline on every survey item.

The STEM semantics survey (Tyler-Wood et  al., 2010) 
included semantic differential scales comprising five adjective 
pairs that reflect perceptions of science, technology, engineering 
and mathematics, respectively. A fifth scale, using the same 
adjective pairs, elicited perceptions of STEM career interests. 
Thus, the survey consisted of 25 items (five adjective pairs x five 
target areas). Students selected a response on a 1–7 scale to 
indicate how they felt about each content area. The wording of 
items was reviewed in terms of age-appropriateness and cultural 
differences. Only one word “mundane” was changed to “dull” to 
ensure students would understand the intended meaning.

Data collection

Data collection took place in the Spring semester of 2018–
2019 academic year (January–May) and in the Autumn semester 
of 2019–2020 academic year (September–December). Consent 
was obtained from the school principals, teachers who were 
providing their class time, students who volunteered to participate, 
and the guardians of participating students. The survey was 
completed at the beginning of a session for the STEMChAT 
project and students were asked to complete the survey to identify 
their pre-existing attitudes towards STEM.

Data analysis

The survey data were analyzed through the Statistical Package 
for the Social Sciences (SPSS version 26). Data analysis comprised 
descriptive statistics, including response frequencies and 
percentages for both attitudinal items from Mahoney (2010) and 
STEM Semantics Survey items from Tyler-Wood et al. (2010), and 
median and interquartile range values for the STEM Semantic 
Survey items. The Kruskal–Wallis H test for differences between 
genders was also employed for the STEM Semantic Survey items 
but not for attitudinal items as the test can only be applied to 
continuous or ordinal variables. Because the attitudinal items used 
a nominal scale, it was neither possible nor meaningful to measure 
reliability via internal consistency. Reliability of the semantic 
differential scale was measured by calculating Cronbach’s alpha for 
each of the five component sub-scales (replicating the reliability 
analysis conducted by Tyler-Wood et al., 2010). Each sub-scale 
had a high level of internal consistency as determined by the 
Cronbach’s alpha results shown in Table 1. The internal consistency 
of the scale could not be improved by removing any of the items.

Findings

Context of the study

Participants were asked whether their school offered each of the 
STEM subjects and which STEM subjects they studied. Responses 
indicated that all schools offered science and mathematics subjects 
and only 4 schools offered engineering, but there was some confusion 
amongst participants as to whether technology was offered as a 
subject in their school (subjects actually offered by each school were 
confirmed by the authors and are provided in the Methodology 
section). This may be indicative of students’ confusion about what 
technology means: for example, they may have interpreted technology 
as meaning ICT or computer science as opposed to construction 
studies or design and communication graphics, even though ICT/
computer science was not a subject in the school curriculum at the 
time of this study. Frequency of responses for males and females 
studying each of the STEM disciplines are shown in Table  2. 
Percentages by gender were calculated based on total females or 
males. For example, 32 females correspond to 14.68% of 
female participants.

Apart from two students, all participants studied mathematics 
and the majority studied science, with a slightly greater percentage 

TABLE 1 Internal consistency reliabilities for STEM semantics scales.

Scale Number of items Alpha

Science 5 0.841

Mathematics 5 0.833

Engineering 5 0.886

Technology 5 0.887

STEM career 5 0.810
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of females compared to males studying science. Males were almost 
twice as likely as females to be  studying technology and 
engineering, but the number of participants studying these subjects 
was considerably lower than mathematics and science. It should 
be recalled that mathematics is effectively compulsory in Irish post-
primary schools and science is compulsory in the majority of Irish 
post-primary schools at Junior Cycle. When considering students’ 
attitudes and perceptions as reported in the following section, 
we need to bear in mind the relatively low numbers of students who 
have experienced technology and engineering which will feasibly 
have impacted their responses to the survey items. In particular, 
when participants were asked to choose one of science, technology, 
engineering or mathematics when responding to Mahoney’s (2010) 
Attitudes toward STEM items, some participants may have been 

chosen only from those subjects they have personally experienced 
in school or may have indifferent attitudes towards subjects (such 
as technology/engineering subjects) in which they have had little 
or no experience. Nevertheless, the different response patterns, 
indicating that students may be less familiar with or interested in 
technology and engineering subjects, constitute a significant 
finding from the study and raise questions about the relative status 
and visibility of the constituent STEM disciplines in Irish post-
primary schools.

Students’ attitudes towards STEM

Participants’ attitudes to STEM were measured using 
Mahoney’s (2010) instrument, where participants select either 
science, technology, engineering or mathematics for each of the 
items. Frequency of responses for each item across the four 
options was obtained for all participants and for females and 
males. Frequencies for the items intended to capture participants’ 
initial interest in STEM are shown in Table 3. Negatively worded 
items are labelled (N) and positively worded items are labelled (P). 
The response option with the highest frequency is shaded. For 
each item there were some participants who did not respond or 

TABLE 2 STEM subjects studied by gender.

Science, 
N (%)

Technology, 
N (%)

Engineering, 
N (%)

Mathematics, 
N (%)

Females 206 (94.5%) 32 (14.7%) 25 (11.5%) 218 (100.0%)

Males 79 (88.8%) 26 (29.2%) 18 (20.2%) 87 (97.8%)

Total 286 (92.9%) 58 (18.8%) 43 (14.0%) 306 (99.4%)

TABLE 3 Initial interest in STEM.

Item Science, N (%) Technology, N (%) Engineering, N (%) Mathematics, N (%) Not given/multiple 
responses, N (%)

I do not like […] (N)

Female 31 (14.2%) 34 (15.6%) 57 (26.1%) 89 (40.8%) 7 (3.2%)

Male 26 (29.2%) 8 (9.0%) 13 (14.6%) 33 (37.1%) 9 (2.0%)

All 58 (18.8%) 42 (13.6%) 70 (22.7%) 122 (39.6%) 16 (5.2%)

I enjoy learning about […] (P) 1 ((0.5%)

Female 147 (67.4%) 27 (12.4%) 12 (5.5%) 31 (14.2%)

Male 32 (36.0%) 20 (22.5%) 18 (20.2%) 16 (18.0%) 3 (3.4%)

All 179 (58.1%) 47 (15.3%) 30 (9.7%) 47 (15.3%) 5 (1.6%)

I am curious about […] (P)

Female

Male

All

80 (36.7%) 66 (30.3%) 59 (27.1%) 11 (5.0%) 2 (0.9%)

23 (25.8%) 31 (34.8%) 24 (27.0%) 7 (7.9%) 4 (4.5%)

103 (33.4%) 97 (31.5%) 83 (26.9%) 18 (5.8%) 7 (2.2%)

I am not interested in […] (N)

Female

Male

All

19 (8.7%) 62 (28.4%) 78 (35.8%) 47 (21.6%) 12 (5.5%)

29 (32.6%) 13 (14.6%) 15 (16.9%) 27 (30.3%) 5 (5.6%)

48 (15.6%) 75 (24.4%) 93 (30.2%) 74 (24.0%) 18 (5.9%)

I like […] (P)

Female

Male

All

89 (40.8%) 36 (16.5%) 14 (6.4%) 71 (32.6%) 8 (3.7%)

23 (25.8%) 18 (20.2%) 22 (24.7%) 24 (27.0%) 2 (2.2%)

112 (36.4%) 54 (17.5%) 36 (11.7%) 95 (30.8%) 11 (3.6%)

[…] is appealing to me (P)

Female

Male

All

96 (44.0%) 47 (21.6%) 34 (15.6%) 35 (16.1%) 6 (2.8%)

25 (28.1%) 14 (15.7%) 34 (38.2%) 12 (13.5%) 4 (4.5%)

121 (39.3%) 61 (19.8%) 68 (22.1%) 47 (15.3%) 11 (3.5%)
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TABLE 4 Perceived ability in STEM.

Item Science, N (%) Technology, N (%) Engineering, N 
(%)

Mathematics, N 
(%)

Not given/multiple 
responses, N (%)

[…] is difficult for me (N)

Female

Male

All

35 (16.1%) 22 (10.1%) 26 (11.9%) 129 (59.2%) 6 (2.7%)

26 (29.2%) 6 (6.7%) 5 (5.6%) 48 (53.9%) 4 (4.5%)

61 (19.8%) 28 (9.1%) 31 (10.1%) 177 (57.5%) 11 (3.5%)

I do well in […] (P)

Female

Male

All

115 (52.8%) 10 (4.6%) 8 (3.7%) 75 (34.4%) 10 (4.6%)

25 (28.1%) 10 (11.2%) 13 (14.6%) 36 (40.4%) 5 (5.6%)

140 (45.5%) 20 (6.5%) 21 (6.8%) 111 (36.0%) 16 (5.1%)

I am not confident about my work in 

[…] (N)

Female

Male

All

50 (22.9%) 30 (13.8%) 27 (12.4%) 103 (47.2%) 8 (3.7%)

29 (32.6%) 12 (13.5%) 6 (6.7%) 34 (38.2%) 8 (9.0%)

79 (25.6%) 42 (13.6%) 33 (10.7%) 137 (44.5%) 17 (5.5%)

I have a hard time in […] (N)

Female

Male

All

43 (19.7%) 28 (12.8%) 29 (13.3%) 109 (50.0%) 9 (4.1%)

30 (33.7%) 3 (3.4%) 5 (5.6%) 44 (49.4%) 7 (7.9%)

74 (24.0%) 31 (10.1%) 34 (11.0%) 153 (49.7%) 16 (5.2%)

Assigned work in […] is easy for me (P)

Female

Male

All

118 (54.1%) 19 (8.7%) 10 (4.6%) 63 (28.9%) 8 (3.7%)

26 (29.2%) 13 (14.6%) 12 (13.5%) 36 (40.4%) 2 (2.2%)

144 (46.8%) 32 (10.4%) 22 (7.1%) 100 (32.5%) 10 (3.2%)

I cannot figure out […] (N)

Female

Male

All

33 (15.1%) 46 (21.1%) 48 (22.0%) 84 (38.5%) 7 (3.2%)

23 (25.8%) 15 (16.9%) 11 (12.4%) 29 (32.6%) 11 (12.4%)

57 (18.5%) 61 (19.8%) 59 (19.2%) 113 (36.7%) 18 (5.8%)

who gave multiple responses and these participants are shown in 
the last column of the table.

Participants’ responses regarding initial interest in STEM 
show the most interest in science. In particular, majority of 
students stated that they enjoyed learning about science, 
although it is clear from the gender breakdown that more 
females are interested in science compared to males. 
Mathematics was the subject least liked by both male and female 
participants with almost 40% of participants stating that they do 
not like mathematics. There might be different reasons for this 
finding, such as students’ mathematics self-efficacy, stereotypical 
beliefs about mathematics being for intelligent people, and 
students perceiving mathematics as numbers rather than 
understanding its role in real life. Bearing in mind that only 
18.8% of participants were studying technology subjects and 
14.0% engineering, it was noteworthy to see the high proportion 
(31.5%) who identified technology as the STEM discipline they 
were curious about and engineering as that having the least 
interest for them (30.2%).

Frequencies for the items measuring participants’ perceived 
ability in STEM are shown in Table 4. Negatively worded items are 
labelled (N) and positively worded items are labelled (P). The 
response option with the highest frequency is shaded for 
each item.

Supporting the finding about students’ attitude, the results 
showed that students’ perceived ability in mathematics was low. A 
clear majority of participants stated that mathematics was difficult 
for them, that they were not confident about their work in 
mathematics, that they have a hard time in and cannot figure out 
mathematics. Similar to the initial interest items, science was the 
most frequent response option for positively worded items for 
females, although mathematics was the subject in which male 
participants most frequently reported that they do well. 
Unsurprisingly, science and mathematics were the two most 
frequently chosen response options for most of the items in 
relation to participants’ perceived ability, likely due to the fact that 
most students do not study technology or engineering. The data 
also showed that while the female participants’ perceived ability 
in technology and engineering was very low, a much higher 
percentage of male participants said they did well in these subjects 
and found the work easy.

Frequencies for the items measuring participants’ perceptions 
of the value of STEM are shown in Table 5. Negatively worded 
items are labelled (N) and positively worded items are labelled (P). 
The response option with the highest frequency is shaded for 
each item.

Responses to the attitudinal items regarding value of STEM 
demonstrate high value of both science and mathematics as 
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important and valuable to learn, although again male participants 
responded more positively towards mathematics than female 
participants. The responses indicate that although students may 
have lower interest in mathematics and have poor perceptions of 
their mathematical ability, they recognize the value of learning 
mathematics. There was a strong perception amongst participants 
that engineering, and to a lesser extent technology, were subjects 
they did not need and did not care about. As many participants 
had not experienced either of these subject areas, their responses 
highlight the difficulty of promoting positive attitudes to the full 
range of STEM subjects when there is not universal and equitable 
access to these subjects in all schools.

The final group of attitudinal items from Mahoney (2010) 
measuring commitment or long-term interest in STEM are shown 
in Table 6. Negatively worded items are labelled (N) and positively 
worded items are labelled (P). The response option with the 
highest frequency is shaded for each item.

Responses to the items regarding long-term interest in STEM 
show similarity with initial interest as females’ responses were 
overwhelmingly positive towards science with more than half 
indicating that they would continue to enjoy science and are 
interested in alternative programs. However, there were distinctive 
gender differences in students’ interest in science. Males were least 
interested in a career involving science, were more committed to 

learning mathematics, and curious to learn more about 
technology. Technology was the second most frequently selected 
option in relation to interest in alternative programs for both 
males and females. Engineering was overwhelmingly the field in 
which participants, especially females, were not interested in 
pursuing a career. As for the previous set of items on the value of 
STEM, lack of familiarity with and exposure to engineering 
subjects at school may have influenced the responses.

Perceptions of STEM disciplines and 
careers

The second part of our survey included Tyler-Wood et al.’s 
(2010) STEM Semantics Scale where participants select a rating 
between 1 and 7 for five adjective pairs. Three of the adjective pairs 
are ordered positive–negative and two adjective pairs are ordered 
negative–positive. Therefore, for the positive–negative pairs, a 
lower score indicates a positive response while a higher score 
indicates a negative response. For the negative–positive pairs, a 
lower score indicates a negative response while a higher score 
indicates a positive response. Median scores and Interquartile 
range values for each adjective pair was calculated for each of the 
STEM disciplines as well as STEM careers as shown in Table 7.

TABLE 5 Value of STEM.

Item Science, N (%) Technology, N (%) Engineering, N 
(%)

Mathematics, N 
(%)

Not given/multiple 
responses, N (%)

[…] is important to me (P)

Female

Male

All

95 (43.6%) 24 (11.0%) 9 (4.1%) 75 (34.4%) 15 (6.9%)

26 (29.2%) 13 (14.6%) 15 (16.9%) 31 (34.8%) 4 (4.5%)

121 (39.3%) 37 (12.0%) 24 (7.8%) 107 (34.7%) 19 (6.1%)

I feel there is a need for […] (P)

Female

Male

All

79 (36.2%) 38 (17.4%) 20 (9.2%) 73 (33.5%) 8 (3.7%)

25 (28.1%) 12 (13.5%) 17 (19.1%) 31 (34.8%) 4 (4.5%)

104 (33.8%) 50 (16.2%) 37 (12.0%) 105 (34.1%) 12 (3.9%)

I do not need […] (N)

Female

Male

All

24 (11.0%) 67 (30.7%) 89 (40.8%) 21 (9.6%) 17 (7.8%)

25 (28.1%) 20 (22.5%) 29 (32.6%) 6 (6.7%) 9 (10.1%)

49 (15.9%) 87 (28.2%) 118 (38.3%) 27 (7.8%) 27 (8.8%)

It is valuable for me to learn […] (P)

Female

Male

All

93 (42.7%) 13 (6.0%) 8 (3.7%) 96 (44.0%) 8 (3.6%)

20 (22.5%) 12 (13.5%) 8 (9.0%) 46 (51.7%) 3 (3.3%)

114 (37.0%) 25 (8.1%) 16 (5.2%) 142 (46.1%) 11 (3.5%)

[…] is good for me (P)

Female

Male

All

95 (43.6%) 17 (7.8%) 7 (3.2%) 88 (40.4%) 11 (5.1%)

37 (41.6%) 9 (10.1%) 12 (13.5%) 28 (31.5%) 3 (3.4%)

133 (43.2%) 28 (8.4%) 19 (6.2%) 116 (37.7%) 14 (4.5%)

I do not care about […] (N)

Female

Male

All

19 (8.7%) 67 (30.7%) 79 (36.2%) 41 (18.8%) 12 (5.5%)

26 (29.2%) 18 (20.2%) 27 (30.3%) 9 (10.1%) 9 (10.1%)

45 (14.6%) 85 (27.6%) 106 (34.4%) 50 (16.2%) 22 (7.2%)

15

https://doi.org/10.3389/fpsyg.2022.959972
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org


Lane et al. 10.3389/fpsyg.2022.959972

Frontiers in Psychology 10 frontiersin.org

TABLE 6 Long-term interest in STEM.

Item Science, N 
(%)

Technology, N 
(%)

Engineering, N 
(%)

Mathematics, N 
(%)

Not given/multiple 
responses, N (%)

I will continue to enjoy […] (P)

Female

Male

All

128 (58.7%) 27 (12.4%) 12 (5.5%) 45 (20.6%) 6 (2.8%)

24 (27.0%) 18 (20.2%) 23 (25.8%) 19 (21.3%) 5 (5.6%)

152 (49.4%) 45 (14.6%) 35 (11.4%) 64 (20.8%) 12 (3.8%)

I am not interested in a career involving […] (N)

Female

Male

All

25 (11.5%) 37 (17.0%) 91 (41.7%) 47 (21.6%) 18 (8.2%)

36 (40.4%) 13 (14.6%) 22 (24.7%) 11 (12.4%) 7 (7.8%)

61 (19.8%) 50 (16.2%) 113 (36.7%) 58 (18.8%) 26 (8.4%)

I am interested in alternative programs in […] (P)

Female

Male

All

110 (50.5%) 37 (17.0%) 23 (10.6%) 33 (15.1%) 15 (6.9%)

32 (36.0%) 20 (22.5%) 18 (20.2%) 13 (14.6%) 6 (6.7%)

143 (46.4%) 57 (18.5%) 41 (13.3%) 46 (14.9%) 21 (6.8%)

I would like to learn more about […] (P)

Female

Male

All

94 (43.1%) 60 (27.5%) 42 (19.3%) 13 (6.0%) 9 (4.1%)

25 (28.1%) 27 (30.3%) 23 (25.8%) 12 (13.5%) 2 (2.2%)

119 (38.6%) 87 (28.2%) 65 (21.1%) 26 (8.4%) 11 (3.5%)

I do not wish to continue my education in […] (N)

Female

Male

All

36 (16.5%) 49 (22.5%) 47 (21.6%) 59 (27.1%) 27 (12.4%)

31 (34.8%) 14 (15.7%) 15 (16.9%) 16 (18.0%) 13 (14.6%)

67 (21.8%) 63 (20.5%) 62 (20.1%) 75 (24.4%) 41 (13.3%)

I am committed to learning […] (P)

Female

Male

All

100 (45.9%) 9 (4.1%) 9 (4.1%) 83 (38.1%) 17 (7.8%)

22 (24.7%) 13 (14.6%) 15 (16.9%) 34 (38.2%) 5 (5.6%)

122 (39.6%) 22 (7.1%) 24 (7.8%) 118 (38.3%) 22 (7.1%)

TABLE 7 Median and interquartile range for STEM semantics survey.

Adjective pair Science
(IQR Q1:Q3)

Mathematics
(IQR Q1:Q3)

Engineering
(IQR Q1:Q3)

Technology
(IQR Q1:Q3)

STEM career
(IQR Q1:Q3)

Fascinating – Dull 2.0 (1.0:4.0) 4.0 (3.0:6.0) 4.0 (2.0:6.0) 4.0 (2.0:5.0) 3.0 (2.0:4.0)

Appealing – Unappealing 3.0 (2.0:4.0) 4.0 (3.0:6.0) 4.0 (2.0:6.0) 3.0 (2.0:5.0) 3.0 (1.0:4.0)

Exciting – Unexciting 3.0 (2.0:4.0) 4.0 (3.0:6.0) 4.0 (3.0:6.0) 4.0 (3.0:5.0) 3.0 (2.0:4.0)

Means Nothing – Means a Lot 6.0 (4.0:7.0) 5.0 (4.0:6.75) 4.0 (3.0:5.0) 5.0 (3.0:6.0) 5.0 (4.0:7.0)

Boring – Interesting 5.0 (4.0:7.0) 4.0 (2.0:6.0) 4.0 (3.0:6.0) 4.0 (3.0:6.0) 5.0 (4.0:7.0)

With regards to perceptions of science, the median scores for the 
five items indicate that participants generally responded positively 
with science being perceived as fascinating, somewhat appealing, 
somewhat exciting, meaning a lot and somewhat interesting. Looking 
at students’ attitude, perceived ability, value and long-term interest, 
this result may not be surprising. Median scores for the five items in 
relation to mathematics, engineering and technology were generally 
more neutral compared to perceptions of science so the interquartile 
range is used to determine whether responses tend towards the 
positive or negative perception. Participants’ perceptions rated 
mathematics as neutral but tending towards dull, unappealing, 
unexciting, somewhat meaningful, and interesting. Students perceived 
engineering neutral for three adjective pairs but tending towards 

unexciting and interesting. Participants perceived technology as 
neutral but tending towards dull, somewhat appealing, somewhat 
meaningful and interesting. Median scores for the five items regarding 
perceptions of STEM careers were slightly positive with a STEM 
career perceived as somewhat fascinating, somewhat appealing, 
somewhat exciting, somewhat meaningful and somewhat interesting.

To compare differences between genders for the STEM 
Semantics Scale, we used the Kruskal–Wallis H-Test since there 
was a considerable difference between the number of participants 
in the comparative groups (nfemale = 218; nmale = 89). As the 
distributions of females’ and males’ scores were not identical, 
we cannot compare medians and instead report on mean ranks. 
Results for differences between genders are shown in Appendix 1.
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With regards to participants’ perceptions of science, there was 
a statistically significant difference ( p < 0 05. ) between genders 
for all five items as follows:

• In rating science as fascinating – dull, χ
2
1( )  = 6.002, p  = 

0.014 with a mean rank score of 143.02 for females and 
169.42 for males.

• In rating science as appealing – unappealing, χ
2
1( )  = 14.044, 

p  = 0.000 with a mean rank score of 137.11 for females and 
177.23 for males.

• In rating science as exciting – unexciting, χ
2
1( )  = 5.901, p  

= 0.015 with a mean rank score of 141.41 for females and 
167.63 for males.

• In rating science as means nothing – means a lot, 
χ 2 1( )  = 5.729, p  = 0.017 with a mean rank score of 155.93 

for females and 130.35 for males.
• In rating science as boring – interesting, χ

2
1( )  = 6.243, p  

= 0.012 with a mean rank score of 155.73 for females and 
128.91 for males.

These results indicate that females in this study had 
significantly more positive perceptions of science compared to 
males for all items, with the greatest difference between the 
genders found in their rating of science in terms of appealing 
– unappealing.

Comparing females’ and males’ perceptions of 
mathematics, there was a statistically significant difference 
( p < 0 05. ) between genders in rating mathematics as boring 
– interesting, χ 2 (1) = 4.638, p  = 0.031 with a mean rank 
score of 143.25 for females and 166.72 for males. There was 
no statistically significant difference ( p < 0 05. ) between 
genders in rating other mathematics items. These  
results indicate that males have a significantly greater interest 
in mathematics compared to females in our study, but while 
male participants had more positive responses to  
mathematics compared to females for other items the 
differences between the genders’ responses were not 
statistically significant.

In relation to participants’ perceptions of engineering, a 
statistically significant difference ( p < 0 05. ) between genders 
was found for four of the scale items as follows:

• In rating engineering as fascinating – dull, χ
2
1( )  = 12.133, 

p  = 0.000 with a mean rank score of 158.97 for females and 
121.34 for males.

• In rating engineering as appealing – unappealing, 
χ 2 1( )  = 15.977, p  = 0.000 with a mean rank score of 160.84 

for females and 117.35 for males.
• In rating engineering as exciting – unexciting, 
χ 2 1( )  = 11.003, p  = 0.001 with a mean rank score of 157.45 

for females and 121.85 for males.
• In rating engineering as boring – interesting, χ

2
1( )  = 5.255, 

p  = 0.022 with a mean rank score of 139.90 for females and 
164.66 for males.

These results indicate that males in our study had significantly 
more positive perceptions of engineering compared to females 
for four items, with the greatest difference between the genders 
was found in their rating of engineering in terms of appealing 
– unappealing.

There was a statistically significant difference ( p < 0 05. ) 
between genders found for three of the scale items in relation to 
technology as follows:

• In rating technology as fascinating – dull, χ
2
1( )  = 6.485, p  

= 0.011 with a mean rank score of 157.05 for females and 
129.56 for males.

• In rating technology as appealing – unappealing, 
χ 2 1( )  = 7.718, p  = 0.005 with a mean rank score of 157.08 

for females and 126.83 for males.
• In rating technology as exciting – unexciting, χ

2
1( )  = 9.670, 

p  = 0.002 with a mean rank score of 157.68 for females and 
124.08 for males.

These results indicate that male participants in our study had 
significantly more positive responses to technology compared to 
females for these three items, with the greatest difference between 
the genders found in their rating of technology in terms of being 
exciting – unexciting. No statistically significant difference 
emerged between the genders’ responses to the items means 
nothing – means a lot or boring – interesting.

There was no statistical difference ( p < 0 05. ) between 
genders in rating any of the career items.

Discussion

In this section, we discuss the findings to address our research 
questions: 1. What are student attitudes towards science, 
technology, engineering and mathematics as measured through: 
awareness (initial interest); perceived ability; value; and 
commitment (long-term interest)? 2. What gender differences 
occur regarding students’ attitudes to science, technology, 
engineering and mathematics? In addressing these questions, our 
discussion is centred around three key issues and/or challenges: 
access to STEM, attitudes to STEM and gender differences. 
We also discuss limitations of our study.

Access to STEM subjects

Our findings highlight the differential access to STEM subjects 
for post-primary students in Ireland, particularly in relation to 
technology and engineering subjects. Students attending 
single-sex schools in this study did not have access to engineering 
subjects at their school and many students were confused as to 
whether they had access to technology subjects due to the lack of 
clarity in labelling of these subjects in the school curriculum. Post-
primary schools in Ireland fall into three categories: voluntary 
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secondary schools, vocational schools, and community and 
comprehensive schools (Eurydice, 2019). Single-sex schools are 
secondary schools while co-educational schools include all three 
school types. Traditionally, secondary schools chiefly offered 
perceived ‘academic’ subjects while vocational schools offered 
more ‘practical’ subject choices and this traditional segregation 
continues to some extent today. As a result, students attending 
secondary schools, and consequentially students attending 
single-sex schools, have limited access to subjects from the 
technology and engineering suite. Interpreting this situation in 
terms of the UNESCO (2017) Ecological Framework, we see how 
school and societal factors impact individual factors in terms of 
females’ participation, achievement and progression in STEM 
studies and careers. Many students do not have a choice in relation 
to the post-primary school they attend, meaning that access to all 
STEM subjects is essentially a ‘postcode lottery’. Students, or 
indeed their parents, who have a choice and prefer single-sex 
educational settings may or may not be  aware of the limiting 
consequences of their choice. If the gender gap problem is 
considered as a “leaky pipeline,” with low female participation in 
second-level STEM subjects leading to similarly low participation 
rates in third level STEM programs, lack of access to STEM 
subjects must be seen as one of the sources of the leaks and a key 
challenge to students, and for the purpose of our interest 
particularly, females’ participation in STEM education and 
careers. “Education systems and schools play a central role in 
determining girls’ interest in STEM subjects and in providing 
equal opportunities to access and benefit from quality STEM 
education” (UNESCO, 2017, p. 11), but clearly there is significant 
scope for improving equal opportunities in the current Irish post-
primary system.

Furthermore, there is a need for greater clarity about what 
STEM means in relation to post-primary education. Our 
study found considerable confusion among students about 
what STEM means in relation to school subjects, particularly 
technology. This could be observed in the fact some students 
were unsure whether technology was offered at their school. 
At Junior Cycle in Ireland (which all participants in our study 
had completed), there are two technology subjects – 
construction studies and design and communication graphics. 
However, even at a state curricular level, there appears to be a 
lack of clarity about what technology constitutes. The 
National Council for Curriculum and Assessment (NCCA) 
includes engineering in the technology suite of subjects, 
which highlights a systemic lack of clarity concerning the 
technology and engineering aspects of STEM in the Irish 
school system. McGarr and Lynch (2017) discussed the 
absence of technology and engineering from the broader 
STEM agenda in post-primary schools, pointing not only to 
the under-resourced and out of date subjects on offer but also 
to the social history of these vocationally-oriented subjects 
and their resultant lower status in the school curriculum. Our 
findings indicate that this ‘absence’ manifests in lack of 
understanding and awareness of these subjects among 

students. This leads us to suggest that, in Ireland, the STEM 
education agenda might be  better represented as S(t)eM 
because of the limited offering of engineering subjects and 
the confusion that exists about the meaning of “technology.” 
Adopting engineering design as a catalyst to STEM education 
and developing a more profound and clear understanding of 
technology is therefore paramount to STEM education 
(Kelley and Knowles, 2016). With different interpretations of 
STEM amongst researchers (Bybee, 2013) and between 
contexts (research, policy, school, society, media etc.), 
we argue for the need for greater transparency and consistency 
about what STEM means, especially in relation to 
school subjects.

Student attitudes to STEM

Students in our study generally held positive attitudes 
towards science (enjoyment, curiosity, liking, importance, 
value, doing well, commitment to learning) and less positive 
attitudes towards mathematics (not liking, difficult, not 
confident, do not understand) while still endorsing the value 
of mathematics and a commitment to learning it. Students in 
our study also expressed a lack of interest in engineering, and 
no strong views on technology, possibly because they did not 
understand what this discipline meant in a school context 
which presents a challenge to future participation. 
Engineering was perceived as having the least value among 
the STEM subjects, which again could be linked to the lack of 
access in schools compared to science and mathematics and 
the sub-cultures surrounding STEM subjects in post-primary 
education in Ireland (McGarr and Lynch, 2017). This finding 
highlights again the interrelation of school and societal 
factors with the individual’s STEM ecosystem (UNESCO, 
2017). Ireland’s STEM Education Policy Statement 2017–2026 
advocates for “the highest quality STEM education experience 
for learners that nurtures curiosity, inquiry, problem-solving, 
creativity, ethical behaviour, confidence and persistence, 
along with the excitement of collaborative innovation” (DES, 
2017, p. 12). The report highlights the importance of inspiring 
young people’s curiosity and the related educational benefits. 
Our study indicates that students are distinctly lacking this 
curiosity about mathematics, more so than any other STEM 
subject. Our study also found demonstrably lower confidence 
in mathematics compared to other STEM subjects, although 
this is caveated by the low participation in technology and 
engineering. We argue the need to identify and implement 
ways to foster students’ curiosity and confidence regarding 
mathematics as mathematics underpins all STEM learning. 
Additionally, there is an obvious need to introduce 
engineering and technology subjects to students to be able to 
determine their real attitude towards these subjects. Recent 
research has highlighted the importance of value-related 
beliefs as a strong predictor of career aspirations in STEM 
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(Wang et al., 2013; Wegemer and Eccles, 2019). In our study, 
technology and engineering were perceived by students as 
having less value than science and mathematics, and this 
‘lower value’ is also reflected in the challenges of reduced 
access to these subjects and the lack of clarity surrounding 
these subjects in the Irish post-primary system.

Gender differences

In our study, females had significantly more positive 
perceptions and attitudes to science compared to males. 
Science was perceived by female students as the most valuable 
STEM subject to learn, more appealing, interesting and 
enjoyable and with higher levels of confidence in science 
compared to other STEM subjects. Our survey did not 
differentiate between biology, chemistry, physics, and 
agricultural science as individual science subjects, which may 
have elicited different responses. In light of the significant 
gender differences in science subject enrolments at Senior 
Cycle in Ireland, the question remains as to how to harness this 
interest in science reported by females in our study and apply 
it to the individual scientific disciplines such as physics and 
chemistry, as well as to other STEM subjects. What exactly is it 
about science at Junior Cycle that attracts female students and 
yet does not translate into studying the physical sciences at 
Senior Cycle and beyond? There is future work to be done in 
answering these questions.

Female students in our study reported less positive attitudes 
to mathematics compared to male students in terms of liking, 
interest and value. Mathematics was perceived by all students as 
the most difficult STEM subject, although female students 
reported less positive perceptions about their abilities compared 
to males. This finding ties in with the findings of Brown et al. 
(2017), who reported that in instances where post-primary school 
students achieve the same grades, females’ perceived ability in 
STEM subjects is lower than males. This lower perception of 
ability by females can be particularly potent in relation to future 
ability and may be a factor in females’ avoidance of future studies 
or careers in these disciplines. Female students in our study also 
reported lower enjoyment of engineering compared to male 
students, while females also had significantly less positive 
perceptions of technology compared to males. This is likely linked 
to these female students having little exposure to technology and 
engineering at school, although that challenge also exists for 
male students.

A positive finding in our study was that no significant 
difference emerged between male and female students’ perceptions 
of STEM careers. One possible explanation is that the participants 
were not yet at Senior Cycle and therefore had not decided on a 
career/college path. This may indicate the potential for interceding 
at this stage of post-primary education, prior to subject choice at 
Senior Cycle, with a view to enhancing awareness of STEM 
courses and careers and encouraging future participation and 

engagement with STEM. The Accenture (2014) report highlights 
that parents may have low career knowledge, which makes it 
difficult for them to offer career advice to their children, who in 
turn have trouble making decisions and understanding careers. 
Future work is required to design, implement and evaluate 
interventions aimed at students, particularly females, and 
potentially their parents to encourage informed decisions about 
future STEM subject/career choice.

Limitations of the study

There are some limitations of our study which we recognise 
and outline here. Firstly, a sampling bias in favour of females 
occurred as only schools that participated in the STEMChAT 
project were sampled and the project purposefully targeted female 
students in particular. Therefore, some of the schools that 
participated were all-girls schools. However, there were sufficient 
numbers of male students to allow for statistically valid gender 
comparison. The inclusion of single-sex girls’ schools also 
highlighted the inequitable access to technology and engineering 
subjects experienced by female students. Secondly, the schools 
sampled in this study were all located in one province of Ireland. 
We do not claim that findings are representative of all students in 
Ireland. Rather, our findings provide some insight into these 
particular students’ attitudes towards STEM while bringing to light 
some challenges that exist regarding subject access, attitudes and 
gender differences which need further research on a national scale. 
Thirdly, although STEM was defined as science, technology, 
engineering and mathematics, what was meant by each subject was 
not interrogated in the survey. For example, in relation to the term 
science, some students may have been answering the survey based 
on a particular aspect of science (e.g., physics) or interpreting the 
term as encompassing many different aspects of science. There was 
evident confusion among some students about what technology 
means, as previously discussed. Future data collection should seek 
to clarify and unpack each of the STEM disciplines.

Conclusion and recommendations

This paper aimed to identify students’ attitudes to STEM as 
well as any gender differences with regards to these attitudes, and 
ultimately to determine challenges to female students’ 
participation in STEM both at the post-primary (secondary) level 
and beyond. We surveyed 308 post-primary students in Ireland as 
part of a one-year SFI-funded research project “STEMChAT: 
Women as catalysts for change in STEM education.” The results 
pointed to three key findings and challenges relating to (1) access 
to STEM subjects, (2) students’ attitudes, and (3) gender 
differences, and we  offer some recommendations in relation 
to these.

The results in this study highlight the challenge of equal 
access to STEM subjects in different types of post-primary 
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schools. For example, many secondary schools, particularly 
the single-sex ones, have limited access to technology and 
engineering subjects. If our aim is to enhance the STEM 
subject and career involvement, the current Irish post-
primary school system should be reformed to provide equal 
opportunities to all students, particularly girls, in order to 
access STEM subjects. Additionally, considerable confusion 
emerged among students about what STEM means regarding 
school subjects, particularly technology and engineering, 
which might be related to the access (or lack thereof) to these 
subjects in schools. STEM education stays as a contested term 
lacking a unified definition (Bybee, 2013; McLoughlin et al., 
2020); we  suggest developing greater transparency and 
consistency about what STEM means, especially in relation to 
school subjects.

Students in our study generally held positive attitudes 
towards science and less positive attitudes towards 
mathematics, while they expressed a lack of interest in 
engineering and no strong views on technology. Six schools 
(including 4 girls’ schools) did not offer access to technology 
and engineering subjects, which conceivably might have 
affected these results. We  suggest identifying and 
implementing ways to foster students’ curiosity and 
confidence regarding mathematics and providing increased 
exposure to engineering and technology subjects to enable 
students to determine more informed attitudes towards 
these subjects.

Our study found that female students had significantly 
more positive attitudes towards science compared to males 
while, in comparison, males had a significantly more positive 
response to mathematics compared to females. Further 
research is needed to determine how to harness female 
students’ positive attitudes towards science and cultivate this 
in the other STEM subjects. Additionally, no significant 
difference was found in this study between male and female 
students’ perceptions of STEM careers. We suggest that an 
opportunity exists during Transition Year, prior to Senior 
Cycle subject choice, to enhance students’ awareness of STEM 
subjects, third-level courses and careers in order to encourage 
future participation and engagement with STEM.

Overall, this study contributes to the STEM education field by 
identifying challenges to female students’ participation in STEM 
in the Irish context and recommending future research to further 
understand and overcome them. In so doing, our paper 
contributes to the international discussion and agenda to provide 
“equal opportunities to access and benefit from quality STEM 
education” (UNESCO, 2017, p. 11).
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Appendix
Appendix 1. Kruskal–Wallis H-Test for differences between genders for STEM semantics scale.

Item Science Mathematics Engineering Technology STEM career

Fascinating – Dull
( )12χ  = 6.002,

p  = 0.014

( )12χ  = 2.814,
p  = 0.093

( )12χ  = 12.133,
p  = 0.000

( )12χ  = 6.485,
p  = 0.011

( )12χ  = 0.389,
p  = 0.533

Appealing – Unappealing ( )12χ  = 14.044,
p  = 0.000

( )12χ  = 1.709,
p  = 0.191

( )12χ  = 15.977,
p  = 0.000

( )12χ  = 7.718,
p  = 0.005

( )12χ  = 0.301,
p  = 0.584

Exciting – Unexciting ( )12χ 5.901,
p  = 0.015

( )12χ  = 1.380,
p  = 0.240

( )12χ  = 11.003,
p  = 0.001

( )12χ  = 9.670,
p  = 0.002

( )12χ  = 0.008,
p  = 0.927

Means Nothing – Means a Lot ( )12χ  = 5.729,
p  = 0.017

( )12χ  = 1.263,
p  = 0.261

( )12χ  = 3.049,
p  = 0.081

( )12χ  = 0.841,
p  = 0.359

( )12χ  = 0.134,
p  = 0.715

Boring – Interesting ( )12χ  = 6.243,  
p  = 0.012

( )12χ  = 4.638,
p  = 0.031

( )12χ  = 5.255,
p  = 0.022

( )12χ  = 2.288,
p  = 0.130

( )12χ  = 0.003,
p  = 0.958
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Stereotypes in the German 
Physics Olympiad - Hurdle or  
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The German Physics Olympiad is a science competition in which students 

can compete to measure their Physics knowledge and skills with other 

students. Female participants are underrepresented and typically drop out 

of the competition earlier than their male counterparts. As the cause for 

this underrepresentation, social identity threat theory identifies a threat to 

women’s gender identity in the predominantly male environment. Stereotype 

threat theory adds negative stereotypes about women’s abilities in physics 

as a heightening factor. In this study, growth mindset and values affirmation 

interventions, as well as a combination of both methods, were integrated into 

a weekend seminar of Physics content to protect female participants from 

the harmful influences of stereotype and social identity threat. As female and 

male students’ sense of belonging and gender identification remained at equal 

levels, respectively, after the interventions, the results did not show any effects 

of stereotype threat or social identity threat for the female students. The 

results suggest that women who are highly interested and talented in physics 

and have taken first steps to pursue physics and to engage with the physics 

community beyond mandatory school education are not as susceptible to 

stereotypes and harmful cues in the environment as might previously have 

been assumed. Implications for future research and science competitions are 

discussed.

KEYWORDS

stereotypes, social identity threat, stereotype threat, science competitions, physics

Introduction

Why are females still a minority in physics? One reason for the underrepresentation of 
women that is discussed in the literature is stereotype threat, that is, the phenomenon that 
minorities start to unconsciously live up to negatively stereotyped behavior in fields 
consisting of a predominant majority (e.g., Steele and Aronson, 1995; Steele et al., 2002; 
Hall et  al., 2015; Bedyńska et  al., 2018). Women are affected by this as they are 
underrepresented in many science environments and faced with stereotypes of lacking 
science talent.
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Previous research introduced various interventions to fight 
stereotype threat (e.g., Cheryan et  al., 2011; Lin-Siegler et  al., 
2016). As the mere presence of negative stereotypes might lead to 
stereotype threat effects (e.g., Huguet and Régner, 2009; Marchand 
and Taasobshirazi, 2013) and its various negative consequences 
(e.g., Schmader and Johns, 2003; Hall et  al., 2015, 2018), 
interventions aim to shield minority groups from stereotype threat 
instead of eliminating stereotypes from the environment. 
Especially two short intervention methods showed noticeable 
success: First, interventions that aim to reduce the impact of 
stereotypes by teaching students about the malleability of the 
brain, the use of effort, and struggle to gain success (growth 
mindset; e.g., Blackwell et  al., 2007; Yeager et  al., 2016), and, 
second, interventions that affirm participants in their values 
(values affirmation; e.g., Cohen et al., 2006, 2009).

However, these interventions have not yet been tested with the 
important sample of students who chose to engage in 
extracurricular science activities. These students show interest and 
intention to engage in the domain by pursuing science outside the 
mandatory school curriculum. Nonetheless, female students who 
participate in such extracurricular science activities experience 
stereotype threat (see Ladewig at al., 2020).

In this study, participants in the German Physics Olympiad, a 
physics competition, were invited to physics seminars. In these 
seminars, students participated in either an intervention of growth 
mindset, an intervention of values affirmation, or a combination 
of both. We investigated how the different short interventions 
impacted sense of belonging, social identity threat, stereotype 
endorsement, perceptions of environmental stereotyping, and 
gender identification.

Theoretical background

The German Physics Olympiad presents a science 
environment, which students encounter outside of their 
mandatory school education. Students decide freely whether they 
want to participate in the competition. However, female students 
decide to do so not as often as the male students. Which are the 
driving influences leading to this gender gap?

Underrepresentation of women in 
science

Females in science face stereotypes about women having 
supposedly lower talent or not fitting within the male in-group. In 
line with the stereotypical association of sciences with the male 
gender (see Makarova et al., 2019), only about every fifth academic 
in science, technology, engineering, or mathematics fields in 
Germany is female (Anger et al., 2019). This underrepresentation 
of women begins with decreasing science interest in school for 
girls but not for boys (Sadler et  al., 2012) and ends with low 
numbers of women in science careers (e.g., Kahn and Ginther, 

2015; Miller and Wai, 2015; Su and Rounds, 2015). Although the 
gender gap is less pronounced in some domains, it is very distinct 
in physics (e.g., Düchs and Mecke, 2019). But why is science such 
a hindering environment for females?

Science provides cues that drive many women from the field. 
A person remains in an environment if their perception of their 
self fit to the person stereotypically expected in the environment 
(e.g., Setterlund and Niedenthal, 1993; Hannover and Kessels, 
2004). Hannover and Kessels (2004) showed that the prototypical 
student who prefers stereotypically female subjects such as 
humanities to stereotypically male subjects such as physics is 
perceived in a more positive manner than a student who prefers 
science subjects. Additionally, perceived similarity to other 
members of a field moderates women’s interest in continuing in a 
stereotypically male domain (Cheryan and Plaut, 2010). Therefore, 
women in science face a high hurdle when intending to stay in this 
male environment because science appears rather male and 
unpopular. The stereotypes contradict their fit to the field and 
encourage women to leave.

Nevertheless, several women master this hurdle and begin to 
pursue science. Science competitions provide one opportunity for 
interested students to engage in science domains outside of school. 
In Germany, 9,065 students participated in in the 2019 Science 
Olympiads, which include competitions in several science  
domains.

Yet, gender differences are visible and especially pronounced 
in the German Physics Olympiad. The German Physics Olympiad 
is organized into four consecutive rounds. Each round requires 
students to solve physics tasks or do experiments. The initial 
registration for the competition is open to any interested student, 
who is still in school and within the yearly set age limit. In the first 
round, physics teachers receive a best practice solution for the 
tasks and judge the participants’ solution according to this. Only 
those participants, who solved the tasks best, continue from there 
on to the next rounds. Thus, the number of participants 
continually decreases. Eventually, the best five students form the 
national team for the international competition. The Physics 
Olympiad faces two connected problems concerning gender 
representation. First, fewer females than males choose to 
participate. In 2018, only 28% of all participants were female. 
Second, these female participants drop out of the competition in 
disproportionally higher numbers than the male participants do. 
This often leads to all-male national teams, as was the case in 2019.

Stereotype threat and social identity 
threat

What causes this underrepresentation of female participants? 
An important factor in the context of science competitions is 
stereotypes (Steegh et al., 2019). Stereotype threat theory explains 
how stereotypes impact behavior.

Stereotype threat occurs to minority groups that enter a field 
in which they are underrepresented and faced with negative 
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stereotypes about their groups’ characteristics or abilities (e.g., 
Hall et al., 2015; Bedyńska et al., 2018). It is hypothesized that the 
negative stereotypes trigger stereotype threat, which inhibits the 
members of the stereotyped group from performing to their full 
potential (e.g., Steele and Aronson, 1995; Steele et  al., 2002). 
Implicit and explicit cues in the environment about the 
stereotypes’ eligibility can induce this mechanism (e.g., Spencer 
et al., 1999; Marchand and Taasobshirazi, 2013).

Stereotype threat effects have been demonstrated for several 
groups, from women in sciences (e.g., Miller et al., 2015; Smyth 
and Nosek, 2015), to males in typically female jobs, to older 
employees in working life (e.g., Hartley and Sutton, 2013; 
Froehlich et al., 2016; Kalokerinos et al., 2017; Rahn et al., 2020). 
All of these groups face stereotypes regarding either their abilities 
or their lacking fit within their chosen environment, e.g., that 
women lack talent for science and are consequently not able to 
perform as good as men. Negative stereotypes lead not just to 
lower performance levels (Steele and Aronson, 1995; Shih et al., 
1999; Flore and Wicherts, 2015) but also to various other negative 
changes such as the minority members’ stronger wishes to leave 
the environment (Kalokerinos et al., 2017).

Although women try to counteract the negative stereotypes in 
science to prove their falsehood (Jamieson and Harkins, 2011), 
they still feel less accepted, more mentally exhausted, and less 
competent (Schmader and Johns, 2003; Hall et  al., 2015). 
Stereotype threat is also connected to heightened anxiety (Ben-
Zeev et al., 2005) and burnout (Hall et al., 2018).

Social identity threat intensifies negative effects even further 
(see van Veelen et al., 2019). Stereotype threat is a specific theory 
within the theoretical framework of social identity threat 
(Schmader et al., 2015). The general feeling of being different from 
the majority group because of one’s social identity causes social 
identity threat (e.g., Steele et al., 2002; Hall et al., 2018). Schmader 
(2002) showed that gender identification can explain performance 
differences between males and females in science. Women who 
strongly identified with their gender performed tasks worse than 
men if the tasks were linked to gender identity. Women with lower 
gender identification performed at the same level as men. As 
women identify with the negatively stereotyped gender identity 
more easily when in science environments (Marx et al., 2005), 
gender identification can lead to stereotype threat and, 
consequently, lower performance (e.g., Shih et al., 1999; Flore and 
Wicherts, 2015). Endorsing negative stereotypes and believing in 
their eligibility further heightens these effects (Schmader 
et al., 2004).

Sense of belonging

Stereotypes about females in physics also go beyond stereotype 
threat. Members of a stereotyped group that enter a situation in 
which stereotypes are present then doubt their abilities and are 
more likely to interpret lower performance as the result of missing 
fit within the environment (Aronson and Inzlicht, 2004). When 

doubting their abilities, individuals perceive features in the 
environment that could justify their doubt. Belonging uncertainty 
— the feeling of not being sure whether they fit within the group 
(Walton and Cohen, 2007) — can lead to individuals distancing 
themselves from the group, environment, and tasks. For example, 
female students who perceive their environment as negatively 
stereotyping women in math feel less belonging within the math 
environment (Good et  al., 2012). This can lead to negative 
performance and, thereby, to the unintentional confirmation of 
the negative stereotypes (Steele and Aronson, 1995).

Sense of belonging, which is the feeling of connection, 
membership, trust, participation, positive affect, and acceptance 
in a group (Good et al., 2012), is closely connected to a wide range 
of variables relevant for academic success. Among others, value of 
school (Gillen-O’Neel and Fuligni, 2013), intrinsic motivation 
(Freeman et  al., 2007), and academic adjustment in college 
(Pittman and Richmond, 2007) are linked to belonging. 
Consequently, belonging uncertainty is especially disadvantageous 
in situations that require high performance and achievements.

Women could benefit from feeling more belonging in science. 
Murphy et  al. (2007) showed that women had lower sense of 
belonging and fewer intentions to participate in science settings 
that appeared to be predominantly male than in settings with 
equal numbers of male and female participants. Because men 
choose science environments more often, they create a 
predominantly male environment that is associated with male 
characteristics. Thus, as the sense of belonging influences a 
woman’s decision to leave science or not (e.g., Good et al., 2012; 
Banchefsky et al., 2019), the association of male characteristics 
with science is likely to reduce women’s aspirations to continue in 
science fields (e.g., Makarova et al., 2019).

Interventions against stereotype threat

To interrupt the ongoing cycle of stereotype threat and self-
selection out of science, a supportive identity and system of values 
need to be formed; these are predictors of persistence in a domain 
(Estrada et al., 2011). Especially short psychological interventions 
that can be implemented easily in various situations (e.g., Yeager 
et al., 2013; Brady et al., 2020) can be valuable because they can 
be  implemented in school, college and even in physics 
competitions. Growth mindset and value affirmation interventions 
both fall into this category and have been shown to be beneficial 
in protecting participants against stereotype threat and social 
identity threat.

Growth mindset
One common stereotype is that females do not have science 

talent. Especially in sciences that require a lot of mathematics such 
as physics, people endorse the opinion that success is built on 
talent (Deiglmayr et  al., 2019; see also Archer et  al., 2020; 
Johansson, 2020). This, however, results in a vicious cycle: Fewer 
women in a field are connected to higher beliefs in talent as the 
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basis for success in this domain (Bailey et al., 2019). As stereotypes 
drive women to leave physics, the predominantly male gender 
ratio persists and consequently strengthens the stereotypes about 
female talent, which again drives more women to leave.

How can an intervention break this cycle? Aiming to change 
implicit theories of intelligence takes away the basis of the 
assumption that talent is essential for success.

Implicit theories of intelligence can be divided into two groups: 
Entity theories, which assume that characteristics such as cognitive 
abilities cannot be changed, and incremental theories, which assume 
those characteristics change through effort and work (e.g., Blackwell 
et al., 2007; Burnette et al., 2013). Entity theories of intelligence tend 
to promote stereotypes about talent in science. Yeager et al. (2016) 
tested growth mindset interventions that promoted an incremental 
theory of intelligence. These interventions had three successive 
steps: First, participants read information on how intelligence can 
be  enhanced. Second, they found examples in their personal 
experience where the learned information applied and, lastly, they 
wrote a letter that encouraged other students to handle struggles 
based on this information. Students’ belief changed from an entity 
theory to an incremental theory of intelligence after the intervention.

Also, stereotypes affected the performance of college students 
less after such interventions (e.g., Alter et al., 2010), thus showing 
reduced stereotype threat. Students who held an incremental 
theory of intelligence also enjoyed and engaged more in academic 
work (Aronson et al., 2002).

Values affirmation
Female students who enter a physics environment are 

perceived as a minority whose fit and belonging are threatened 
and questioned (e.g., Aronson and Inzlicht, 2004). This 
uncertainty can be reduced with values affirmation interventions 
that heighten the fit of self and situation (e.g., Cohen et al., 2006). 
Cohen et al. (2006) asked a stereotypically threatened minority to 
participate in a values affirmation intervention that aimed to 
achieve self-integrity and an unthreatening environment. Students 
received a list of values and were asked to choose the personally 
most important one and write about why it was important to 
them. Their results showed that the achievement gap, created by 
racial stereotypes, went down by 40% after the intervention. The 
activation of stereotypes in performance situations was also 
lowered. Similar effects were shown by Cohen et al. (2009) along 
with the intervention’s long-term positive impact on performance. 
Nevertheless, several studies find no effects of the interventions 
(de Jong et  al., 2016; Bayly and Bumpus, 2019) or even goal 
disengagement (Vohs et  al., 2013). Still, in physics contexts, 
Miyake et al. (2010) found beneficial effects for women, especially 
if these endorsed stereotypes about women in science.

The present study

How are females in physics affected by stereotypes and how 
can we help them pursue their interest in physics? To address 

these questions, the current study aimed to analyze two different 
interventions against stereotype threat in the context of the 
German Physics Olympiad. The results of previous research 
suggest that brief growth mindset and values affirmation 
interventions are useful in combating stereotype threat for school 
(e.g., Cohen et al., 2009; Yeager et al., 2016) and college students 
(e.g., Aronson et al., 2002; Miyake et al., 2010). However, to the 
best of our knowledge, these interventions have not been tested in 
science competitions.

The Physics Olympiad presents a typically predominantly 
male science environment, while at the same time presenting a 
selective sample of participants who have shown ongoing interest 
in science by entering the competition and pursuing physics 
knowledge beyond school education. Although the competition 
does not explicitly broadcast stereotypes about women having 
lacking talent for science, previous research has indicated that 
stereotype threat has negative effects on female participants of 
science competitions (e.g., Steegh et  al., 2019; Ladewig et al., 
2020). It seems advisable to implement growth mindset and 
values affirmation interventions to protect female participants of 
the German Physics Olympiad from the potential damage by 
those stereotypes. Implementing the interventions during the 
participants’ first encounter with other Physics Olympiad 
participants enables the assessment of whether these interventions 
prevent stereotype threat because it marks female students’ first 
exposure to the predominantly male environment. The encounter 
should heighten stereotype threat and social identity threat effects 
as here, female participants are first personally entering the 
apparently stereotyping and predominantly male environment of 
the competition. Researching both participants’ personal 
agreement with stereotypes and their perception of other’s beliefs 
in stereotypes within the Physics Olympiad seems advisable.

Based on previous research on stereotype threat, social 
identity threat, and sense of belonging, we  formed several 
hypotheses. The first hypothesis focused on the benefits of the 
interventions on the variables that stereotype threat and social 
identity threat are theorized to impact. We assumed that both 
interventions would have equally beneficial effects but that the 
best results would be achieved by combining the two interventions. 
Those effects were expected to continue after the seminar. As, 
however, we do not expect male participants to suffer under any 
social identity or stereotype threat effects, which the interventions 
aim to counteract, they should also not experience changes by 
participating in the interventions.

H1a: We hypothesized that female students would rate sense 
of belonging higher and gender identification lower directly 
after the interventions as well as several weeks after the 
interventions than before the interventions. For male students, 
no changes were expected.
H1b: We expected that the combination of both interventions 
would have stronger effects, that is, would lead to a stronger 
increase in sense of belonging and a stronger decrease in 
gender identification.
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Further, we  aimed to compare the female and male 
participants’ assessments of variables crucial for stereotype 
threat and for perceived social identity threat with the study. 
Therefore, the second hypothesis can be split into three parts 
based on the environment the participants were facing. At the 
first measurement point, students had not yet met the other 
participants and made their assessments based on previously 
experienced physics environments. These perceptions were 
expected to be  stereotyped on the basis of participants’ 
experience from school and media. This study used an explicit 
measure of stereotype endorsement; it needs to be considered 
that the assessments, especially those of the female 
participants, might differ from implicit measures (cf. Kessels 
et al., 2006). Women might feel less inclined to explicitly agree 
with negative stereotypes about women in science than male 
participants do and might indicate lower beliefs in negative 
stereotypes about women. An explicit measure seems, 
nevertheless, appropriate as higher stereotype endorsement 
was previously shown to predict higher sensitivity to the 
consequences of stereotype threat (e.g., Schmader et al., 2004; 
Pennington et al., 2016).

H2a: We hypothesized that, before the interventions, females 
would endorse negative stereotypes about women in physics 
less than males. Here, female should perceive more social 
identity threat than males.

When the participants arrived at the seminar, they 
encountered a predominantly male group. This again should 
present a stereotypical environment. The literature suggests that 
in predominantly male science groups, females identify more with 
their gender (e.g., Schmader, 2002) while also feeling less 
belonging and perceiving the environment to be stereotyping (e.g., 
Good et al., 2012).

H2b: We hypothesized that, after the first meeting with other 
participants of the German Physics Olympiad, females would 
perceive stronger environmental stereotyping than males. 
We expected females to endorse negative stereotypes about 
women in physics less than males.

The interventions took place in the seminars. The 
interventions aimed to reduce perceptions of stereotyping for the 
female participants but not for the male participants and we thus 
did not expect women to perceive stereotypical cues in the 
environment differently than the male participants.

H2c: We hypothesized that, directly after the interventions, 
females would have equal perceptions of environmental 
stereotyping and social identity threat to males in the 
physics environment. We  expected females to endorse 
negative stereotypes about women in physics less 
than males.

Materials and methods

To study the hypotheses, we conducted a study within two 
successive years of the German Physics Olympiad.

Project “Identiphy – Identity 
development in physics!”

The study presented in this paper was part of the larger project 
“Identiphy – Identity development in physics!” (see also Ladewig 
et al., 2022). The project included a longitudinal study with two 
cohorts of German Physics Olympiad participants. Participation 
was voluntary. The study included four measurement points that 
took place before and after a weekend-long seminar, which was 
advertised to teach additional physics knowledge and give 
participants the chance to meet other participants of the German 
Physics Olympiad. The study took place directly after the first 
competition round, which consisted of solving physics tasks at 
home, so students encountered other participants for the first time 
at the seminars. Thereby, we  aimed to study the regular 
competition conditions: Students, most often, encounter other 
highly interested and talented students for the first time when 
entering the higher competition’s rounds. This was replicated with 
our placing of the study after filling in the first tasks at home. Also, 
we did not explicitly trigger stereotypes. In a normal competition, 
this would also not happen. Students just perceive the regular 
broadcasting of the stereotypes in the competition 
and environment.

Participants

All participants in the German Physics Olympiad received an 
invitation to participate in voluntary weekend seminars. 
Invitations went out via e-mail or letter, and participants were 
informed that declining participation would not lead to any 
disadvantages in the competition and that questionnaires would 
remain anonymous. All students or, if they were underaged, their 
legal guardians provided informed consent before participation.

Overall, 298 students participated. Of these, 82 were 
female (age: M = 15.87, SD = 1.22) and 216 male (age: 
M = 15.93, SD = 1.36). 167 students participated in the first 
(age: M = 15.87, SD = 1.26; 42 female, 125 male) and 131 in 
the second cohort (age: M = 15.95, SD = 1.40; 40 female, 91 
male participants). Students could choose one out of six 
weekend seminars in the first year and one out of four 
weekend seminars in the second year. At the weekend 
seminars, participants formed 11 groups in the first and 10 
groups in the second year. Each group was randomly assigned 
to an intervention approach. In each case, the whole group 
was assigned to one approach because each intervention 
demanded different amounts of time and could only be easily 
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included in the program if all students within one group 
participated in the same intervention. Table  1 shows the 
numbers of participants in each intervention method for both 
years and the overall sample, who were included in the 
analyses based on the intervention groups they could 
be clearly associated with.

We deferred from separating the cohorts in the analysis 
because they did not vary significantly in gender

 [ ]2 1 1.13, 0.287pχ = =

or age

 [ ]264 0.51, 0.609.t p= − =

Using G*Power 3.1 (Faul et  al., 2007, 2009) to calculate a 
sensitivity analysis, the sample size of 278 participants, whose 
assessments were clearly allotted to the three intervention groups, 
has a critical population effect size of 0.08 for comparing two 
groups, in this case male and female participants, for an analysis 
of variance. The sample size of 278 participants has a critical 
population effect size of 0.10 for comparing three groups with a 
mixed analysis of variance.

Procedure and intervention methods

Figure 1 gives an overview of the study proceedings and the 
scales. Students were able to choose one of the four cities in which 
the seminar took place according to their own preferences. 
Students registered for the seminar and received further 
information on the study as well as informed consent forms. 
Following the submission of those forms, students filled in a 
questionnaire online and received preparatory materials covering 
the physics content of the seminar.

Students arrived at the seminars without having knowledge of 
the planned intervention. They were first assigned to groups 
before filling in the second questionnaire. Next, the interventions 

took place. At the seminar, these questionnaires and interventions 
took place on paper under supervision of the seminar staff.

The growth mindset intervention was adapted from Yeager 
et al. (2016). Participants read a text that explained how learning 
changes the brain, how to improve performance, and how to 
handle struggles. Participants repeated the taught information by 
answering two questions about the text’s content before writing 
about a personal experience where this information could  
be  or had been used. The writing task was not limited in  
length.

The values affirmation intervention was adapted from Cohen 
et al. (2006). Participants chose one value from a list of 13 (e.g., 
“my family and friends,” “being intelligent”) and explained its 
importance and meaning for their life and possibly for their 
interest in physics. The writing task was not limited in length.

In both interventions, we did not study the students’ results of 
the writing task. We  wanted the students to feel free to write 
anything personal without feeling hindered by knowing someone 
else would read it.

Every student participated in an intervention. We  thus 
assumed stereotype threat in the sample as previous research has 
shown that female participants in science competitions suffer 
under negative stereotypes (e.g., Steegh et al., 2020). No untreated 
group was implemented, which is why we can only compare the 
differences between the intervention methods. Thereby, we also 
wanted to ensure that every student had the chance to benefit 
from an intervention as stereotype threat, based on previous 
literature, is to be expected within the whole sample.

At the end of the second seminar day, students again filled in 
a questionnaire. Approximately 6 and 12 weeks after the seminar 
students were given the chance to do further physics tasks, which 
recaptured the seminar contents, and to receive feedback on their 
solutions. The feedback was focused on the way the students were 
able to apply the seminars’ new physics content on other physics 
task. Thereby, the feedback was written as a positive support to 
further use the new knowledge, while still pointing out where 
mistakes were made and how to further improve in applying the 
knowledge. Subsequently, students were asked to fill in the last 
questionnaire online.

Measures

The questionnaires included five scales, which were used for 
the analyses.

Sense of belonging
Sense of belonging was measured on a scale adapted from 

Good et al.’s (2012) Math Sense of Belonging scale. All 30 items 
were ranked from 1 (strongly disagree) to 5 (strongly agree). In the 
first and last questionnaires, all items referenced the group of the 
participants’ school physics class (e.g., “When I am in my physics 
lessons, I  feel that I  belong to the group.”; first questionnaire: 
Cronbach’s α = 0.63; last questionnaire: Cronbach’s α = 0.94), 

TABLE 1 Demographic data of the participants, split by intervention 
groups.

Cohort 1 Cohort 
2

Overall 
sample

Growth 

mindset

Age M (SD) 15.96 (1.29) 16.35 (1.23) 16.13 (1.22)

Gender N  

male/female

50 (37/13) 37 (25/12) 87 (63/25)

Values 

affirmation

Age M (SD) 15.92 (1.32) 15.73 (1.53) 15.84 (1.41)

Gender N  

male/female

38 (31/7) 30 (22/8) 68 (53/15)

Combination Age M (SD) 15.76 (1.28) 15.85 (1.38) 15.80 (1.33)

Gender N  

male/female

70 (51/19) 53 (35/17) 123 (86/36)
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whereas, upon arrival at the weekend seminar, the seminar group 
was the reference group for the first impression (e.g., “At the 
moment, I feel that I belong to the seminar group.”; Cronbach’s 
α = 0.91) and at the end of the seminar (e.g., “During the weekend 
seminar, I feel that I belong to the group.”; Cronbach’s α = 0.91).

The questionnaire consisted of five subscales measuring trust, 
acceptance, negative affect (reverse coded), desire to fade (reverse 
coded), and membership. As suggested by the authors of the scale 
(Good et al., 2012), we used the scale without splitting it further 
into subscales.

Social identity threat
Social identity threat was measured with a scale adapted from 

Rattan et al. (2018), which is itself an adapted version of a scale 
from Steele and Aronson (1995). The scale consists of four items 
(e.g., “My gender influences the perception that others have of my 
physics abilities”). The items were assessed on a scale ranging from 
1 (Not at all) to 5 (Extremely). High values on this scale indicate 
high social identity threat. Cronbach’s alpha was 0.82 in the first 
questionnaire, 0.80 at the beginning of the seminar, and 0.76 at the 
end of the seminar.

Stereotype endorsement
Stereotype endorsement was measured with a scale by 

Schmader et  al. (2004) consisting of three items, which were 
adapted to physics (e.g., “It is possible that men have greater 
physics ability than women do.”). Items were ranked from 1 
(strongly disagree) to 5 (strongly agree). High values indicate high 
stereotype endorsement. Cronbach’s alpha was 0.71 in the first 
questionnaire, 0.69 at the beginning of the seminar, and 0.69 at the 
end of the seminar.

Perceptions of environmental stereotyping
Perceptions of environmental stereotyping were measured 

with a shortened 4-item version of a scale by Good et al. (2012), 
which is an adapted version of a scale by Fennema and Sherman 
(1976). Items (e.g., “The other students in my seminar group 

believe that men are naturally better in physics than women.”) 
were ranked from 1 (I do not agree) to 5 (I agree). Cronbach’s alpha 
was 0.81 at the beginning and 0.82 at the end of the seminar.

Gender identification
Gender identification was measured with four items from a 

scale by Schmader (2002), which is an adapted version of a scale 
by Luhtanen and Crocker (1992). Items (e.g., “Being a male/
female is important for the perception I have of myself.”) were 
ranked from 1 (strongly disagree) to 5 (strongly agree). 
Cronbach’s alpha ranged between 0.80 (first questionnaire), 0.83 
(beginning of seminar), 0.83 (end of seminar), and 0.87 
(last questionnaire).

Growth mindset
A scale to assess students’ growth mindset was included in the 

study but not further for the here mentioned analyses. The scale 
was based on a scale by Dweck (2000). The data for the 
intervention group, which was supposed to achieve a growth 
mindset, showed high values previous to the intervention in the 
first questionnaire (Mmale = 3.68, SD = 0.48; Mfemale = 3.67, SD = 0.47) 
and very high values in the last questionnaire after the 
interventions (Mmale = 4.16, SD = 0.83; Mfemale = 4.15, SD = 0.76).

Results

The analyses were, first, focusing on the effects of the 
interventions, and, second, on the gender differences in stereotype 
threat and social identity threat.

Effects of the interventions

With regard to Hypotheses 1a and 1b, a mixed analysis of 
variance was calculated in SPSS (version 26, IBM Corp., 2015) for 
sense of belonging and gender identity across all four measurement 

FIGURE 1

Graphical depiction of the study proceedings including the scales, which were used for the analyses.
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points. The means and standard deviations can be found in Table 2 
for sense of belonging and in Table 3 for gender identity.

First, a significant main effect of measurement point was 
found on belonging, F(3, 471) = 379.34, p < 0.001, but not on 
gender identification, F(3, 471) = 0.46, p = 0.713. There was no 
significant main effect of gender on either belonging, F(1, 
157) = 1.34, p = 0.249, or gender identification, F(1, 157) = 0.16, 
p = 0.695. There was also no significant main effect of the 
intervention group on belonging, F(2, 157) = 1.36, p = 0.259, or on 
gender identification, F(2, 157) = 0.39, p = 0.681. These results only 
partly support Hypothesis 1a by showing changes in sense of 
belonging but no gender differential effect on either variables or 
changes over time for gender identification.

Hypothesis 1b is also not supported by these results as the 
intervention groups did not differ. Looking more closely, the 
interaction term gender x intervention group did not have a 
significant effect on belonging, F(2, 157) = 0.55, p = 0.578, or on 
gender identification, F(2, 157) = 0.036, p = 0.965. The further 
interaction term measurement point × gender also did not show 
a significant effect on belonging, F(3, 471) = 1.89, p = 0.131, or on 
gender identification, F(3, 471) = 0.50, p = 0.685, indicating no 
significant differences between the changes in the groups along 
the measurement points. The third interaction term measurement 
point x intervention group showed a significant effect on 
belonging, F(6, 471) = 2.97, p = 0.008, but not on gender 
identification, F(6, 471) = 0.91, p = 0.486. The interaction term 
measurement point x gender x intervention group did not show a 
significant effect on belonging, F(6, 471) = 0.467, p = 0.828, or on 
gender identification, F(6, 471) = 1.21, p = 0.301, indicating that all 
groups experienced the study similarly.

Gender differences in stereotype threat 
and social identity threat

To test Hypotheses 2a, b, and c, analyses of variance were 
calculated for each measurement point to compare the assessments 
of male and female participants and the assessments between the 

intervention groups. The means and standard deviations, split by 
gender and intervention group, can be found in Table 4.

Hypothesis 2a focused on the first measurement point. Our 
results show a significant main effect of gender on social identity 
threat, F(1, 259) = 15.53, p < 0.001, but not on stereotype 
endorsement, F(1, 259) = 3.56, p = 0.060. The intervention group 
did not have a significant main effect on either social identity 
threat, F(2, 259) = 1.49, p = 0.227, or stereotype endorsement, F(2, 
259) = 0.17, p = 0.842, nor did the interaction term gender × 
intervention group prove significant for social identity threat, F(2, 
259) = 0.09, p = 0.916, or stereotype endorsement, F(2, 259) = 1.01, 
p = 0.367. The results indicate a confirmation of the hypothesis 
regarding social identity threat, which was rated significantly 
higher by females than males.

Next, Hypothesis 2b targeted the measurement point at the 
beginning of the first seminar day. Our results show a significant 
main effect of gender on social identity threat, F(1, 268) = 9.39, 
p = 0.002, but not on stereotype endorsement, F(1, 268) = 1.56, 
p = 0.213, or on perceptions of environmental stereotyping, F(1, 
268) = 2.74, p = 0.099. The intervention group did not have a 
significant main effect on social identity threat, F(2, 268) = 0.76, 
p = 0.467, stereotype endorsement, F(2, 268) = 0.46, p = 0.629, or 
perceptions of environmental stereotyping, F(2, 268) = 0.12, 
p = 0.988. Lastly, the interaction term gender x intervention group 
also did not prove to be significant for social identity threat, F(2, 
268) = 0.18, p = 0.836, stereotype endorsement, F(2, 268) = 0.16, 
p = 0.852, or perceptions of environmental stereotyping, F(2, 
268) = 0.43, p = 0.653. Again, these results mostly contradict the 
hypothesis, while the results for social identity threat — with a 
higher mean for females — confirm it.

Finally, Hypothesis 2c assumed changes would occur in the 
assessment of the variables due to the interventions, which is at 
the third measurement point. Again, a significant main effect of 
gender was found on social identity threat, F(1, 267) = 6.63, 
p = 0.011, but not stereotype endorsement, F(1, 267) = 3.28, 
p = 0.071, or perceptions of environmental stereotyping, F(1, 
267) = 0.15, p = 0.703. The intervention group did not have a 
significant main effect on social identity threat, F(2, 267) = 0.53, 

TABLE 2 Means and standard deviations of sense of belonging for all measurement points, split by gender and intervention method.

Growth mindset Values affirmation Combination

Boys Girls Boys Girls Boys Girls

M SD M SD M SD M SD M SD M SD

First assessment 

point

3.14 0.19 3.07 0.18 3.07 0.14 3.08 0.21 3.08 0.19 3.07 0.21

Second 

assessment point

4.33 0.42 4.16 0.54 4.13 0.44 4.13 0.42 4.36 0.4 4.43 0.29

Third assessment 

point

4.52 0.38 4.41 0.41 4.26 0.59 4.36 0.39 4.41 0.39 4.45 0.45

Fourth 

assessment point

4.3 0.4 4.14 0.54 4.18 0.6 4.02 0.42 4.13 0.53 3.92 0.47
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p = 0.589, on stereotype endorsement, F(2, 267) = 0.67, p = 0.514, 
or on perceptions of environmental stereotyping, F(2, 
267) = 0.55, p = 0.580. The same result was found for the 
interaction term gender x intervention group, with no significant 
effect found on either social identity threat, F(2, 267) = 0.14, 
p = 0.873, stereotype endorsement, F(2, 267) = 0.09, p = 0.917, or 
perceptions of environmental stereotyping, F(2, 267) = 1.91, 
p = 0.150. Whereas the results regarding environmental 
stereotyping and stereotype endorsement confirm the 
hypothesis, the results regarding social identity threat 
contradict it.

Discussion

What can be done to reduce the gender gap in participation 
in the German Physics Olympiad? This question was addressed in 
the present study. We  tested a growth mindset and a values 
affirmation intervention as well as a combination of both 
interventions regarding their impact on the assumed stereotype 
threat and social identity threat for females in the competition. 
We assumed that female participants suffered from social identity 
threat, which was hypothesized to be  expressed in higher 

perceived social identity threat and stereotype endorsement, as 
well as from stereotype threat, which was expected to be seen in 
higher stereotype endorsement. We, nevertheless, expected 
females and males to rate sense of belonging and gender 
identification to a similarly high degree after the interventions.

This expectation was partially fulfilled. Females did not appear 
to be  negatively impacted due to stereotype endorsement or 
perceived social identity threat after the interventions: female 
contestants rated their perceived social identity threat higher than 
male contestants did at the beginning of the study, and this was 
still the case after the interventions, even though it had been 
expected that the interventions would reduce social identity 
threat. Therefore, we did not find any changes in assessments due 
to the interventions. Likewise, none of the groups showed higher 
impact. Females’ assessment of sense of belonging, gender 
identification, stereotype endorsement, and perceptions of 
environmental stereotyping did not vary before or directly after 
the interventions; several weeks after the interventions, female 
contestants’ sense of belonging was lower than that of males. This 
contradicts the assumption of both a social identity threat and a 
stereotype threat, suggesting that the interventions hindered 
these — all in similarly effective ways, with no one type of 
intervention being more advantageous than the others.

TABLE 3 Means and standard deviations of gender identification for all measurement points, split by gender and intervention method.

Growth mindset Values affirmation Combination

Boys Girls Boys Girls Boys Girls

M SD M SD M SD M SD M SD M SD

First assessment 

point

2.88 1.23 2.79 1.03 2.56 0.77 2.85 1.11 2.64 0.91 2.4 0.85

Second 

assessment point

2.8 1.14 2.92 1 2.54 1.07 2.58 0.9 2.5 1.16 2.83 1.19

Third assessment 

point

2.59 1.28 2.67 1.02 2.55 1.02 2.6 1.3 2.47 1.07 2.76 1.31

Fourth 

assessment point

2.76 1.19 2.78 1.17 2.47 1.34 2.63 1.35 2.69 1.08 2.59 1.07

TABLE 4 Means and standard deviations of perceived social identity threat, stereotype endorsement, and perceptions of environmental 
stereotyping for the first three measurement points, split by gender and intervention group.

Growth mindset Values affirmation Combination

Boys Girls Boys Girls Boys Girls

M SD M SD M SD M SD M SD M SD

Social identity threat First assessment point 1.7 0.82 2.23 0.85 1.5 0.71 1.92 1.02 1.59 0.74 2.03 1.01

Second assessment point 1.75 0.84 2 0.69 1.58 0.67 1.98 1.01 1.77 0.76 2.11 0.87

Third assessment point 1.77 0.87 2.02 0.61 1.8 0.86 2.14 1.03 1.84 0.81 2.18 0.92

Stereotype endorse-ment First assessment point 2.19 1.08 1.79 0.81 2.07 0.94 2.11 0.83 2.26 1.02 1.84 0.8

Second assessment point 2.12 1.05 1.85 0.98 2.15 0.99 2.09 0.86 2.22 1 2.03 0.94

Third assessment point 2.18 1.07 1.88 0.96 2.31 1.12 2.12 1.05 2.4 1.05 2.04 0.98

Perceptions of environ-

mental stereo-typing

Second assessment point 1.67 0.72 2 0.91 1.75 0.74 1.88 1 1.77 0.78 1.88 0.89

Third assessment point 1.68 0.8 2.13 0.88 1.95 0.95 1.7 0.87 1.74 0.81 1.74 0.89
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Nevertheless, it needs to be  mentioned that prior to the 
interventions, the highly selective sample of female participants 
apparently did not differ from the male participants on the 
decisive variables: Females and males who participated in the 
study were similar in their assessments of the used scales 
Noticeably, female participants did not appear to suffer under 
either stereotype threat or social identity threat effects.

No stereotype threat or social identity 
threat?

The results of this study seem to indicate that this highly 
selective sample is at least not hindered or harmed by stereotype 
or social identity threat effects either before or after the 
interventions; this contradicts previous findings on stereotypes. 
However, we  cannot say if these effects would be  comparable 
without interventions, as we did not include a control group.

First, although we expected females to suffer under threats 
while participating in the predominantly male physics 
seminars (see, e.g., Marx et  al., 2005; Good et  al., 2012; 
Schmader et  al., 2015), our results suggest that the 
interventions prevented this. Even though we did not find any 
reduction in the effects of stereotype threat after the 
interventions, the interventions seemed to help the females to 
not fall behind in sense of belonging, which could have been 
expected without interventions based on social identity and 
stereotype threat theory (see, e.g., Aronson and Inzlicht, 2004; 
Murphy et  al., 2007). Participating in the interventions 
apparently prevented a split between the genders. Even though 
we cannot draw the conclusion that the interventions reduced 
any of the negative effects, we  can assume that the 
interventions prevented the effects from appearing in the 
first place.

Second, there could be several different reasons for the results 
we found. Female participants in the German Physics Olympiad 
are a specific sample. They have mastered several hurdles to 
compete in the competition: They have resisted rejecting cues in 
a stereotypically male domain and have not shied away from a 
competition rarely won by females. Entering the competition can 
already be seen as an indicator of high resistance (e.g., Gonsalves 
et al., 2021) to negative stereotypes, male predominance, and to 
associations of physics with the male gender, which indicate less 
fit and reduce sense of belonging and cause women to leave 
physics (see, e.g., Cheryan and Plaut, 2010; Makarova et al., 2019). 
Nevertheless, several studies showed that females in science 
competitions suffer under stereotypes (see, e.g., Steegh et al., 2019).

Why was the sample of this study even 
more resilient?

This study was tied to participation in a weekend seminar. 
Participants were willing to spend a whole weekend in a group of 

interested and talented students (see Höffler et al., 2019), solving 
physics tasks and conducting experiments. The group thus most 
likely consisted of female students who had even more interest and 
wanted to deepen their knowledge in physics even more than 
other participants of the Physics Olympiad. As all 539 female 
participants of the two cohorts of the German Physics Olympiad 
could have participated in this study but only 82 did, our sample 
possibly was more engaged in the field and, therefore, more 
resistant to cues that hinder females from pursuing science.

Further, our sample might vary in motivational profiles and 
success expectations for proceeding to the competition’s next 
round to the overall group of participants (see Steegh et al., 2021). 
The weekend seminars took place after the end of the first round 
but before the announcement of the participants who would 
continue to the next round. It could be  assumed that the 
participants of our study chose to be in the seminars either in 
expected preparation for the continuing competition or just to 
engage further in physics (see Höffler et al., 2019). This would 
imply higher interest, higher learning goal orientation, and a 
higher self-concept (see Höffler et  al., 2017) than the average 
participant — factors that could interact with an individual’s 
susceptibility to stereotype or social identity threat.

Stereotype threat theory apparently does not apply to this 
group of participants. Thus, other factors that might account for 
the gender ratio and the achievement differences in this field need 
to be considered. Previous studies have suggested further starting 
points, which can be separated into two main groups with regard 
to their implications for science competitions.

First, possible causes might be  found in the differences 
between the best contestants’ characteristics and characteristics of 
females, who are highly interested but not as successful (see also 
the competition proceedings; e.g., Petersen and Wulff, 2017): Two 
questions are interesting here: First, in which characteristics or 
abilities are these contestants especially advanced? Differences 
between male and female participants that may cause gender 
differences and be relevant for success in the competition might 
regard self-concept (see, e.g., Saß and Kampa, 2019; Vinni-Laakso 
et  al., 2019), competence (see, e.g., Schorr, 2019), or parental 
support (see, e.g., Hoferichter and Raufelder, 2019; Schorr, 2019). 
These variables have been found to closely align with gender 
differences and the achievement gap. Second, do personal 
characteristics vary between the best contestants and the female 
participants who drop out of the competition earlier? It appears 
useful to look closely at empathy (see Ghazy et  al., 2019), 
motivation (see, e.g., Watt et al., 2019; Luttenberger et al., 2019a; 
Dietrich and Lazarides, 2019), and interest (see, e.g., Ertl and 
Hartmann, 2019; Song et al., 2019); these variables are closely 
related to persistence in science and to gender differences. 
Analyzing differences in these variables between male and female 
participants might give insights into the personal characteristics 
that hinder talented young women from succeeding to the finale.

Further research should also analyze the competition regarding 
success factors that are independent of the contestants’ personal 
characteristics: Do tasks and experiments especially favor male 
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participants (see, e.g., Sanchis-Segura et al., 2018)? Is the content of 
tasks (see, e.g., Wille et al., 2018; Wheeler and Blanchard, 2019) or 
the context of the examination process more disadvantageous for 
females (e.g., Sobieraj and Krämer, 2019)? Studying those factors 
could help make the competition more equitable for both genders.

However, it might also be a possibility that the general 
effect of stereotypes on females in science — in our case 
physics — is changing. Younger generations could perceive the 
world as being more equal thus suffering less under 
stereotypes. The fact that the rates of girls dropping out of the 
competition is higher than the boys’, could, for example, just 
be  out of a lack of personal importance of investing into 
succeeding in the competition. Which are the personal 
advantages that girls gain out of competing — aside from, e.g., 
knowledge and getting to know other interested students? Are 
girls and boys perceiving investing time and studying for the 
competition as justifiable for their personal outcome? Future 
research is thus not just asked to focus on the impact of 
changing perceptions of gender and societal issues, which are 
likely to impact feelings and perceptions of equality in our 
societies, but also on gender difference in the significance 
attributed to science.

Limitations

First, all participants in the German Physics Olympiad 
received invitations to the study. However, participation was 
voluntary and we cannot assume that this sample is representative 
of the overall sample of contestants. Rather, we  assume the 
participants of our study to be more interested, engaged, and more 
likely to continue in science than the other contestants. For this 
highly selective sample, which is most likely to pursue a career in 
physics, the theory of stereotype or social identity threat 
apparently does not suffice as an explanation for the gender gap. 
Future research should apply new theories to find more useful 
explanatory approaches.

Second, stereotype threat was measured explicitly in this 
study by measuring stereotype endorsement. Participants were 
asked how much they agree with common derogatory 
stereotypes about females’ physics abilities. Previous research 
showed higher stereotype endorsement as a predictor of 
higher susceptibility to stereotype threat (e.g., Schmader et al., 
2004; Pennington et  al., 2016). We  considered our explicit 
method as preferential to activating stereotypes or implicitly 
measuring participants’ agreement with stereotypes, as the 
weekend seminar depicted the regular environment of the 
competition and the measurement was combined within the 
questionnaires without drawing any special attention to its 
purpose. Nevertheless, explicitly measuring stereotype 
endorsement might lead to divergent results, although 
previous research is not congruous (see, e.g., Kessels et al., 
2006). As the assessments of stereotype endorsement were 

equally high throughout the study, we do not believe that our 
results are biased. Regardless, future research should add an 
implicit measure to control for social desirability effects.

Lastly, our study did not use a control group. We can thus only 
assume that finding no differences between male and female 
participants’ assessments after the interventions indicates 
beneficial effects of the interventions on stereotype and social 
identity threat. This seems the appropriate conclusion as previous 
literature rather consistently showed the existence of stereotype 
threat for females in science competitions. Nevertheless, future 
research should include a control group to measure the extent of 
the interventions’ effects.

Conclusion

This study addressed factors that are potentially responsible 
for male predominance in the German Physics Olympiad. 
Previous research showed that stereotype and social identity threat 
are useful models to explain the underachievement and 
consequent underrepresentation of women and females in science. 
The results of this study, however, suggest that stereotype threat 
and social identity threat are possibly not applicable to the highly 
interested and engaged female participants of the German Physics 
Olympiad. From the beginning, females who chose to participate 
in the competition and in the study’s weekend seminars were not 
affected more negatively by stereotypes or social identity threat 
than their male counterparts. It thus seems that the commonly 
expected harm done by stereotypes did not occur to the extent 
expected. Nevertheless, further pursuing to include interventions 
against stereotype threat in environments, which are highly likely 
to induce the mechanism, seems important. Shielding more young 
women from harmful impacts could reduce the gender gap 
even further.

Why then are these females still not as successful in the 
continuing competition as their male counterparts? The results of 
this study suggest that other approaches need to be  tested to 
examine this question. We suggest looking more closely at new 
approaches and concepts that do not focus on stereotypes and 
social identity as the reasons for deciding against a career in 
science and, instead, focus on examining a combination of the 
internal and external factors behind this decision (see, e.g., 
Luttenberger et al., 2019b).

Overall, the results of this study provide a ray of hope for 
physics: If the females who are most likely to continue in 
science are immune to or not as affected by stereotypes as the 
average female student, stereotypes might not be such a big 
problem for the domain anymore. Although continuing to 
fight stereotypes might encourage more females to proceed to 
this level of pursuing physics, how to support those who have 
already reached this stage should also receive more attention. 
Nevertheless, this study shows that promising starting points 
for supporting interested females in science could 
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be  interventions that promote resilience and support the 
development of abilities and useful characteristics.
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Gender representation in the physical sciences remains inequitable and continues

to lag behind other fields. Even though there exists adequate documentation

regarding programmatic postures, di�culties persist within the physics discipline.

In this paper, we present innovative, programmatic elements over an 8-year period

at an undergraduate, liberal arts, physics program. These elements were added in

response to the following two questions: “What practices cultivate an increase

of physics major numbers in an undergraduate, liberal arts setting?” and “What

practices facilitate a depth of experience for individual physics graduates?” Some

of these innovations aligned with published, “best practices” for undergraduate

physics programs, while others were novel to the program’s context. Within this 8-

year period, alterations were separated into curricular and co-curricular elements.

Innovations are described, and data are presented in 3-year timeframes before,

during, and after their implementation. The number of total majors and graduates

increased, including a 200% increase of women degree recipients compared to

the previous 10 years. This boosted average graduation rates for women above

the national average (30% > 20%). Moreover, women were retained within the

undergraduate physics major at a higher percentage during this time period

when compared to men in the program. Lastly, these women physics majors

maintained careers in science advancement fields at a rate of 80±% after≤ 5 years

post-graduation. While this paper presents a singular case study, the purpose is

two-fold: (a) to validate quantitatively the work of national physics organizations

within the context of a liberal arts institution, and (b) to suggest that a multi-level

approach is most e�cacious when considering programmatic innovations.
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physics undergraduate education, experiential learning, women retention, STEM identity,

STEM belonging
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1. Introduction

1.1. Global landscape

One of 17 United Nations Sustainable Development Goals

reads, “achieve gender equality and empower all women and

girls” (United Nations, 2023). Within purportedly more rational

and logical disciplines in Science, Technology, Engineering, and

Mathematics (STEM), one might expect a better fulfillment of

this goal. Yet, STEM disciplines reveal a glaring “gender gap” at

the professional level, despite the increase of women undertaking

higher-education STEM studies. Gender gaps express themselves

as differences “between women and men in terms of their levels

of participation, access, rights, remuneration, or benefits” (World

Economic Forum, 2019). Education is one of the four key areas

of identification and measurement. Within the sciences, fewer

than 30% of the world’s researchers are women, which reflects a

clear gender gap (UNESCO Institute for Statistics, 2019). Through

a conglomeration of global scientific organizations, individual

survey results from global scientists, and publication pattern

information, a deep synthesis by Roy et al. (2020) reveals a

persistent and significant gender gap within the sciences globally.

Sampling equally over 30,000 men and women from 159 countries,

this gap remains regardless of STEM discipline, geographic

location, or economic development. While what follows is a

focused examination of one physics program at an undergraduate

institution in the United States (US), the local environment of the

study and the national context of the institution are representative

of the global landscape.

1.2. National landscape

Over the past 30 years in the US, gender representation in

the physical sciences continues to be disproportionately skewed

against women (Ivie and Tesfaye, 2012), despite a three-fold

increase in the percentage of undergraduate physics degrees

awarded to women (6% in 1970 vs. 22% in 2018, Porter and

Ivie, 2019). According to a 2021 report by the American Physical

Society (APS) on building America’s workforce, the importance

of developing an inclusive and diverse workforce is crucial to

boost the innovation and productivity of science and technology

and to maintain America as a global leader in these areas

(Johnson, 2021). Problems persist in gender equity issues within

most STEM fields (e.g., Hill et al., 2010), though physics remains

one of the most inequitable. At approximately 20% women

recipients of undergraduate degrees, physics continues to lag

behind mathematics (40%), chemistry (∼50%), and biology (60%).

This considerable difference is displayed clearly in Porter and Ivie

(2019), where the percentage of women physics-degree recipients

remains approximately constant since 2,000. Within this same

climate, the number of undergraduate-degree recipients is more

balanced. For example, the National Center for Education Statistics

reports that women receive 58% of all undergraduate degrees, while

only 36% of those are awarded to STEMmajors (US Department of

Education, National Center for Education Statistics, 2019).

There are various potential reasons for this continued gender

disparity in the physical sciences, including stereotypes relating the

practice of physical science to hyper-masculinity (Good et al., 2008;

Smyth and Nosek, 2015; Francis et al., 2017), or a lack of perceived

representation of women or women role models in the field, in turn

leading to issues of belonging and fit (Nelson and Brammer, 2010;

Good et al., 2012; Gisler et al., 2018). There are also individual-

level factors to consider, including women’s lower self-efficacy for

physics (not coupled with lower objective skills, Kalender et al.,

2020), their experienced science identity (Trujillo and Tanner, 2014;

Eren, 2021), or a perceived lack of opportunity to fulfill communal

career goals, which tend to be valued more by women (Diekman

et al., 2017).

Simultaneous to persistent gender inequity for physics

undergraduate recipients, US organizations like the Statistical

Research Center of the American Institute of Physics (AIP)

address and publicize these known inequities through detailed

study, survey, and site visitation (AIP, 2021). The AIP continues

to produce valuable statistics on historically underrepresented

populations in physics specifically, and STEM fields as a whole.

This important work presents the results of labor within the field,

as well as the persistent gaps and needed future focus. In addition,

commissions of specialists within the discipline have produced

and published manuals containing guidelines on undergraduate

program efficacy. This is particularly true for undergraduate

programs as a whole (SPIN-UP, Hilborn et al., 2003), career

preparation (J-TUPP, Heron and McNeil, 2016), and African-

American undergraduates within physics (TEAM-UP, James and

Bertschinger, 2020). Resources related to programmatic guidance,

change, and growth are available through the interactive AAPT-

EP3 website, supported by the American Association of Physics

Teachers (AAPT/APS, 2021). It is essential that physics programs

consult and digest the results of these resources and apply the

general guidelines to their specific institutional contexts.

Because the current study focuses on an undergraduate physics

program in the US, some differences between traditional American

and non-US undergraduate universities are made clear. Most

popularly, it is well-known that an undergraduate degree in the

US takes approximately 1-year longer than systems outside of the

US, particularly European-based systems. Part of this prolonging

by the US system accords with an emphasis on general education

coursework, which usually delays the declaration of an intended

undergraduate degree program, usually referred to as a “major.”

Moreover, student choice of an undergraduate major is a novelty

within a US-based, post-secondary education, and it is a source of

intense study. For example, how students choose an undergraduate

major is a recent, scholarly focus for economics (Wiswall, 2021),

race and gender studies (Rainey et al., 2018), and social psychology

(Denice, 2021). A major declaration is further complicated in a

liberal arts environment, which is discussed below in Section 1.3.

In contrast, choosing a major is not a feature of many/most non-

US systems. Whether in favor of an Dual System, like Germany

(e.g., Nash, 2012), or a traditional 3-year framework, undergraduate

degree pursuits outside the US are more streamlined.

Within the context of total undergraduate degrees awarded in

the US, physics programs maintain a meager percentage of STEM

bachelor’s recipients. Approximately 20% of all undergraduate
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degrees are awarded to STEM fields, while approximately 2.2% of

those degrees were awarded to physics over the past 20 years (APS,

2020). Even though Ph.D. granting institutions comprise only one-

quarter of all institutions offering a physics bachelor’s degree, they

award approximately one-half of all physics bachelor’s degrees.

When these national percentages are applied to the reduced

numbers of undergraduate populations at liberal arts colleges,

where a STEM culture does not often exist, the corresponding

enrollments for STEM courses and physics majors are drastically

reduced.

While demand for STEM-degree recipients increases, it may

appear to the public that the numbers of physics graduates

are insignificant compared to the whole. Even though a small

percentage of bachelor’s degree recipients will pursue graduate

studies in physics, the importance of a physics degree persists

through the application of the discipline’s transferable skills in

other fields (Hunt, 2013). “Hidden physicists” (that is, “those

who are trained in physics but actually work in a job more

widely,” Heron and McNeil, 2016) populate not only other STEM

fields and education landscapes, but also peripheral fields like

law and management. Physics degree recipients historically score

among the highest on standardized, pre-professional entrance

exams like the Medical College and Law School Admission Tests

(MCAT and LSAT, Tesfaye and Mulvey, 2013; Tyler and Mulvey,

2022). Furthermore, physics degree recipients maintain a privileged

position in terms of earning opportunities and employment

satisfaction (cf., Figure 3 in Heron and McNeil, 2016). For these

reasons, along with the continued need for STEM innovation across

various career paths, it is vital that physics programs continue to

produce degree recipients for careers as “hidden physicists.” This

is especially true at institutions where typically less than half of the

bachelor’s recipients matriculate to graduate physics programs.

1.3. Local landscape

The current investigation is situated within a context of

small number statistics, both nationally within the discipline of

physics and locally within an undergraduate, liberal arts college.

The physics program discussed here (referred to as the Physics

Group) is part of a shared department with mathematics and

computer science. Bachelor’s degree-granting, physics programs

within shared departments comprise less than 10% of all US

programs (Mulvey, 2021). Moreover, while offering approximately

one-half of the bachelor’s degrees, non-Ph.D. granting programs

comprise three-quarters of the undergraduate physics landscape.

Therefore, a fertile opportunity exists for these programs to

affect STEM students with physics content and potential future

trajectories.

Beyond the broad differences of matriculation length and

focus of study outlined in Section 1.2, a liberal arts setting

adds another layer of nuance to the US undergraduate system.

Liberal arts colleges in the US typically provide an undergraduate-

focused education emphasizing a general curriculum balanced with

humanities and social sciences content, which is required for all

students. Both public, state-funded and selective, private-funded

institutions are labeled “liberal arts colleges.” In addition, most

liberal arts institutions have enrollments of less than 5,000 students.

Regardless of the differences, the selection of a major is not rushed

for undergraduates at these institutions. It is not uncommon to

declare a major in the second year of undergraduate studies at

a liberal arts institution, where becoming a (physics) major is a

celebrated event.

Many non-Ph.D. granting physics programs contain less than

five full-time faculty and produce less than 10 graduates per year.

For instance, Tyler et al. (2020) present statistics demonstrating

that a majority of undergraduate-only programs have five or

less graduates per year and five or less full-time equivalent

faculty. The Physics Group also finds itself in a similar situation,

where it has three tenure-track (TT) members, a non-permanent

visiting position (VAP), and a permanent, non-tenure track (NTT)

position. This was also the case 10–15 years ago when the Physics

Group contained four TT and one NTT faculty, while it awarded

3.6 degrees per year. The number of women Physics Group

faculty during the time-period of the study was either two (1

TT, 1 NTT), or three (1 TT, 1 NTT, 1 VAP) of five. While

the NTT and visiting faculty members primarily taught physics

courses for non-majors, they actively contributed to additional

learning experiences for women students such as training teaching

assistants, troubleshooting lab equipment, facilitating travel to

CUWiP conferences. It is not the focus of the current study to

evaluate the effects of faculty gender distribution. The average

percentage of degrees awarded to women during the same time

period (2003–2012) was approximately 20%, with the national

average. When considering published national statistics, the

program in this study could be classified as a typical, undergraduate

physics program in the US, prior to the study focus (2013–2021).

The current study maintains the following trajectory:

innovative, programmatic elements are introduced and described

in the next section. Next, we provide representation and

retention of physics degree recipients before, during, and after the

implementation of the programmatic elements. While causality

is not the purpose of the presentation, it will be clear that the

increases for the program accord with the implementation period.

A discussion of the impact on the Physics Group in light of these

increases follows with some suggestions for other similar programs.

While each institutional context is unique, and the synergistic

effect of innovative elements cannot be deduced a priori, the

experience of the Physics Group substantiates two demonstrative

realities: published guidelines and statistics support programmatic

growth goals, and multi-compartment implementation provides

an effective programmatic impact.

2. Materials and methods

2.1. Data acquisition

The Office of Institutional Research and the Office of the

Registrar were queried for the numbers of majors and graduates

for the previous 20 years so that a baseline of physics participation

was determined. For the 8 years of interest within the study

(graduates from 2013 to 2021), more detailed information was

acquired and collated, including course rosters, extra-curricular

participation, and post-graduation employment. This information
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was accessed through interpersonal communication, social media,

and programmatic assessment. The figures within the study were

compiled from the results of these data.

The timetable for programmatic alteration was carried out

with the following provisos: only one element was implemented

in a given year, innovative elements were connected directly to

items within the annual programmatic assessment plan, and these

elements were carried out for a minimum of 3 years before

conducting evaluation. This 3-year baseline for introduction and

implementation of programmatic elements forms a justification

for the presentation of data in subsequent sections. Innovative

elements were implemented locally based on consultation of

the Physics Education Research (PER) literature as well as

familiarity with the program, as detailed in the following sections.

The addition of innovative elements for programmatic growth

was driven equally by the following two questions: “What

practices cultivate an increase of physics major numbers in an

undergraduate, liberal arts setting?”; and, “What practices facilitate

a depth of experience for individual physics graduates?”

Responsibilities for implementing innovative elements were

shared among the Physics Group faculty. Within courses,

the instructor of record maintained primary leadership over

the specific implementation and data collection. For intra-

programmatic or extra-curricular elements, a particular physics

faculty member oversaw implementation and collection. While

literature-based elements were implemented as accurately as

possible, concessions for context and student populations were

judiciously applied. In what follows, physics program alterations

are categorized and discussed within the contexts of undergraduate

education literature and the particular institutional environment.

2.2. Introduction of innovative elements

Programmatic transformation within STEM undergraduate

programs is not clear-cut and often dependent on localized factors.

Despite public usage of the STEM acronym, it is clear that even

the “S” (science) is not monolithic in its practice (Marder, 2013).

Moreover, when considering programmatic change initiatives,

points of emphasis vary based on discipline (Reinholz et al.,

2019). These differences stand outside the unique departmental

and institutional cultures on each campus (Henderson et al., 2015).

Detailed case studies of undergraduate programmatic growth

exist in the literature for large, US institutions (Stewart et al.,

2013) and diverse “thriving” programs (Hilborn et al., 2003). The

“best practices” documentation contains some, but not all, of the

innovations that are introduced here.

Consideration of significant programmatic change began in

2011 while program faculty were preparing for an external review.

This physics program review occurred in 2012, during which

some of the proposed elements were discussed with evaluators.

Accordingly, a focus on growth pivoted from recruitment to

retention, because program faculty overlooked that retention could

double the number of physics graduates. While some changes

were contextual and on-going, major elements were implemented

over a 4-year period, 2013–2017, along two distinct compartments

of the program (curricular and co-curricular). With a 4-year

undergraduate matriculation period, eight academic years within

the Physics Group provide the basis for the present study (i.e.,

2013–2021).

2.2.1. Curricular
While faculty may have significant autonomy within the

classroom or individual course offerings, instituting change

within a curriculum is not an individual escapade. The process

requires input and collaboration from all the physics faculty,

where consensus is the aspirational goal. Moreover, the students

themselves must also display a receptivity to any modifications and

justifications that are offered. Here, we present details regarding

two major curricular changes.

(A) First-year colloquium. Belonging and science identity

are interrelated, drive retention in STEM majors, and may be

especially important for women and minority students (Good

et al., 2012; Rainey et al., 2018). Outside of a traditional

curriculum, these qualities can be facilitated by affording students

early and ample opportunities to connect with one another and

with faculty members. The first-year, Physics and Engineering

Colloquium meets weekly as an exploratory course emphasizing

overarching themes in the physical sciences. While maintaining

a high relational component for cohort-building, the half-

credit course is graded on a “pass-fail” basis and is based on

participation, completion of assignments, and written reflection

quality. Throughout the semester, the first-year students are

also introduced to several different cohorts within the physics

major (upper-level students and faculty), while also engaging

with a breadth of generalized content (order-of-magnitude

estimates, physical modeling, and “how things work”). Hands-

on investigations supplement classroom sessions in order to

emphasize the experimental aspects of the discipline, as well

as increase self-efficacy for tasks needed in subsequent physics

courses. In summary, a successful colloquium experience cultivates

the following: social capital (cohort-building and inclusion,

Abbott and Sapsford, 2005), content engagement in the discipline

(identity), and active learning in the discipline (self-efficacy).

By instituting a first-semester course where students of similar

interests gather, a like-minded cohort of learners is formed within

an inclusive environment, which is supported as a means of

establishing a STEM identity and sense of belonging (Lewis et al.,

2017).

(B) Upper-level laboratories. The Physics Group also made

alterations to increase active and applied learning opportunities,

as well as facilitate essential experimental skill development.

Due to students’ interests in applied physics and engineering,

two laboratory augmentations were made, while adhering to the

college-wide constraints for number ofmajor-only credits. First, the

previous, junior-level, one-semester “advanced laboratory” course,

which consisted of verifying physical constants, was converted

into an intermediate laboratory (The Advanced Laboratory Physics

Association, ALPhA, 2021). This laboratory accompanied a third-

semester Modern Physics course that introduced the following

novel facets: more developed experimentation and report writing,

deepened uncertainty quantification, and emphasized historical

and philosophical aspects of science.
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With space created at the junior-level, a second laboratory

course was added to effectively and efficiently address

interdisciplinary topics within the physics major. Following

guidance from the literature on Course-based Undergraduate

Research Experiences (CUREs, Auchincloss et al., 2014; Wooten

et al., 2018), authentic perspective was provided on the specific

techniques, while also instructing the students on content

that they would not otherwise receive (Mordacq et al., 2017).

Students collaboratively completed four mini-research projects

in the following areas: Astrophysics, Biophysics, Materials,

and Optics/Spectroscopy. These four areas coincided with four,

rotating, upper-level electives. As a result, students were introduced

to all interdisciplinary electives through the CURE at a cursory

level, even though they will not take all the courses in their entirety.

2.2.2. Co-curricular
Guidance from US-based organizations on undergraduate

physics education emphasizes several co-curricular strategies to

facilitate student and program success (Hilborn et al., 2003;

AAPT/APS, 2021). All published studies mention a vibrant Society

of Physics Students (SPS) chapter, or similar institution-based

student cohort. With very little previous involvement, the Physics

Group became more active with SPS in 2013, though its first year-

end Chapter Report was not submitted until 2015. Here, five co-

curricular, programmatic innovations are introduced that extend

beyond a thriving SPS chapter.

(A) Public science outreach (informal programming).

Cohort-building is a significant component of the program

alreadymentioned (e.g., the first-year physics colloquium). Cohort-

building implies an individual belonging and inclusion that

traditional usage of “community” does not (Gowar, 2013). Another

way to build interest-based inclusion is through student groups and

science outreach to the public (Hinko et al., 2016). Science outreach

opportunities (or “informal programs”) not only serve public

scientific literacy by raising awareness at an early age, but informal

programs also empower undergraduates (Rethman et al., 2021).

When the Physics Group began a concerted informal program

effort 10 years ago, most of the events were faculty-organized and

led. Within responsible and eager undergraduate leaders, informal

programs transformed into a student-led effort. One such example

was the total solar eclipse of 2017, where students served as Eclipse

Ambassadors, which resulted in a nationally recognized award

(Blake Lilly Prize). After conducting a well-organized event that

served over 500 citizens, physics majors presented their experiences

to their peers after their return. This further resulted in local

news articles about their ambassadorship. Experiences such as

these provide demonstrable opportunities for increased inclusion,

efficacy, and identity within physics.

(B) Junior review. A second, related co-curricular addition

to the program is Junior Review, an informal interview involving

at least two faculty members and the individual physics major.

This addition to the program is beneficial for multiple reasons.

First, having multiple faculty members in attendance allows

students to participate in collegiality and camaraderie first-hand.

This approach also fosters belonging within an inclusive learning

environment, which seems particularly meaningful for women

(Lewis et al., 2017). Secondly, informal questions encourage each

student to verbalize the ways and directions in which their interests

may have changed (e.g., “In what ways has your interest in physics

increased and/or decreased?”). Such self-reflection contributes

positively to learning and achievement, and may help develop

students’ sense of meaning or purpose within physics (Fleenor,

2018). Instances of “hidden physicist” trajectories often arose

within Junior Review conversations, which encourage new avenues

of exploration are not hindered by presumptive assumptions

(Alon, 2009). Third, the review is also an opportunity to facilitate

participation in “high-impact practices” tied to deep learning,

including research mentored by faculty, supportive minors and/or

concentrations, and off-campus internships (Heron and McNeil,

2016).

(C) Conference attendance. Prior to 2012, student conference

attendance within the Physics group was primarily synchronized

with the mentoring faculty researcher. This was sparse, totaling

less than five instances in 10 years. There were many contributing

factors, including a lack of faculty attendance, lack of results,

and lack of funding. Beginning in 2012, students attended

conferences where undergraduate participation was encouraged

regardless of faculty presence (e.g., regional opportunities). The

institution developed on-campus poster sessions where students

could present their work in less-threatening environments. With

the establishment of a campus-wide Director of Undergraduate

Research, monetary funding opportunities for students increased.

These college-wide initiatives led to increased numbers of physics

majors attending conferences.

(D) Definitions of physics excellence. Another co-curricular

initiative related to the number and definition of year-end physics

recognition, for (not-yet) majors. Traditionally, the institution

sponsored one “Senior Scholar” award for the highest academic

grades. To incorporate a holistic picture of excellence reflecting

more than academic achievement, and to facilitate identity and

belonging within the discipline, several new awards were added. For

example, year-end recognition for majors was given for research

within and service to the Physics Group. First-year awards were

given for early achievement in the discipline to those considering

a major in physics. These emphases properly reminded students

that grades (marks) do not solely determine their undergraduate

success, their inclusion within the discipline, nor their future

trajectory as a physicist.

(E) Experiential learning. Traditional extracurricular research

and internship opportunities are widely recognized as best-

practices for cultivating STEM identity and belonging, particularly

within traditionally underrepresented STEM populations (Estrada

et al., 2018). Due to the limited number of research projects

within the Physics Group, faculty pursued creative avenues for

physics-related extracurricular experiential learning (EEL). Beyond

more common, widely-publicized Research Experiences for

Undergraduates (REUs), EEL opportunities for majors within the

Physics Group were initiated with regional industry corporations,

regional and on-campus collaborators, and Physics Group alumni.

An introductory independent study course was also created to

better prepare students for their (predominantly) summer EEL

participation. The pre-emptive courses gauged student interest,

facilitated research prowess, and built resilience. By not making
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a research requirement within the curriculum, the Physics Group

invites a student to discover for themselves how best to uniquely

experience physics. These opportunities not only increase the total

number of students who participate in EEL, but they also broaden

and diversify how a physicist is defined in society.

3. Results

Since specific changes and their effects are not isolated, program

data are presented before, during, and after implementation.

This precedent follows best-practices by recognizing departmental

culture and multiple change agents (Dunne and Zandstra, 2011;

Reinholz et al., 2019). Where results pertain to primarily one

element, it is recognized that other elements are also “running in

the background.” Entanglement between innovative elements is

discussed after the presentation of the increases in programmatic

markers.

Two features of the results deserve clarification. There is a

preference to average (or sum) over 3-year increments in the data

presented. There are three justifications for this approach. One,

the innovations were staggered and repeated for a 3-year timescale

before evaluating their effectiveness. Curricular implementations

did not initiate in the same academic year, so the 3-year average

provides an opportunity to see the partial development of one

innovation and its integrationwithin the programmore holistically.

Second, a 3-year timescale defines the active trajectory for an

undergraduate physics major. Upper-level core courses are taught

on every-other-year basis, which also serves to compress the

third and fourth year of the program. Moreover, by a student’s

fourth year, much of what they do serves as preparation for

post-graduate decisions. While a physics major may undergo

some significant intellectual transformation within their fourth

year, this is an exception not the rule. Third, a 3-year timescale

provides an opportunity to discuss numbers of physics majors (and

graduates) in more meaningful quantities. Since the issue of small-

number statistics forms the basis for a second clarification, we now

transition to that discussion.

Historically, the number of people pursuing physics degrees has

always been small in comparison to the whole of undergraduate

degrees awarded. Compounded with that fact is the total

enrollment at the liberal arts college where the study was conducted

(∼ 2, 000). Since Poisson distribution statistics characterize

samples that are collected at random but with a definite average

rate, we believe that they accurately describe the occasion of a

woman choosing and matriculating through an undergraduate

physics program. The definite average rate is set by the typical 4-

year matriculation period through the US undergraduate system,

where the randomness is based on the gender of a student

and their choice of a major. The uncertainties for Poisson

samples are provided by
√
N, where N is the number of

events. Such uncertainties are valid whether cumulative or average

populations are examined, since the standard deviation for a

Poisson distribution is also given as
√

µ, whereµ is the mean count

(Taylor, 1997). Based on the programmatic justification for 3-year

increments given above, Poisson uncertainties measure the benefit

of innovation implementation above a typical statistical noise.

The use of 3-year increments and Poissonian uncertainties are

utilized throughout the results of the study. Therefore, a description

is provided for the general presentation of the results section. In

all histograms outlining the numbers of students for time-periods

before and after the study, the results are binned according to the

same years. A marker denotes the initiation of the study. When

error bars are provided, they are calculated by the square-root of

the number, whether cumulative or average numbers are presented.

When other presentations of data are utilized, they are explained in

context.

3.1. Increased number of physics majors
and graduates

During the time period of implementation (2012–2021), the

Physics Group did not have any external changes regarding number

of faculty, departmental situation, or physical location. Over the

20-year period presented here, there was some faculty turnover

though the number of positions remained constant. With respect

to national standards, the Physics Group is considered “normal”

regarding the number of physics faculty (Tyler et al., 2020).

However, the number of women faculty could be considered

important since it was higher than the national average (40%

compared to 20%). The Physics Group’s building did not change

during the period of implementation and remained the oldest

academic building without renovation.

Figure 1 displays the 3-year averages for the number of physics

majors officially declared and bachelor’s degree recipients. The

data covers a 20-year time period, which extends significantly

before the implementations were added. As a reminder, the

data column “2013–2015” covers the initiation period for several

innovative elements, including the first-year colloquium. The

following averages are more revealing when the innovative

elements permeate a physics major’s full matriculation. Specifically,

from 2016 to 2021, the average number of graduates was 9.8, while

previously it was 3.9 (2001–2015). Not only did the number of

graduates increase bymore than two-fold, but the yearly fluctuation

stabilized considerably.

One immediate result of adopting an inclusive, cohort-building

mindset was the admittance of Sophomores (second-year students)

as declared majors. This practice began in 2013 and helped explain

the significant increase in “declared” column between 2012 and

2013. Therefore, declared majors include second-, third-, and

fourth-year students intentionally pursuing a physics degree. Prior

to 2013, a “gate-keeping”mindset wasmore prevalent in the Physics

Group, which required majors to show proficiency in upper-level

coursework. This change in mindset and practice afforded students

earlier access as members of the cohort, including a greater sense of

connection to the discipline. This decision does not fully account

for all the increases observed, since the number of graduates also

increased significantly after 2016.

Lastly, the noticeable increases of physics majors and graduates

cannot be due to a weakening of the program or a loosening

of accountability for its majors. During the time period covered

in Figure 1, the number of credit units for the major remained

roughly the same. In fact, with the addition of the first-year

colloquium and lab restructuring (c.f., Section 2.2.1), one could

make the argument that the amount of coursework increased by

at least one unit during the time period. Student expectations and

Frontiers in Education 06 frontiersin.org42

https://doi.org/10.3389/feduc.2023.1018241
https://www.frontiersin.org/journals/education
https://www.frontiersin.org


Balasubramanian et al. 10.3389/feduc.2023.1018241

engagement heightened due to programmatic augmentation, which

was evidenced by recognition for both individuals (Goldwater

Scholar) and the program (SPS Chapter Award).

3.2. Increased number of women degree
recipients

While the numbers of physics degree recipients have increased

considerably over the last 40 years, the percentages for women

recipients remain approximately constant at 20±5% since 2,000

(Porter and Ivie, 2019). Figure 2 displays the number of women

bachelor’s recipients in the Physics Group over a 20-year period.

Specifically, the yearly average of women graduating in physics

from 2001 to 2012 is 0.75, while the same average from 2013 to

2021 is 2.4. As a 200% increase is weighed, a few considerations

are addressed.

The undergraduate institution where the Physics Group is

located enrolls a higher percentage of women undergraduate

students, usually around 60%, which is also the case for the

period of the study. However, prior to the study (2001–2012),

the average percentage of women was higher (closer to 65%).

No particular alterations were made that would easily explain

the significant rise in women physics graduates. For the years of

focused implementation (2013–2021), the percentage of women

graduates held steady around 30%, which is about 10% above

the US average. The retention of women in physics during the

implementation period is now examined as a function of two

innovative elements.

3.3. Increased participation in experiential
learning

Over the last 10 years, there has been a steady increase

in the number of EEL opportunities from which our students

have benefited. Figure 3 displays data to support evidence of

growth in the number of physics majors participating in one or

more EELs. This includes all research performed by students on

campus supervised by physics faculty, collaborative and/or inter-

disciplinary research projects with other departments (chemistry,

computer-science, mathematics), off campus research experiences

such as NSF sponsored REUs and collaborative projects supervised

by off campus mentors, and internships. Several of our physics

graduates often have more than one such EEL. Between 2013

and 2018, the 5-year average number of on-campus EEL for our

students increased to 90% compared to 69% for the previous 5

years 2007–2011. More starkly, the numbers of off-campus EEL

for our majors has increased by a factor of six (7–45%) over a

similar period. Figure 3 reflects the growth in each area over the

time-period considered.

3.4. Retention of women physics majors

Prior to 2013, there was no consistent means of accounting

for matriculation in the physics major as a function of original

interest. For example, there was no direct measure of incoming

interest compared with the number of students who enrolled in

the first semester of calculus-based physics (in Spring). Therefore,

the retention rates presented since the implementation period

(2013) have no prior comparative data. That said, it is still clear

that the number of women retained within the physics major

accord with the innovative elements introduced in the program

(cf., Section 2.2).

3.4.1. With respect to first-year colloquium
enrollment

Since 2013, a first-year colloquium was required for the

physics degree, and it was strongly recommended by pre-admission

advising to all incoming students who were interested in physics

and/or engineering. The enrollment for the course increased

steadily for every pre-pandemic year, from 19 in 2013 to 36

in 2019. Figure 4 presents the retention percentages by gender

for original enrollers who persisted until graduation. Due to the

frequency of course offering and higher enrollments, retention

percentages are provided for each year during the study. The

asterisk for 2019 indicates those who had not officially graduated

before the completion of the study, so their retention was

measured prematurely (at the end of the third year). Since it

is in the third year that upper-level coursework begins, it is

held with more certainty that a student would be retained. With

the exception of a single year (2015), women were retained

within the physics major at a higher percentage than men.

Therefore, during the time period of the study, women were

retained in the physics major at a higher average percentage

than men.

Even though the first-year colloquium continues, more recent

numbers are not given here for two reasons. In Figure 4, 2019 is the

last year that majors can confidently be reported as matriculating

through the major, since a student’s first- and second-year remain

less certain. Second, since the course maintains a high relational

component, pandemic effects are unclear for both institutional and

colloquium enrollments.

3.4.2. With respect to conference participation
In particular, the Conference for Undergraduate Women in

Physics (CUWiP) provided a timely and specific opportunity for

women physics majors in the Physics Group. These regional

conferences are supported by the APS through funding from

the National Science Foundation (NSF) and the Department

of Energy (DOE). Typically, associated costs for conference

participants are subsidized. Figure 5 shows the increase in

numbers of women participants at CUWiP conferences, where

each participant is counted only once. These increases are

independent and irrespective of the increases in total numbers

of majors.

3.4.3. With respect to EEL participation
As a reminder, the following types of opportunities are included

as EEL participation: REU experiences, on-campus research with
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FIGURE 1

Three-year averages for the numbers of declared physics majors (“declared”) and the number of undergraduate degree recipients (“graduates”).

Di�erences between the number of declared and the number of graduates are based on the definition of physics majors as discussed in the text

(Section 1.2). Vertical dashed line demarcates the beginning of the innovation initiation.

FIGURE 2

Three-year, cumulative numbers of women who received an undergraduate physics degree in the Physics Group over a 20-year period. Vertical

dashed line demarcates the beginning of the innovation initiation.

STEM faculty, STEM-related educational experiences, and physics-

related internships. Students who participate in multiple EEL,

particularly within historically underrepresented groups, are shown

to positively correlate with self-evaluated STEM identity (Estrada

et al., 2018). Figure 5 shows the relationship between women

physics graduates and their participation in EEL opportunities.

The number of EEL accords with the increases in women physics

degree recipients. For Figure 5, multiple EEL for the same woman,

physics major are included in the total, so only for the years

“2016–2018” are there an average of > 2 EEL per woman

graduate. During the years of innovative element implementation

(2013–2021), there was greater than one EEL opportunity per

woman graduate. For years prior to 2007, there was no EEL

information cataloged.

3.5. Retention of women within STEM
careers

As displayed in Figure 2, noticeable and consistent increases in

women degree recipients begin during the “2013–2015” segment,

which coincides with the initiation of most innovative elements.

This same 3-year segment also marks the first time where the

average number of physics majors eclipses 20.0, and total graduate
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FIGURE 3

Percent participation for all Physics Group majors in one (or more)

EEL opportunities averaged over 3-year periods. Multiple

experiences by the same student were tallied, therefore 100%

participation should not be interpreted as every major had a single

experience. “On Campus” EEL include inter-disciplinary

opportunities with programs like biology, chemistry, computer

science, or mathematics. “O� Campus” EEL include internships,

REUs, and other collaborative partnerships.

FIGURE 4

Retention-to-graduation within the Physics Group for participants in

the first-year colloquium by gender. The percentages are based on

final enrollments in colloquium and final numbers of degree

recipients. The asterisk for 2019 indicates those who had not

o�cially graduated before the completion of the study. Their

retention was calculated after the third-year of completion.

average above 5.0 (c.f. Figure 1). Since immediately after graduation

presents another pressure point for attrition from STEM fields, we

maintain an interest in what these retained physics graduates do

after they receive their degree.

Figure 6 presents the decisions for 22 women degree recipients

from 2013 to 2021, 1-year after graduation. Decisions are

separated loosely along the following categories: Physics-related

graduate school (PHYS GS), non-Physics, STEM-related graduate

school (STEM GS), STEM-related employment professions (STEM

Employ), STEM-related education professions (STEM Ed), and

non-STEM employment (non-STEM). Of the 22 women, <10%

FIGURE 5

Retention-to-Graduation for women in the Physics Group in

comparison with EEL and CUWiP participation. Cumulative number

of participants at the APS Conference for Undergraduate Women in

Physics (CUWiP) by 3-year grouping. Prior to 2013, there was no

CUWiP attendance in the Physics Group. If a participant attended

more than once, it is only tallied at the first instance and suppressed

for subsequent years. Multiple EEL for the same student were

included in the tallies.

FIGURE 6

Post-graduate career trajectory decisions for 22 women degree

recipients from the Physics Group in the years 2013–2021.

Decisions were categorized 1-year after graduation. All but two of

the graduates were retained within STEM advancement positions.

Legend categories are discussed in the text (Section 3.5).

(2/22) persist in a career not directly related to STEM advancement.

Here, advancement is defined as involvement in STEM research

and support (STEM Employ), learning (GS), or education (STEM

Ed). Therefore, women graduates from the Physics Group

matriculate into STEM-related trajectories at ∼90% during the

2013–2021 time period.

Graduate training, whether physics-related or STEM broadly,

comprised over half of the post-graduate decisions (12/22) for

these women. Physics-related training (PHYS GS) included physics

subdisciplines, engineering, and materials science. More broadly,

STEM-related, graduate training (STEM GS) included fields like

computer science, applied math, and veterinary medicine. A few

of the women graduates (3) completed their graduate training
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since leaving the Physics Group, and all three matriculated into

STEM-related employment. Moreover, at the time of publishing,

all of these women graduate students remained in their programs,

ranging from 1 to 6 years later, or graduated from them.

When considering the entire group of women bachelor

recipients from 2013 to 2021, a more broad statement emerges

about their longevity within STEM advancement careers. Through

continuing to follow the post-graduate trajectories of the 20 women

already involved in STEM advancement, we find that all of them

continue to find meaningful, STEM-related employment, even

up to 8 years after graduation, beginning in 2013. Even though

some of them have transitioned into parenthood, parallel fields,

and/or promotion, these women continue to thrive within STEM-

advancement careers.

4. Discussion

To summarize, several innovative elements augmented the

undergraduate program in the Physics Group over a period of 8

years. With a staggered initiation, these additions were categorized

as curricular, co-curricular, or experiential (Section 2.2). Some of

these elements were introduced as a result of national organization

documentation, some from STEM literature, and some were novel

within the Physics Group. Changes and growth in the program

were noted over the same 8-year period, from 2013 to 2021. There

were three primary results that accorded with the addition of

these innovative elements. First, the total number of majors and

graduates increased by approximately 200% compared with the

previous 13 years (Figure 1). Second, the number of women in the

major were retained at a higher rate than men (Figure 4). Third,

these women graduates were employed in STEM-advancement

positions at∼90%, from 1-year after graduation and extending out

to 8 years post-graduation (Figure 6). Since the implementation

and evaluation period of the elements overlapped, it was impossible

to determine which elements contributed specifically to each

result. That said, we provide a guiding analogy to frame an

interpretative discussion of these results within the context of

programmatic change.

4.1. Leaky pipelines and delta distributaries

Historically, “leaky pipelines” refer to losses in STEM

representation, ranging from aggregate (National Institute of Food

and Agriculture, 2014) to minoritized populations (Liu et al., 2019),

and even both (Metcalf, 2010). More specifically, the analogy

pertains to a decrease in STEM participation for women, initially

beginning in transitions from secondary to undergraduate (Archer

et al., 2016), then extending to Ph.D. representation (Miller and

Wai, 2015) and careers in academia (Sheltzer and Smith, 2014).

Systemic problems are prevalent with historically underrepresented

groups that are more clearly recognized at formal transitions,

though other alternatives are suggested (Rainey et al., 2018;

Witteveen and Attewell, 2020). Logically, since the numbers of

men and women in K-12 are roughly equal, including the numbers

of students taking physical science coursework in high school,

then there should be roughly equal numbers of women and men

FIGURE 7

A typical schematic of a river delta. The primary tributary (right side)

branches into several distributaries as it nears the much larger body

of water. The Physics Group image of a typical undergraduate’s

matriculation through the program loosely follows this image

(https://www2.tulane.edu/~sanelson/Natural_Disasters/

riversystems.htm).

in STEM careers. For women in physics and engineering, there

are greatly reduced numbers of bachelor’s recipients, which is

interpreted as a “leak.” Sometimes the cause of a leak is focused

on gender discrimination (Grogan, 2018) and sometimes more

broadly on the nature of science (Blickenstaff, 2005). However,

questions about the analogy have been raised, either as to its

efficacy toward improvements (Cannady et al., 2014) or its

over-simplicity (Hinton et al., 2020).

The innovative changes implemented in the Physics Group

offer a more inclusive and branched approach than a pipeline

analogy. By cultivating a “hidden physicist” model, the program

encourages students to view physics as a pathway to diverse STEM

careers. Perhaps, a more flexible image is more helpful. Specifically,

the Physics Group considers a river delta analogy where

distributaries (post-graduation decisions) are initially kept broad

within a primary tributary (major program) but allowed to spread

and disseminate at the delta by the third- and fourth-years. Figure 7

shows a schematic of a typical river delta. While not completely

accurate in every detail, we note that river delta plains become

fertile areas for new growth. By leaving unanswered the question,

“What can a physics major do?,” any number of post-graduation

options are encouraged (Fleenor, 2018). We examine a river

delta analogy within two important concepts, STEM identity and

programmatic structure.

4.2. Programmatic structure, building the
banks of the tributary

Within a river delta analogy, the number and strength of

the distributaries depends on the tributary. In our analogy,
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the augmented physics program serves as the tributary and

includes student majors with faculty. The innovative elements

discussed in Section 2.2 provide fortified banks for the increased

number of majors. To be clear, “fortifying” does not mean

constraining individual choices, whereby students may choose to

leave the program and/or switch majors. In the establishment

of STEM identity, freedom and encouragement must be given

as students persist through difficult circumstances (Fleenor,

2021). By drawing on best-practices from PER literature, in

combination with unique innovations specific to the Physics

Group (Henderson et al., 2015), a well-fortified tributary is

kept. Two implemented examples from the physics program

confirm the imagery of building strong banks for women in

undergraduate trajectories.

The first-year colloquium serves as the tributary entry point.

Keeping the course in an exploratory state, while also introducing

a broad diversity of those who are in the Physics Group, seems to

keep undecided participants in an interested state. The connection

seems clear between the increase of majors and graduates overall

(Figure 1) and the introduction of the first-year colloquium

(Figure 4). An open award structure for physics excellence rewards

the unique contributions and accomplishments of many who

persevere in one of themost rigorous disciplines (Section 2.2), while

early participation within many informal programs sponsored by

the Physics Group helps to establish identity (Rethman et al., 2021).

By continuing to keep the tributary entry broad, a student comes to

the Junior Review event with a greater opportunity of successful

STEM experiences.

Synergizing CURE results from the literature with the

curriculum structure in the Physics Group was an innovation

beyond documentation (Corwin et al., 2015; Wooten et al., 2018;

Reichart, 2019). With the implementation of a CURE-based

laboratory, students were able to receive some partial instruction

in all upper-level electives, but it also facilitated further EEL

persistence. By implementing a half-credit research/independent

study experience that usually precedes a larger, full-credit summer

experience, the Physics Group better connects research experiences

between the coursework and beyond. These pre-experiences

parlay well and create inertia for a student’s formative summer

EEL opportunities (particularly after their third-year). Such

opportunities allow scaffolding of skills and strengthening a

knowledge-base through a research experience, which promote a

heightened persistence in undergraduates (Estrada et al., 2011). All

of these EEL experiences serve to fortify the banks of the program

tributary facilitating students to successful STEM trajectories

post-graduation.

4.3. STEM identity, flooding the delta

Many of the innovative elements reinforce the development of

interpersonal and intrapersonal factors known to affect retention

in the STEM disciplines, such as science (STEM) identity and

sense of belonging. As science identity is predictive of longer-term

persistence in STEM-related fields (Eren, 2021), and sense of non-

belonging is cited as a reason for “leaving” the sciences (especially

for women, Lewis et al., 2017), these aims are essential to the

presented study and well-supported in the literature. Specifically,

Estrada et al. (2018) note that completing multiple semesters of

research and/or internship within STEM correlates strongly with

establishing identity within STEM. Related, Findley-Van Nostrand

and Pollenz (2017) demonstrate that participation in an intensive

week-long co-curricular program just as students enter college,

including engaging with peers with similar interests in addition

to several elements related to reflecting on goals and career aims

and getting connected to faculty, is related to increased science

identity and sense of belonging. In addition, increases in science

identity seem to be driven by increases in belonging (to STEM

and institutional community, Kuchynka et al., 2019), suggesting

that efforts such as providing greater connection to faculty and

peers from early on in the program facilitate such development. As

research suggests, formation of identity is iterative as students grow

in confidence through repeated interaction with content, problem-

solving, and experimental techniques (Keagan, 2018). It would

be unsurprising if women were better established as shareholders

and valued members, where the numbers of women graduates

increased.

To substantiate a distributaries analogy within the Physics

Group, measures in Figure 4 seem to reduce attrition at a high

school to undergraduate transition, since women are retained in the

major at higher rates than men. Specifically, if a high school student

shows high aptitude and interest in physics (so-called, “Exceptional

Physics Girls,” Archer et al., 2016), then she is retained at rates

above national averages in the Physics Group. The result in Figure 4

accord with an attempt to keep the primary tributary as broad as

possible, early within the undergraduate experience.

Similarly, if a woman receives her bachelor’s degree in the

Physics Group, then her STEM identity seems more solidified as

she moves into a STEM advancement position (Figure 6). When

examining the approximate percentages shown in Figure 6, it is

clear that a greater number of women in STEM advancement

occupy the non-PHYS GS categories. That is, fewer women are

retained to become (traditional) physicists than not. However,

the Physics Group still considers this successful, since the goal is

to flood the delta. A “flooded delta” represents scenarios where

there is a greater likelihood that young women (K-12 students)

will see someone like them in STEM-advancement positions.

Without becoming elitist, the Physics Group believes that “hidden

physicists” critically participate in other non-physics, STEM fields,

because physics provides a unique way of knowing (Marder, 2013).

These unique pathways serve to diversify the face of science

by increasing the number of distributaries for physics bachelor

recipients.
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Block and unplugged
programming can be mutually
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In the new Norwegian national curricula, programming and interdisciplinary work

have been introduced as two central elements. Furthermore, computational

thinking is part of the core elements of the mathematics curriculum. In this

paper, we present the findings from a small-scale study within the subjects of

mathematics and food and health. The aim was to see if these two subjects

could be used as an arena for working with parts of computational thinking, in

this case algorithmic thinking and collaboration, and expanding the students’

understanding of what programming can be. We think there is a gap in the

research regarding this topic, and therefore we wanted to look into this. The

students who took part in the study carried out two lessons, one in each subject.

In mathematics, the focus was on block programming, while food and health can

be seen as unplugged programming. Our findings are based on feedback from

36 students and observations from the lessons. The main finding is that most of

the students could not see a link between programming and food and health.

Only seven students expressed something that indicated that they did see a link.

Thus, it seems like most of the students could not see similarities between the

algorithmic thinking in block programming and recipes in food and health.

KEYWORDS

computational thinking, unplugged programming, block programming, mathematics,
food and health

1. Introduction

In Norway, programming has entered as a central element in the Norwegian national
curricula from 2020 (Sevik, 2016). In this article, we present a small study we have carried
out together with pre-service teachers. The purpose was to investigate whether students
in the 6th grade could recognize parts of computational thinking in two lessons involving
block programming and unplugged programming in the subjects mathematics and food and
health. Elements of computer science, including programming and computational thinking,
have been included in the school curricula in an increasing number of countries in the later
years (Nouri et al., 2020). To our knowledge there is done little research on the topic of using
the subject food and health as an arena for programming. Therefore, we believe this research
could not only be of interest to Norwegian schools, but also a wider audience.
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Computational thinking is closely linked to programming and
coding (Gjøvik and Torkildsen, 2019), and has been included
as a part of the core elements of the mathematics curriculum
(Ministry of Education and Research, 2019). Computational
thinking can be seen as a thought process that involves creating
solutions that can be executed by computers or humans (Bocconi
et al., 2018), or involves problem-solving (Ardito et al., 2020).
Algorithmic thinking is one of several key concepts within
computational thinking (Bocconi et al., 2018), and collaboration
is a key component (Ardito et al., 2020). Many of the concepts
and approaches within computational thinking can be practiced
through unplugged programming (Bell and Vahrenhold, 2018).

By giving different kinds of problems to students, programming
can be used to practice collaboration and discussions/reasoning
(Sevik, 2016). Furthermore, it is pointed out that students can
use their creativity and imagination in the work from idea to
action. Interaction, communication and exploring and creating
have been highlighted as important competences to be emphasized
in the school of the future with the intention of educating future
professionals (NOU, 2015: 8). A central element in the new
Norwegian core curriculum, that decides the values and principles
for primary and secondary education, is interdisciplinary, and
one of the goals is that students achieve understanding and see
connections across subjects (Ministry of Education and Research,
2017). We wanted to try to combine mathematics and a practical-
aesthetic subject, such as food and health, and see if this
combination could give some benefits. Food and health was chosen
because it is an arena where following instructions is often used,
which requires algorithmic thinking. Thus, perhaps one can use
block programming in mathematics and unplugged programming
in food and health to work on students’ algorithmic thinking and
their understanding of what programming can be.

Therefore, our research question was:

In what way can two lessons within the subjects of
mathematics and food and health make possibilities in
programming visible to the students?

2. Materials and methods

In this project we used two types of programming: block
programming and unplugged programming. Block programming
can be described as a visual representation of programming
code, for instance graphic icons or blocks. These blocks can
be put together to form a code or an algorithm (Humble
et al., 2019). An algorithm is step-by-step instructions that
describe how to do something. Humble et al. (2019) describes
unplugged programming as programming without using a
computer. Board games and controlling each other with
commands or written instructions are some examples of unplugged
programming.

Another example of unplugged programming is recipes in food
and health. A recipe is an example of an algorithm (Berry, 2014),
which tells you step by step what you should do to make the desired
dish. As mentioned, algorithmic thinking is a part of computational
thinking and it consists of following and explaining step-by-step
instructions (Gjøvik and Torkildsen, 2019). Therefore, as recipes

can be seen as an algorithm, we think it can be used to practice
algorithmic thinking.

Ardito et al. (2020) also includes collaboration as a skill within
computational thinking, which can also be an element when several
people cook together. Wang et al. (2021) emphasize the importance
of collaboration when learning computational thinking. These are
some of the similarities that can be found between computational
thinking and cooking, which made us think that working in
food and health can provide an opportunity to increase students
understanding of algorithmic thinking and programming and
broaden their view of what programming can entail.

Furthermore, Eidslott (2021) argues that the motivation of
students who initially have a greater interest in other subjects than
science can be increased by combining learning objectives from
several subjects and making programming something practical.
Thus, perhaps food and health can be used as an introduction to
programming for students who are initially not interested in it.

2.1. Study design

Action research can be seen as a small-scale intervention that
combines action and reflection on what has been done (Cohen et al.,
2018). Furthermore, in action research, the researcher can take an
active role in the studied field (Tiller, 2006). In our project, we
wanted the students to experience several aspects of programming.
As programming is relatively new in the curriculum, we assumed
that the students had a limited image of what programming
is or could be. Thus, we wanted the students to make use of
computational thinking in other areas than digital programming,
in the form of unplugged programming. An action research process
consists of planning, implementation and evaluation of a scheme,
preferably in several rounds (Carr and Kemmis, 1986). In our
project, we only carried out the lessons in one round. The reason
for this is presented under descriptions of the lessons.

2.2. Participants

Two sixth grade school classes from a regular city school
participated in the project. Both classes consisted of 22 students,
therefore the total amount of students which participated were
44. Of these students, 36 gave feedback. A small sample size fits
with action research. At the same time, it will not be possible for
us to generalize the results from this project beyond the project’s
participants, but hopefully we can draw some inferences from it.

2.3. Lessons

The project consists of two lessons, one within food and
health and one in mathematics, where the students participate
in both. Both lessons were planned by pre-service teachers in
collaboration with university lecturers and were carried out by the
pre-service teachers.

To prevent the size of the student groups to be too large, we
chose to carry out the project over 2 days where one class visited
us at the university each day. Furthermore, each class was divided

Frontiers in Education 02 frontiersin.org51

https://doi.org/10.3389/feduc.2023.1138285
https://www.frontiersin.org/journals/education
https://www.frontiersin.org/


feduc-08-1138285 April 10, 2023 Time: 12:39 # 3

Heim and Wang 10.3389/feduc.2023.1138285

into two groups. One group started with mathematics, while the
other one started with food and health. Halfway through the day
the two groups switched places. As this was on consecutive days,
we were not able to evaluate and plan and make any major changes
from 1 day to the next, which is one of the main ideas of action
research. In addition, we did not make any changes on the overall
structure of the implementation of the lessons because we wanted
the students to have the same experiences so that they had a
common starting point for any conversations that took place at a
later stage. Furthermore, as all the students did more or less the
same, we got a larger number of responses that can give us an
indication on the study rather than doing two separate run-troughs
and getting half the responses on each.

Below follows a description of the two lessons.

2.3.1. Mathematics
A competence aim after year five in mathematics is student

“is expected to be able to create and programme algorithms with
the use of variables, conditions and loops” (Ministry of Education
and Research, 2019, p. 9). Before the study the students have
followed the curriculum for a year and should be familiar with
this competence aim and it was plausible that they needed some
of the same competence in this lesson. We chose to use block
programming, including micro:bit and Bit:Bot, as the students
already had some familiarity with this. The students were divided
into groups of two or three students in each group, where each
group had a micro:bit and Bit:Bot. The groups were given two to
three tasks to solve, depending on how quickly they solved the
first two tasks. The first task was to get the Bit:Bot to drive one
meter forward, turn around 180◦and drive back to start. This task
gives the students information about how the Bit:Bot moves. For
example, how many milliseconds it takes to drive one meter or turn
around at the selected percentage of maximum speed. The students
could use this information in the next task, which consisted of
making the Bit:Bot to drive around a track. The track contained
five straight stretches with two 90◦ turns and two 45◦ turns. The
groups that finished driving the track, could try to make a traffic
light. The traffic light consisted of a red, a yellow and a green LED.
The traffic light had to be programmed to change to a new colour
every 2 s. The tasks were taken from: https://www.vitensenter.no/
superbit/elev/superbit-ogsätning/.

2.3.2. Food and health
The students were divided into four groups of three or four

students and in the first session the students were organized into
groups with the same recipe, while in the second session each group
had four different recipes. For the first group, the recipes consisted
of counting, brushing, washing and boiling potatoes, preparing
trout and butter sauce, making raw carrot salad with dressing and
dessert Greek yogurt with strawberries and toasted oatmeal. The
other group had to make fish gratin from scratch, with raw carrot
salad and potatoes. For dessert the students made fruit salad. In
addition, the groups had pre- and post-work in connection the
making of the food, such as preparation and cleaning afterward.
The unplugged programming consisted of understanding and
following the given recipes and working together in groups.
Throughout the process, pre-service teachers were available to give
guidance to the students on “decoding” the recipes.

2.4. Data collection

To answer the research question, we collected data
through observation and a questionnaire. A questionnaire
consists of written questions requiring written responses
(Kemmis et al., 2014).

The day after the students had participated in the lessons,
they answered the questionnaire together with their teacher at
their own school. It was voluntary for the students to answer the
questionnaire and it was anonymous. We had no way of finding out
which students had answered what because it was anonymous and
we were not present when they answered the questionnaire. The
questionnaire consisted of three open ended questions that they
had to answer. Open-ended questions is useful for research on a
smaller scale (Cohen et al., 2018). The questions we asked were:

• Describe the programming you did at UiT.
• Describe how you experienced programming in mathematics.
• Describe how you experienced the programming in food and

health.

With the first question, we wanted to get the students’ overall
picture of the day (both lessons). Next, we wanted the students
to describe the programming within the two lessons. Open-ended
questions could provide answers which might not otherwise have
been possible in a questionnaire, and allow the respondents to
answer in their own words (Cohen et al., 2018). Therefore, we chose
to have open-ended questions where the students had to describe
what they did because we wanted to get their own thoughts. At the
same time, we did not know what the students would answer. If
we had closed questions, possibly with answer categories, we could
perhaps get answers to exactly what we wanted. On the other hand,
we did not want to steer the students toward any answers. We chose
to use the term programming which the students have heard about
before, and we did not know whether the students were familiar
with what computational thinking was or some of the concepts or
components of computational thinking.

As the pre-service teachers had the main responsibility for
the implementation of the lessons, we made our observations as
non-participants. As there was only one student teacher at the
mathematics lesson, the one of us who were there occasionally had
to help some groups of students to progress in their work. We chose
to make use of unstructured observation, as we wanted to have the
opportunity to write down interesting events we captured. During
the lessons we observed and subsequently wrote what we observed
after the lessons.

2.5. Data analysis

In the planning phase, we had expectations that the pupils
would most likely not see the connection between block and analog
programming on the basis that LK20 had only been in use for
two and these were pupils in the 6th grade. Before the analysis
process started, all the student answers were imported into an excel-
document, and each question was placed on a separate sheet in this
document. This allowed us to analyse one question at a time, while
at the same time we had an overview of what each student had
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answered on every question. The analysis process of qualitative data
is often inductive (Cohen et al., 2018). Thus, we started the analysis
without predefined categories.

We used thematic analysis following the phases of Braun and
Clarke (2006). To familiarize ourselves with the data we read
through the answers from the students several times and noting
down ideas, patterns and interesting answers. In the second phase
we identified initial codes in the responses. Third, we gathered
similar codes into larger categories. For questions two and three,
answers could often contain more than one code and could fit in
more than one category. Fourth we reviewed the categories that had
emerged to see if anything had been left out or if it was natural to
combine some of them. To get a better overview of the data, all
categories that we experienced as consistent was noted in the excel-
document which made it possible for us to count and categorize the
qualitative answers. Fifth, we settled on names for the categories.

After we had finished the thematic analysis of the questionnaire
we discussed the categories against our observations. Through the
observation, we had more control over what we saw, but we did not
have that in the students’ feedback and in that way we experienced
that they gave information about each other. This repeated and
multi-sided systematization can have an impact on reliability. The
results of the analysis were in line with our expectations.

3. Results

In this section, we will present the parts of the data material that
can shed light on the problem. In other words, not everything the
students have answered will be presented here. Because the students
answered the questions in Norwegian, the responses presented
here is our translation from Norwegian to English of what the
students have answered.

3.1. Students did not recognize
programming in food and health

It seems that there is a clear difference to what extent the
students think programming was involved in the two lessons. After
the completion of these two lessons, it may appear that the students
did not link programming to the lesson that was carried out in
food and health. On question one where the students were asked
to describe the programming, they did on the day they were at the
university campus, food and health were only mentioned in four
out of 36 answers. In contrast, 34 out of 36 of the answers can be
directly linked to the lesson that was carried out in mathematics.
In these answers, students wrote that they programmed a Bit:Bot,
a car or a robot.

Below are the four answers that mentioned the lesson in
food and health.

• “I programmed and cooked. In the programming we
programmed Bit:Bots to follow a line and drive one meter
forward, turn and go back one meter.”

• “We programmed a robot to drive one meter back and forth,
we also made it drive on a track and we also made a mini

traffic light. We also made fish gratin and fruit salad in food
and health.”

• “It was fun, but a bit challenging sometimes, for example with
the traffic lights. But everything was a lot of fun, both food and
programming.”

• “First, I had food and health in the kitchen, and after that I had
programming. We programmed the car to go one meter back
and forth.”

If you look at these responses, the lesson in food and health
are not linked to programming. The students just answered
that they cooked or made food. From these four responses it
seems like the students think they programmed in one lesson
and made food in the other. Furthermore, food and health were
never mentioned alone in these answers, but programming in
mathematics was also mentioned.

3.2. Some programming in food and
health nonetheless

It seems like seven of the students were, nonetheless, able to see
the connection between programming and the recipe they used in
food and health on the question “Describe how you experienced
the programming in food and health.” In two of these answers,
the students clearly state a connection between the two lessons
that were carried out. If seven students could see a connection,
this means that 29 students gave answers that did not give any
indication that they saw a connection between programming and
the lesson in food and health.

In Table 1, there is an overview of all the categories on this
question where we believe that we can see answers that can be
related to programming in one way or another. It is worth adding
that none of the students who mentioned food and health in the first
question answered anything that could be linked to programming
to this question.

The most obvious link to programming can be found in the
category Description of roles. In the answers in this category, the
students have linked the lesson in mathematics together with
the lesson in food and health by seeing the similarity between
themselves in the kitchen and the car/Bit:Bot. Below are the two
answers that ended up in this category.

• “I’m kind of the micro:bit and the recipe is the MAKER.”
• “The recipe was what we had to follow and it’s a bit like the car

as well because in a way it gets a recipe.”

As you can see from the first response above, the student draws
a direct link between itself in food and health and the micro:bit
(which is in the Bit:Bot), and the recipe and the person who
programs the Bit:Bot. We can see the same in the second response,
where the student wrote that in the same way that student followed
the recipe in food and health, the Bit:Bot also follows a recipe that
determines what it will do.

The category Recipe contains the answers that, in one way or
another, mentions recipe or part of a recipe. In five of the six
answers in this category, it seems like the students have realized
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TABLE 1 Categories that can be connected to programming on the
question: “Describe how you experienced the programming in food and
health”.

Category Number of responses

Recipe 6

Description of roles 2

Mentions the word programming 3

that it is the recipe in food and health that can be the link to
programming. Below are all the answers in this category.

• “I think that it is that we are reading a recipe.”
• “The recipe.”
• “The recipe! It was actually easy since we didn’t use the recipe,

since we were told what to do.”
• “I experienced programming in the recipe.”
• “I followed a line of code most of the time. I let the potatoes cook

for 40 and occasionally look at them.”
• “I don’t know, I just did what was written on the recipe.”

It varies how certain the students seem to be about whether
the recipe can be programming or not. For example, the first
answer shows that the student is somewhat unsure about this,
while others seem more certain. In the fifth answer, the word
recipe is not mentioned like the other answers. Here it can seem
like the student connects lines of code to the description of how
to cook the potatoes. As mentioned earlier, a recipe is step-by-
step instructions, and this can be compared to lines of code in
an algorithm. This can thus be interpreted as the student linking
the recipe in food and health to lines of code and algorithms
in programming. Although the recipe is mentioned in the sixth
answer, the student expressed that they did not know and just
followed the recipe. Thus, it can be interpreted that this student
does not see the programming in the recipe.

All answers where the word programming has been mentioned
has ended up in the category Mentions the word programming. In
these responses, the students answered that the programming in
food and health was fun or good. Thus, it is not easy to say whether
they have seen what the programming can be in food and health.
It is worth mentioning that in addition to the categories shown in
Table 1, there were also six students who answered: “I don’t know”
or “I do not understand the question.”

3.3. Other interesting categories

Table 2 shows two of the categories that cannot be directly
linked to programming, but which nevertheless can be interesting.
These categories are Fun and Collaboration. In the fun category,
25 out of 36 students answered that they thought the mathematics
lesson was fun. Correspondingly, 16 of the students wrote that the
lesson in food and health was fun.

A total of seven of the responses about the experience of
programming in food and health have ended up in the collaboration
category, six of these refer to a functioning collaboration and
one case where the collaboration has not worked. These answers
describes whether the group members worked well as a team and

TABLE 2 Number of responses in two categories that cannot be directly
linked to programming to the questions that asked how students
experienced the programming in mathematics and food and health.

Question Fun Collaboration

Good Bad

Describe how you experienced
programming in mathematics

25 2 3

Describe how you experienced the
programming in food and health

16 6 1

whether everyone did their part of the work. On the question of
the experience of programming in mathematics, two answers can
be categorized as the collaboration worked well and three where
the collaboration has not worked. Here, too, the answers focus on
whether each group member had done their part of the job or not.

3.4. Observations

Here we will present some of the things which we observed that
can be related to our research question.

In food and health, we saw that the pre-service teachers were
active tutors in reading and following the recipes. In the event of
a lack of description or ambiguities in the recipe, the pre-service
teachers supported the students in their process. An example of this
is in the procedure for white sauce, one instruction is: “Melt butter
in a large saucepan.” The student opened the kitchen cupboard
and wondered which pot was big enough and took out the largest
pot, whereupon a pre-service teachers guided the student to take a
smaller one and which the pre-service teacher considered suitable
for the amount of sauce that was going to be made. In food and
health, it was also observed that the pre-service teachers did not tell
the students they were doing unplugged programming.

The observations of very happy students who worked as
if they were highly motivated were very prominent both in
mathematics and in food and health. It felt as if the students
found the assignments meaningful. Despite much joy, two
individual students were observed in food and health who did
not participate in the work and one student who finished
early with his part of the work and did not help the rest of
the group. In mathematics, certain groups or group members
were also observed who occasionally opted out and did not
participate in the lesson. In one of the cases, it seemed like the
group just needed some guidance on how to think in order to
figure out how to get the Bit:Bot to follow the track and how
to work together.

In mathematics, it was observed that the majority of the groups
largely used trial and error as a way of working to solve the tasks.
The students made some changes to their code and then tested the
Bit:Bot on the track.

4. Discussion

The purpose of this study was to investigate whether two
lessons in the subjects mathematics and food and health could
highlight possibilities in programming for the students. In
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particular, whether the students recognized the programming
in both subjects.

4.1. Transfer of learning

Our main finding was that none of the students answers to the
first question could be linked directly to programming in food and
health. This is further supported by the fact that the majority could
not clarify what the programming was in question three either, and
six students answered that they did not know or understand this
question. This may indicate that the majority of the students did
not see the connection between programming and food and health.

Zhuang et al. (2020) defines transfer of learning as the
result of generalization of experiences. If a person generalizes his
experiences, it is possible that he can transfer knowledge from one
situation to another. An advantage of transfer of learning between
two areas is that it can strengthen learning in the new area you
are studying. A prerequisite for transfer of learning is that there
must be a link between the two learning activities (Zhuang et al.,
2020). The fact that most of the students were unable to see the
connection between the lessons may indicate that they were unable
to generalize their experiences. One can speculate whether it could
be because the students may think of programming as a separate
area and not linked to other subjects, and thus they did not see the
link between block programming and unplugged programming in
food and health. In addition, maybe the students did not consider
reading recipes in food and health to be the same as reading
algorithms in programming. In food and health, the pre-service
teachers filled in gaps in the recipe so that the students succeeded
in the process, or as one student wrote that they did not need
the recipe as they were told what to do. In contrast, a Bit:Bot will
follow the algorithm and steps exactly as the students have set it up,
and if something is wrong or missing, compared to the students’
intention, the Bit:Bot will not do what the students want.

In contrast, 34 out of 36 answers could be connected to the
lesson that was carried out in mathematics. Thus, it can appear that
students largely associate programming with block programming,
and not unplugged programming. In light of the intention of the
school of the future to facilitate students to develop problem-
solving skills and critical assessment skills (NOU, 2015: 8), it may
appear that students did not automatically express competence in
computational thinking. However, we cannot rule out that students
are aware of how they think (Ways of Thinking) and work (Ways
of Working), which tools they use (Tools for Working) in relation
to the world they live in (Living in the World) (Binkley et al., 2012)
in this case in mathematics or food and health.

One of the reasons why the majority of students may not
connect programming and lesson in food and health may be
that the term unplugged programming was not used in food and
health, at least not that we could observe. We chose not to use
the term unplugged programming to avoid influencing the results
and we wanted to see if the students themselves would make the
connection, this in line with the criticism of action research that the
researcher can influence the action. If the term was more actively
used, it is conceivable that the result could change, but at the same
time we would not have given the students opportunity to discover
the connection themselves.

When the students were asked directly about programming
in food and health, there were seven who expressed in writing
what programming could be. Here, connections were made
between algorithm and recipe, and some students saw the
similarity between themselves and Bit:Bot. Thus, it may appear
that some students nevertheless managed to generalize their
experiences so that they saw the connections that we hoped
to find in the project, and maybe would be able to transfer
some of their knowledge from one situation to the other. The
fact that there are only seven students who saw the connection
does not necessarily mean that the other students cannot
make use of the knowledge they acquired in both block and
unplugged programming.

4.2. Programming as an approach to
learning

A prominent research result was that 25 out of 36
students experienced programming in mathematics as fun.
Our interpretation of fun can show that this arrangement in
programming made the students more active participants.
According to Jordet (2020), school today is still characterized by
students sitting on their chairs doing theoretical work. A more
practical school is in line with Dewey’s (1915) “Learning by
doing,” and the importance of stimulating the senses and use
the body while learning. In our project the students did not sit
still but were in motion. In the kitchen, they used their bodies
and senses to prepare the food, while they had to walk between
the table they were working on and the track the Bit:Bot was
driving on. This can be linked to the intention in “embodied
cognition” where the body is in interaction with the brain and
the world around (Shapiro, 2019) and to bodily learning which
in the OECD report is highlighted as important in pedagogy
(Paniagua and Istance, 2018). Embodied cognition can take place
in both the digital and the analog space (Østern and Knudsen,
2021) and can be summarized through Vygotskij et al. (1978)
socio-cultural perspective where all intellectual development
is based on social activity. Based on this, programming can
be a learning arena, where the students work together with
other students and the pre-service teachers where knowledge is
exchanged and contributes to the tasks being solved. Vygotskij
et al. (1978) calls it the zone of proximal development where a
student can solve problems under guidance or in collaborations
with more capable peers. The pedagogical challenge lies in
making use of the zone by providing help and support, so that
next time the students can manage to do the task on their
own.

In both lessons, we hoped to challenge the students to try
both unplugged and digital tasks that they had not done before.
We tried to arrange for the students to experience two sides of
programming and which could hopefully clarify programming and
algorithmic thinking. The students explored together with the
guidance and encouragement of fellow students and pre-service
teachers. We experienced that this created a positive feeling of
mastery among most of the students, which may be due to the
fact that it was an informal learning situation where students
and pre-service teachers developed good relationships with each
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other. Bruner et al. (1997) emphasizes that human learning is an
interactive process where people learn from each other. Jordet
(2020) summarizes that “Recognition is, in other words, the most
central psychosocial prerequisite for children’s academic and social
learning at school, for the development of good self-esteem and
for good mental health,” and highlights three forms of mutual
recognition; love, justice and social values where the sum is
included in and helps to shape the self-worth or identity of a
person. Through the programming lessons where everyone was
active in one way or another, an opportunity was created for the
pre-service teachers to meet the students with friendly eyes, interest
and support and in that way could help to form the student’s self-
esteem. The students could contribute through their rights and
duties and in that way strengthen their self-respect (Jordet, 2020).
However, it was observed that some students did not make use
of their rights or that the task was too small in relation to the
student’s capacity to perform his duty. The reason for this may
be poor planning of work tasks or supervision of the pre-service
teachers. This could prevent the students from showing their skills
and competence in a social community and thus may not get
recognition (Jordet, 2020). The social interaction may be related
to that.

Eidslott (2021) writes that programming is more than just
writing codes. He thinks that it is more about that the students,
through their creativity and ability to collaborate, can be able to
solve problems by getting an overview of the problem and are able
to divide it up to smaller problems or tasks, and arrive at a solution
through trial and error. Shute et al. (2017) also highlight that
collaboration and problem-solving skills such as trial and error as
elements of computational thinking. In conjunction with Eidslott’s
(2021) point that students can use their ability to cooperate to solve
challenges, there were six students who described a functioning
collaboration in food and health and only one who experienced a
malfunctioning collaboration. In mathematics, only two mentioned
that the collaboration was good, while there were three who chose
to point out that it was bad. As the answers largely focused on
the distribution of work in the groups, it may be that the students
fulfilled their duty in the collaboration to varying degrees. Of
course, we cannot rule out that, in the groups that did not work,
there may be other reasons why the collaboration did not work,
such as a lack of skills.

In the lesson in mathematics, the most used method of
working was trial and error. The students constantly made small
adjustments to their code, followed by testing if the Bit:Bot did as
they wanted. In contrast, trial and error can result in an undesirable
result in food and health. It is always possible to use trial and
error in food and health too, but it is not sustainable to throw
away ingredients or food due to experimentation in terms of
the UN’s Sustainable Development Goals (United Nations, 2021),
especially goal number 12 about ensuring sustainable consumption
and production patterns.

4.3. The connection between unplugged
and block programming

There were 34 students that related programming to the
lesson in mathematics and only a few to the lesson in food

and health. There can be many reasons for this. Firstly, maybe
the students did not know how to answer. secondly, it may
be due to the students’ prior knowledge, they could possibly
have encountered digital programming both inside and outside
of school. It is not necessarily that they relate programming to
mathematics either, but as an independent activity. Based on our
understanding that the students acquired different skills through
programming, it seems like they did not see the connection between
block and unplugged programming. Dewey (1938) and Vygotskij
et al. (1978) are known for their philosophy that learning takes
place through words. Dewey (1938) sees it in the context of
doing, experiencing and reflecting. The students’ exploration takes
place based on what they already know. They have previously
had a visit from The Science Centre of Northern Norway which
focused on programming, and perhaps some of the students have
done some programming in their spare time. They could share
experiences with and understanding of programming with the
others in the group. This is in line with the intention of the
school of the future to educate workers for the future, and that
students should acquire competence in learning, communicating,
interacting and participating in addition to exploring and creating
(NOU, 2015: 8).

One of the goals in the national core curriculum is to
find a solution to issues by using approaches from various
subjects through interdisciplinary work (Ministry of Education
and Research, 2017). Initially, our intention was to create an
interdisciplinary collaboration between mathematics and food
and health, in order to fulfill this part of the core curriculum
where interdisciplinary is emphasized. On the other hand, this
project probably cannot be called interdisciplinary, as the two
lessons are carried out in parallel and are not closely connected.
We planned to have a common theme of programming, but
the lessons could have been carried out individually since they
do not build on each other. On the other hand, the project
may perhaps fall under the concept of multidisciplinary as it’s
called by Drake and Reid (2020). In both lessons, students
work with programming and computational thinking, where
mathematics and food and health illuminate this from their
respective viewpoints, and the subjects are coordinated, but are
carried out separately.

5. Conclusion

In our project, we carried out two lessons with unplugged
and block programming in the subjects of mathematics and food
and health, where we looked at whether these can contribute to
developing computational thinking in students in the 6th grade
and whether the students could see the connection between the
lessons. As we have a limited sample, we cannot say anything
that applies in general, but for the students we have, we can
summarize that it may appear that most of the students did
not see the link between programming and the lesson in food
and health/unplugged programming. But we cannot know for
sure whether the students can use computational thinking in
areas other than digital programming. The same applies to
other possibilities in programming. The students may have
acquired skills in, for example, collaboration, communication and
problem solving.
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6. Implications

This is a small study, almost a pilot, we think the article is
relevant for a larger audience because, based on our knowledge,
there has not been much research into programming where there
is a combination of practical-aesthetic subjects, such as food and
health, and mathematics. There are a few reasons why we think
this study may be relevant to others. This article may help to
make accessible and clarify what programming can be, and perhaps
motivate others to work with programming in several arenas and
angles. One of the approaches could be to work with in-depth
learning through multidisciplinary and different activities. This
is an example of a multidisciplinary scheme that can perhaps
be developed into an interdisciplinary one. It can show how to
strengthen the natural bond between food and health as a practical
aesthetic subject and mathematics as a science subject. Perhaps
an opportunity can be created for practical aesthetic subjects and
science subjects to develop familiarity, understanding and respect
for the special nature of the subjects–content and working methods.

If we look a little ahead, we have made a couple of thoughts
about what we think might be interesting for us to work on
later. One possibility is to further develop our lessons so that it
becomes more interdisciplinary, or at least so that the lessons in
the two subjects are more closely linked. Hopefully, it can make the
programming in food and health more apparent to the students.
One way to do this could be for students to a greater extent “code”
more themselves in food and health. It could, for example, be that
they do some research in order to make their own recipes with
precise instructions, such as in an algorithm.

Another possibility is to do something similar again in a few
years. As the new mathematics curriculum was introduced in the
autumn of 2020 and the students have had a lot of home schooling
during the corona pandemic, the students in this study have had
limited programming lessons. In a few years, students will have had
more programming in the mathematics education and perhaps in
several subjects. Thus, it can be interesting to compare the results
to, among other things, see if there are changes in the students’
approach to programming.
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Fostering spatial ability 
development in and for authentic 
STEM learning
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Gavin Duffy 4, Günter Maresch 3, Marianna Pagkratidou 4 and 
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Netherlands, 2 Institute of Education and Child Studies, Leiden University, Leiden, Netherlands, 
3 Department of Mathematics, Paris Lodron University of Salzburg, Salzburg, Austria, 4 School of 
Electrical and Electronic Engineering, Technological University Dublin, Dublin, Ireland

Empirical interdisciplinary research has explored the role of spatial ability in STEM 
learning and achievement. While most of this research indicates that fostering 
spatial thinking in educational contexts has the potential to positively impact 
students’ enrollment and performance in STEM subjects, there is less agreement 
on the best approach to do so. This article provides an overview of various types 
of effective spatial interventions and practices in formal or informal educational 
contexts, including targeted training of STEM-relevant spatial skills, spatialized 
curricula embedded in schools, integrated STEM practices addressing students’ 
use of spatial skills, and spatial activities in informal STEM education. Gender 
and socio-economic status of students – two variables that have been found 
to moderate the relationship between students’ spatial ability and their STEM 
performance – are also discussed in this article. Drawing on a wide spectrum 
of perspectives on situating spatial ability research in STEM education contexts, 
this article underscores the need for further inquiry into opportunities for 
developing K-12 students’ spatial ability through integrated and informal STEM 
practices. This article proposes a conjecture that the relationship between 
developing students’ spatial ability and enhancing their abilities to solve spatially 
complex STEM problems is bidirectional. Recommendations for future research 
are made on lingering questions about the effect of interventions, untapped 
resources for spatial ability training in formal and informal STEM education, and 
educational strategies for developing students’ spatial ability in authentic learning 
environments.

KEYWORDS

spatial ability, spatial intervention, mathematics education, integrated STEM education, 
informal STEM education, gender difference, socio-economic status

1. Introduction

Much of society values scientific knowledge and technological development as vital 
contributors to economic growth, innovation, and welfare (Davies and Horst, 2016; Freeman 
et  al., 2019). Attracting more students to study Science, Technology, Engineering, and 
Mathematics (STEM) from primary, secondary, and university-levels of education has been on 
national agendas across the world (Rocard et al., 2007; Joyce and Dzoga, 2011; National Research 
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Council, 2011; Gough, 2015; Fatourou et al., 2019). Variables such as 
interest in STEM (Caprile et al., 2015), a sense of belonging in STEM 
fields (Dortch and Patel, 2017; Murphy et al., 2020), and self-efficacy 
in learning STEM (Lent et  al., 2010; Tracey, 2010) all influence 
students’ decisions to follow STEM studies and careers, and have been 
the focus of efforts to encourage students to enter the STEM field 
(Kearney, 2011; Caprile et  al., 2015). Surprisingly, initiatives 
promoting STEM education have paid relatively little attention to 
cognitive factors such as the spatial ability levels of students, which 
appears to be a key predictor of future academic and professional 
involvement in the STEM field (Shea et al., 2001; Wai et al., 2009; Kell 
et al., 2013).

Spatial ability refers to the competence in representing and 
processing the location of objects, their shape, their relation to each 
other, and the orbits they take as they move (Newcombe, 2010); and 
can be developed through training and education (Uttal et al., 2013a). 
In a meta-analysis of over 200 studies, Uttal et al. (2013a) found that 
training students to think spatially and apply spatial skills led to 
significant increases in their spatial ability, with an average effect size 
of 0.47. Furthermore, spatial training interventions can potentially 
lead to transfer of gains to other domains, such as mathematics 
(Gilligan et al., 2020). Although most research on spatial ability and 
STEM performance has been situated in college education (e.g., Lord, 
1987; Sorby, 2009; Hegarty, 2014), it is critical to make use of the 
formal and informal resources from early childhood on (Newcombe, 
2010; Newcombe and Frick, 2010; Hawes et al., 2017). In fact, an 
increasing amount of research resources is being devoted to 
developing spatial interventions or spatialized curricula for K-12 
education (e.g., Casey et al., 2008; Burte et al., 2017; Hawes et al., 2017; 
Lowrie et al., 2017; Sorby and Veurink, 2019).

Through this paper, we  aim to characterize a general state of 
knowledge on the various types of practices that can foster spatial 
ability development in K-12 educational contexts, drawing insights 
from different disciplines, including cognitive psychology (e.g., Uttal 
et  al., 2013a; Hawes et  al., 2017; Mix, 2019; Gilligan et  al., 2020), 
educational science (e.g., Sorby, 2009; Newcombe and Frick, 2010; 
Casey et al., 2011; Lowrie et al., 2019), and STEM education (e.g., 
Burte et al., 2017; Ramey and Uttal, 2017; Julià and Antolì, 2018; Atit 
et  al., 2020). We  specifically examine how educational spatial 
interventions and practices have been situated in authentic, formal 
and informal STEM environments. By authentic learning 
environments we mean “situating learning tasks in the context of 
future use” and in “real-world situations” (Herrington et al., 2014, 
p.  401). We  begin with a section outlining spatial ability and its 
relation to STEM learning from a cognitive psychology perspective. 
In this section, we draw heavily on the literature about space-math 
associations, as math is the first STEM subject officially taught in 
school and fundamental to most other STEM subjects, and is also the 
subject that has been researched most extensively in the field of spatial 
cognition. We then inspect the different approaches used to develop 
students’ spatial ability, covering a wide range of interventions and 
educational practices, including targeted training of STEM-relevant 
spatial skills, spatialized curricula, integrated STEM practices that 
address students’ use of spatial skills, and spatial activities in informal 
STEM education. We focus on if and how integrated STEM practices 
and informal STEM learning can be harnessed and further developed 
to stimulate spatial skills development, as they present opportunities 
for spatial training in authentic learning environments. Lastly, as the 

goals of spatial interventions or spatialized educational practices 
always point to developing individual students’ spatial ability, we find 
it important to also discuss how individual variables, such as gender 
and socio-economic status, may moderate the relationship between 
students’ spatial ability development and STEM learning. We discuss 
how future interventions and educational practices aiming to develop 
students’ spatial abilities in STEM education contexts may benefit 
from taking these two variables into account.

2. The role of spatial ability in STEM 
learning

2.1. Understanding spatial ability: Typology 
of spatial skills

A clear classification and precise description of spatial skills are 
important for the development and evaluation of interventions 
(Buckley et al., 2018), as it provides a basis for systematic exploration 
of whether, how, and why some interventions may or may not 
be effective for training specific spatial skills. To create classifications, 
several researchers have followed a psychometric approach. Linn and 
Petersen (1985) distinguished between three categories of spatial 
skills, i.e., mental rotation, spatial perception, and spatial visualization. 
Mental rotation refers to the ability to mentally manipulate and rotate 
two- or three-dimensional objects; spatial perception requires 
individuals to ignore distracting information and determine the 
spatial relationship regarding their own orientation, e.g., perceiving 
the water level when the container is tilted; spatial visualization refers 
to the ability to carry out multistep manipulations of spatial 
information, e.g., visualizing a piece of paper being folded. Others 
have argued that this typology is too ambiguous and too broad to 
categorize tasks that may not be conceptually related (Voyer et al., 
1995). The extended Cattell-Horn-Carroll framework (McGrew, 2009) 
suggested 11 spatial factors based on empirical support, including 
visualization, spatial relation, closure speed, flexibility of closure visual 
memory, spatial scanning, serial perceptual integration, length 
estimation, perceptual illusions, perceptual alternation, and imagery. 
Despite the fact that more spatial factors have been identified, there 
are discrepancies between their conceptualizations. A lack of theory-
driven classification may be one of the reasons for these discrepancies 
(Uttal et al., 2013a).

In response to the lack of consensus regarding the definition and 
classification of spatial ability, Uttal et  al. (2013a) adopted a 
classification system that grew out of linguistics, cognitive science, and 
neuroscience to distinguish different spatial abilities along two 
dimensions: intrinsic-extrinsic and static-dynamic (Palmer, 1978; 
Talmy, 2000; Chatterjee, 2008). The intrinsic-extrinsic dimension is 
classified according to whether the spatial information is within a 
single object or between multiple objects, while the static-dynamic 
dimension is classified according to whether transformation or 
movement is involved (Uttal et al., 2013a; Newcombe and Shipley, 
2014). A two-by-two classification of spatial skills by combining these 
two fundamental dimensions renders four distinct sub-domains: 
intrinsic-static, intrinsic-dynamic, extrinsic-static, and extrinsic-
dynamic, as shown in Figure 1. This classification cleverly reflects 
different components of spatial skills that have been described in 
previous research, such as the above-mentioned categories by Linn 
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and Petersen (1985), and the additional categories, visuo-spatial 
perceptual speed and spatial relations, mentioned by Carroll (1993).

The two-by-two classification has been adopted and supported by 
multiple studies (e.g., Taylor and Hutton, 2013; Gilligan et al., 2018; 
Hodgkiss et  al., 2018). Nevertheless, there was also a debate on 
whether spatial skill is unitary or multidimensional (Mix et al., 2016;  
Carroll, (1993)). Based on the two-by-two classification, Mix et al. 
(2018) conducted factor analyses on kindergarteners, third and sixth 
graders. The result indicated that the two-factor (intrinsic-extrinsic) 
model was the best fit for both kindergarteners and third graders, 
while the one-factor model fits better for sixth graders. This result 
suggested that the two-by-two framework, especially the dynamic-
static dimension, may not accurately classify the latent structure 
underlying elementary school children’s spatial performance.

2.2. Relationship between spatial ability 
and STEM performance

Several studies have described a relationship between spatial 
ability and STEM learning. For example, in the domain of math, 
positive correlations between spatial ability and math performance 
have been found among preschoolers (Kyttälä et al., 2003; Rasmussen 
and Bisanz, 2005), middle childhood (Casey et al., 2001; Geary et al., 
2007), preadolescence and young adulthood (Shea et al., 2001; Webb 
et al., 2007), suggesting that people who perform better in spatial tasks 
also achieve better overall mathematics performance. The correlation 
between spatial ability and math involves different subdomains of 
math, including subdomains that, superficially, do not appear to 
be spatial (Mix et al., 2016, 2018). For example, positive correlations 
have been found with geometry and word problem solving (Delgado 
and Prieto, 2004; Kyttälä and Lehto, 2008), as well as with arithmetic 
(Reuhkala, 2001) and early numeracy (Kyttälä et al., 2003; Lefevre 
et  al., 2010). Besides math, spatial ability also correlates with 
performance in other STEM domains, including engineering (Sorby, 
2009), geoscience (Atit et al., 2015), chemistry (Stieff et al., 2012), 

computer programming (Jones and Burnett, 2008), design (Lin, 2016), 
and medical studies (Hegarty et al., 2007).

Although many studies support the relationship between spatial 
ability and STEM performance, it is still unclear why they are 
associated, making it difficult to predict to what extent improvement 
of spatial ability would directly benefit STEM performance. Drawing 
from the literature on space-math associations (e.g., Mix, 2019; Hawes 
and Ansari, 2020; Hawes et al., 2022), it is likely that there are multiple 
ways in which spatial cognition and STEM learning are related. For 
example, in the domain of arithmetic, Mix (2019) theorized that 
spatial ability may allow individuals to decode the spatial arrangement 
of symbols in mathematical equations (e.g., differentiate 15 from 51). 
It further allows individuals to form mental representations of math 
problems (e.g., imagine the scene of a math problem), which is a 
critical step to successful problem solving (Duffy et al., 2020). Lastly, 
the mental number line may serve as the spatial representation that 
helps children solve arithmetic problems (e.g., locate the first addend 
and count up the number of spaces for the second addend). Thus, 
children with strong spatial skills may find it easier to understand and 
implement these skills.

Hawes and Ansari (2020) proposed four explanatory accounts to 
explain why spatial ability and math learning are related. The spatial 
representation of number account, spatial modeling account, shared 
neural processing account, and working memory account. The first two 
accounts are similar to what Mix (2019) proposed, emphasizing the 
role of the number line and spatial representation. The shared neural 
processing account argues that spatial and math are related because 
they rely on the same brain regions. The working memory account 
assumes that individual differences in visual–spatial working memory 
are responsible for processing the short-term storage of visual and 
spatial information (Baddeley, 1993), therefore explaining the relation 
between spatial and math.

The above theoretical accounts highlighted potential 
mechanisms underlying the space-math associations. Besides, 
Gunderson et  al. (2012) demonstrated from two longitudinal 
studies that children’s mental transformation ability at age 5 

FIGURE 1

A two-by-two classification of spatial skills proposed by Uttal et al. (2013a). Reprinted with permission.
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significantly predicted their approximate calculation performance 
at age 8 [β = 0.34, t (151) = 2.27, p < 0.05], with their numerical 
knowledge measured by the number line estimation task at age 6 
mediating this relation [β = 0.51, t (151) = 3.26, p = 0.001]. These 
empirical findings suggested that mental transformation ability may 
help children create a meaningful numerical representation, which 
allows them to better comprehend the linear number line, similar 
to what the above-mentioned spatial representation of number 
account suggested.

However, many questions remain, such as why and under what 
conditions would these mechanisms work and no causal relation 
could be drawn without an experimental study. Future studies are 
needed to examine the above-mentioned mechanisms empirically in 
the area of math as well as in STEM. For example, the spatial 
representation of number account and spatial modeling account could 
be tested by providing children with spatial training to see if they 
achieve a better estimation of the number line or are more likely to 
form accurate and complete schematic representations in 
math problems.

3. Developing students’ spatial ability 
through STEM education

3.1. Spatial interventions and transfer to 
STEM performance

Empirical studies have shown that spatial skills are malleable 
(Uttal et al., 2013a). This malleability on the one hand and the well-
established connection between spatial and STEM skills (Wai et al., 
2009; Hodgkiss et al., 2018; Young et al., 2018) on the other, raise 
the question of whether training spatial skills will improve STEM 
performance. A recent meta-analysis on studies examining transfer 
of spatial training to mathematical skills (Hawes et  al., 2022) 
showed from 29 studies that spatial training can have a positive 
effect on both spatial skills and mathematics performance. 
Specifically, the meta-analysis showed that spatial training 
improved spatial skills with a moderate average effect size [Hedges’s 
g = 0.49] and enhanced mathematics performance with a small to 
moderate average effect size [g = 0.28]. However, the effect varied 
depending on age, type of material, and type of transfer. Given the 
divergence of the outcomes regarding the effectiveness of spatial 
training on mathematics, the present section attempts to provide 
an overview of studies that can suggest optimal results in the 
educational settings.

The section below presents spatial training programs that show 
transfer to STEM performance in formal K-12 education, specifically 
in mathematics, from various countries using various methods and 
factors. We organized the section based on two training approaches: 
“spatial interventions” and “spatializing the curriculum interventions.” 
Spatial interventions target specific spatial skills, such as spatial 
visualization and mental rotation, using physical, digital, or hybrid 
materials and then examine the extent to which mathematics 
performance is improved. Whereas, spatializing the curriculum 
interventions seek to enrich the instructions in a classroom with 
spatial elements. We conclude this section by discussing how these 
interventions make use of formats or materials that aim to mimic 
authentic learning experiences.

3.2. Spatial interventions that show transfer 
to mathematics

3.2.1. Physical format
A study by Burte et al. (2017) is an example of using hands-on 

materials to improve third to sixth-grade students’ spatial thinking in 
the U.S. with the objective to support their mathematical performance. 
More specifically, the aim of the program is for students to engage in 
practices that are relevant to mathematical concepts (e.g., dividing a 
paper into fractional parts) and scientific reasoning (making sense of 
a diagram). The hands-on materials they used were origami and 
pop-up paper, part of an engineering-based program called 
“Think3D!.” The training included paper-folding and -cutting tasks for 
students to construct three-dimensional objects, interpret diagrams 
and solve real-life problems. The intermediate steps of this activity are 
similar to the Mental Paper Folding task and as such, allow students 
to train their mental rotation skills in an embodied manner. The 
construction activities nudged students to use spatial language, which 
is commonly used in math learning, such as angle, corner, direction, 
line, position, shape, side, and symmetry. These practices may also 
be used to spatialize the mathematics instruction, a spatial training 
approach we will be discussing in section 3.1.2. Results from this study 
revealed an interaction between grade and improved accuracy in 
visual representation problems [F(3, 77) = 3.38, p < 0.05, η2 = 0.04] and 
abstract math problem-solving [F(3, 79) = 5.11, p < 0.01, η2 = 0.06], 
with fifth and sixth graders improving but not third and fourth 
graders. An interaction was also found between grade and math 
problems that required spatial thinking [F(3, 79) = 10.35, p < 0.001, 
η2 = 0.11], with only students at higher grades showing an 
improvement. These findings suggested that spatial and mathematical 
gains from this embodied spatial intervention may be moderated by 
the age and the developmental stage of students. We  argue that 
although this study indicated a potential association between the 
effectiveness of embodied training and students’ developmental stage 
(Burte et al., 2017), this conclusion is tentative and requires further 
research, including studies with a control group, or an examination of 
whether the activities used in the training were appropriate for 
younger students.

3.2.2. Digital format
In a different type of study, Gilligan et  al. (2020) delivered 

computer-based spatial training on mental rotation or spatial scaling 
to 8-year-old students in the UK, following a randomized, controlled, 
pre-post training design. Students in the control group were trained 
in word reading. Students in the training groups (mental rotation; 
spatial scaling; word reading) were trained either by implicit or explicit 
video instruction within the school environment. Explicit-instruction-
based training consisted of videos that instructed students on how to 
solve either mental rotation, spatial scaling, or word reading tasks. In 
the implicit-instruction-based training, students chose the answer 
they believed to be correct without receiving any guidance. Instead, 
these students received feedback on whether their answer was correct 
or not. Findings from this study are insightful as the brief, 3- to 6-min 
spatial training resulted in gains in the particular spatial skills that 
were trained (near transfer), the untrained spatial skills (intermediate 
transfer), and in mathematical tasks as well (far transfer). As far as the 
mathematical gains are concerned, students who received spatial 
scaling training significantly improved their performance on the 
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number line estimation task [t(79) = 2.12, p = 0.037, d = 0.236]. Gilligan 
and colleagues suggested that this transfer is potentially due to the 
proportional reasoning demanded in both tasks. Students who 
received mental rotation training improved significantly on missing 
term problems [t(69) = 2.73, p = 0.008, d = 0.241], regardless of whether 
the instruction was explicit or implicit. This finding was in line with 
the results from Cheng and Mix (2014), who found that mental 
rotation training improved 6- to-8-year-old students’ performance at 
missing term tasks [t(30) = 2.79, p = 0.005]. However, in the study by 
Hawes et al. (2015), implicit mental rotation training failed to replicate 
Cheng and Mix’s (2014) results. In regard to why outcomes have not 
been consistent in these three studies, Gilligan and colleagues 
hypothesized that the common feature of a part-whole type of mental 
rotation training1 between the two studies may have been the catalytic 
factor for success. Another insight from this study is the “direct causal 
effect of spatial skills on mathematical performance,” without the 
authors ruling out the possibility of a “bidirectional relationship” 
between the two (Gilligan et al., 2020, p. 16), which requires further 
investigation. Meanwhile, computer-based spatial training like this 
provides a promising practice of spatial training both in terms of its 
cognitive outcomes and its feasibility, as it can be integrated into the 
math classroom by having students work on simple spatial activities 
on electronic devices.

3.2.3. Hybrid format
The classroom-based spatial training by Lowrie et  al. (2019) 

combined the use of hands-on manipulatives with the extensive use 
of digital instruments. This three-week intervention was aimed at 
training spatial visualization of 10- to 12-year-old students in 
Australia. The intervention followed the Experience-Language-
Pictorial-Symbolic-Application (ELPSA) pedagogical framework (see 
Lowrie and Patahuddin, 2015), emphasizing the Pictorial component. 
“Pictorial” stands for problem visualization, making sense of visual 
representations, and checking predictions after physically 
manipulating stimuli. In addition to using hands-on resources, this 
intervention included tasks in which students used digital applications 
to create symmetrical objects, predict how nets can form a cube, and 
explore which two-dimensional shapes can be formed from cutting 
three-dimensional objects. Compared to the control group, students 
who received the spatial training showed a moderate improvement in 
their mathematics performance [t(17) = 6.95, p = 0.016, d = 0.39], 
especially on geometry tasks [t(17) = 5.92, p = 0.025], and word 
problems [t(17) = 6.11, p = 0.023]. Importantly, this intervention can 
be conveniently implemented by teachers in their daily instruction 
after 10 hours of professional development training.

To conclude, studies have now shown that spatial skills can 
be trained, and that training may lead to enhanced performance in 
STEM subjects (e.g., Uttal et al., 2013a; Hawes et al., 2022). As it is 
currently unclear what the underlying mechanisms responsible for 
training and transfer effects are, it is still difficult to evaluate the 
effectiveness of spatial training. There are multiple ways in which spatial 
cognition and STEM performance might be related, such as the spatial 
representation of numbers account discussed in section 2.2, and the 

1 Part-whole type of mental rotation means rotating an object and combining 

it with another element in order to produce a whole.

format and materials used in STEM tasks discussed in this section. 
Further research is needed to study which of those (or other) factors 
should be the primary target of intervention studies. Moreover, the 
occurrence of transfer irrespective of the length of training and the 
amount of spatial gains (Hawes et al., 2022) may suggest that transfer is 
not necessarily achieved through enhanced spatial skills or refined 
representations. Instead, spatial training may exert its effects by nudging 
students to use a spatial problem solving approach during STEM tasks. 
This hypothesis needs to be tested in future research. Research is also 
needed to compare the effectiveness of different types of spatial training 
and examine contextual and individual factors that facilitate training 
effects. In addition, the meta-analysis by Hawes et al. (2022) suggested 
that training gain and transfer of spatial gains to mathematics seem to 
be  enhanced when hands-on materials are used, as opposed to 
computerized materials. Together, these findings suggest that efforts to 
reinforce the connection between spatial and STEM tasks may help to 
further stimulate transfer, particularly if hands-on materials are used.

3.2.4. Spatialized curriculum interventions
One way to enhance the connection between spatial cognition and 

STEM learning is to “spatialize the curriculum.” This approach has the 
potential to not only develop students’ spatial skills but also allow 
students to directly apply such skills while learning subject knowledge 
like mathematics. An additional advantage of spatializing the 
curriculum is to enhance the already existing instructions with spatial 
components, such as the use of spatial gestures and spatial language, 
without adding extra hours to the school schedule (Newcombe, 2017). 
Meanwhile, in order to spatialize the curriculum, new curriculum 
materials have to be designed and teachers need to be trained in order 
to spatially enhance their instruction (Newcombe, 2017).

An example where this approach was taken is the intervention by 
Hawes et al. (2017). This intervention focused on spatial visualization 
with training integrated into the routine for kindergarten to K-2 (4- to 
7-year-old students in Canada) mathematics teaching during a thirty-
two-week period. The researchers, using a design research paradigm, 
collaborated with teachers in order to develop and field test teaching 
plans that would provide opportunities for students to learn early 
geometry in a dynamic spatial manner. Moreover, these teaching plans 
incorporated activities for the students to gradually develop their 
spatial visualization skills. The goal of this intervention was to not 
teach geometry in a static way but provide the opportunity for students 
to realize geometric shapes through their spatial transformations. 
Through playful inquiry, students explored the possible two or three-
dimensional configurations of five square tiles and cubes respectively, 
compared and studied the produced objects, and dynamically practiced 
axial reflection symmetry and area measurement all using hands-on 
material (see Figure 2. for an example). Compared to the control class, 
students in the intervention classes showed a greater improvement in 
spatial language, visual–spatial geometry, two-dimensional mental 
rotation, and in symbolic number comparison by the end of the 
academic school year. Another positive aspect of this particular effort 
to spatialize early geometry teaching is the high level of engagement 
demonstrated by both students and teachers.

3.2.5. Promising results: Where do the next steps 
lie?

In this section, we presented various modes of spatial training 
delivery that not only helped students improve their spatial abilities 
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but also showed transfer to STEM learning, such as mathematics. 
However, research examining transfer of spatial interventions to 
performance in STEM subjects is still relatively new (Hawes et al., 
2022). As a majority of the research on transfer has been centered 
around the transfer to mathematics, transfer from spatial interventions 
to performance in other STEM subjects, such as science, engineering, 
and technology, warrants further investigation (Uttal and Cohen, 
2012; Stieff and Uttal, 2015; Margulieux, 2020).

Spatial interventions employing hands-on materials, computer-
based instruction with feedback, or a mix of both, as well as the efforts 
to spatialize STEM curricula, all indicate a shift of focus from 
developing students’ spatial ability through paper and pencil task 
training to training that closely resembles how students learn together 
in classroom environments. Whether it is the incorporation of 
physical and virtual manipulatives, instructional feedback, or playful 
inquiry, we  can see that spatial interventions developed in recent 
decades are becoming increasingly intentional in mimicking authentic 
learning experiences. In the following sections, we continue to explore 
opportunities to develop spatial ability in authentic 
learning environments.

3.3. Developing students’ spatial ability 
through integrated STEM education

Looking at STEM education holistically, there is a lack of 
consensus on what STEM education actually entails, as the definition 
of STEM varies greatly across contexts and among various stakeholders 
such as researchers, teachers, and school administrators (Brown et al., 
2011). Given this variability, it is important that we clarify the kind of 
STEM education we are focusing on in this section.

Instead of describing STEM as merely a cluster of science, 
technology, engineering, and mathematics subjects, the term, 
integrated STEM education, has gained increasing recognition from 
educational researchers in North America, Europe, and Asia (e.g., 
Stohlmann et al., 2012; Bryan et al., 2015; Mustafa et al., 2016; Thibaut 
et al., 2018). Kelley and Knowles (2016) defined integrated STEM 
education as “the approach to teaching the STEM content of two or 

more STEM domains, bound by STEM practices within an authentic 
context for the purpose of connecting these subjects to enhance 
student learning” (p.  3). Carefully designed integrated STEM 
education can lead to a range of desirable learning outcomes, such as 
increased knowledge in STEM (Kelley et al., 2022), improved test 
performance in subjects like math and science (Tillman et al., 2014), 
enhanced problem-solving skills (Netwong, 2018), a more positive 
attitude toward STEM (Sisman et  al., 2021), and higher levels of 
engagement with STEM courses (Taylor and Hutton, 2013; Peng and 
Sollervall, 2014). Given that STEM education is, at its core, an 
intersection of different disciplines, we believe it is valuable to discuss 
where and how researchers and practitioners of integrated STEM may 
support students’ spatial ability development.

To enhance students’ spatial ability in authentic learning contexts, 
we  need to prepare students with spatial knowledge and spatial 
thinking skills that address the challenges they face in different 
disciplines (e.g., Hinze et al., 2014; Stieff et al., 2014; Atit et al., 2020). 
Instead of taking the learning of spatial skills as a separate domain, the 
National Research Council in the U.S. recommended viewing it as a 
“missing link” across different subject knowledge that “permeates” 
different disciplines (2006, p. 7). Thus, understanding how to develop 
students’ spatial thinking skills in integrated STEM education not only 
aligns with the goal of developing spatial skills with content knowledge 
but also renders a possible answer to how spatial thinking may tie the 
learning in different STEM subjects integratively.

In the conceptual framework for integrated STEM education, 
Kelley and Knowles (2016) highlighted four learning approaches that 
well accommodate integrated STEM learning, including engineering 
design, technological literacy, scientific inquiry, and mathematical 
thinking. What ground the four approaches are the shared practices 
across disciplines and the situated context for learning, so that 
“learning is authentic and relevant, therefore representative of an 
experience found in actual STEM practice” (Kelley and Knowles, 
2016, p. 4). In the following subsections, we present an overview of 
how existing spatial interventions or spatialized educational practices 
leverage each of the four integrated STEM education approaches, and 
how integrated STEM problems that originate from real-world 
problems can be used to challenge students’ spatial skills development.

3.3.1. Engaging students in spatial thinking 
through engineering design

Engineering design projects offer a promising platform to weave 
knowledge and skills needed for different disciplines together while 
challenging students’ inquiry, analytical, and problem-solving skills 
(Kelley and Knowles, 2016). Several interventions that target students’ 
spatial ability development have been delivered in the form of 
engineering design projects (e.g., Taylor and Hutton, 2013; Ramey and 
Uttal, 2017). For example, a programming robot intervention for 
grade 4th to 6th students led to an increase in a range of spatial 
reasoning skills such as building 3D objects from pictures and shape 
rotation (Francis et  al., 2021). Francis and colleagues reported 
significant improvement in the spatial task performance from both the 
week-long short-term group (e.g., in building 3D objects from 
pictures, [t(36) = −2.9, p < 0.05]) and the one-year, long-term group 
(e.g., in shape rotation, [t(47) = −3.0, p < 0.05]).

Julià and Antolì (2018) developed a multidisciplinary STEM 
course on robotics to develop students’ spatial skills and 
mechanical reasoning skills. This year-long course for sixth and 

FIGURE 2

Example of a hands-on activity requiring visualization and mental 
rotation skills within a spatialized math curriculum (Hawes et al., 
2017). Reprinted with permission.
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seventh-grade students used educational robotics kits to promote 
hands-on, collaborative learning. Students were given the chance 
to solve mechanical modeling and building problems in groups, 
which activated their knowledge and skills related to engineering 
and technology. The classroom teacher observed that the course 
also helped students to learn concepts related to science, 
engineering, and technology in addition to mathematics. To gain 
a comprehensive view of students’ spatial ability, this study tested 
students with a variety of spatial tasks before and after the course. 
Students’ pre- and post-test scores showed that the robotics course 
led to significant increases in perspective-taking spatial 
orientation task performance of sixth-grade students 
[t(24) = −2.16, p = 0.0356], and seventh-grade students 
[t(23) = −2.04, p = 0.0471]. Other spatial tests, such as the card 
rotation test and the paper folding test, as well as the mechanical 
reasoning skills test, yielded promising, close to significant results 
in terms of improvement from pre- to post-test. Despite the small 
sample size, this study shows how a STEM course that is integrative 
in its nature has the potential to develop both spatial skills and 
STEM-related reasoning skills among students.

3.3.2. Engaging students in spatial thinking 
through technological literacy

Technology, as Kelley and Knowles phrased, is not just an 
important tool or vehicle through which students learn about science, 
engineering, and mathematics, but is itself a discipline consisting of 
knowledge and practices involved in “designing, making, and using” 
of technology (p. 6). As the use of technology is ubiquitous across 
various disciplines, opportunities exist to spatialize technology-
focused or technology-enhanced learning experiences. For example, 
Bhaduri et al. (2021) conducted a pilot study to teach seventh and 
eighth-grade students 3D modeling and 3D printing with the goal of 
understanding and supporting students’ spatial thinking during 
computer-aided designs. As students solved an authentic engineering 
design problem that required the making of a 3D model prosthetic for 
animals with disabilities, they developed technological literacy in 
computer-aided modeling tools as well as 3D printing technology. 
Meanwhile, students exercised their spatial skills such as mental 
rotation, perspective-changing, and forming mental models of their 
digital designs.

In another example, Peng and Sollervall (2014) developed a 
technology-supported, outdoor learning activity that engaged students 
in learning mathematics concepts, solving a real-world mathematical 
problem, and exercising their spatial orientation skills. Using a mobile 
application that informed students of the relative distance between 
students themselves and the physical markers on the field, the sixth-
grade students oriented themselves in the outdoor environment, 
continuously estimated and calculated distances, and tested out 
different spatial orientation and coordination strategies in order to 
solve the math problem.

3.3.3. Engaging students in spatial thinking 
through scientific inquiry

Learning science through inquiry is essential to prepare students for 
scientific investigations. Existing inquiry-based educational practices 
have shown an effort to address students’ spatial ability development. As 
an illustration, during 6 months of geometry instruction that aimed to 
engage students in mathematical inquiry, secondary students were able 

to formulate questions that reflected thoughtful mathematical reasoning 
and spatial reasoning (Lehrer et al., 2013).

Understanding and creating scientific diagrams also demand spatial 
thinking (Newcombe, 2010). In secondary chemistry classrooms, Stieff 
(2011) investigated the use of computer-based visualization in a guided-
inquiry curriculum to develop students’ competence in working with 
scientific representations. By exploring and visualizing the properties of 
different chemical substances and the dynamic chemical processes, 
students in the visualization-focused curriculum developed a better 
understanding of the content knowledge than those who received 
traditional lecture instruction, and also developed more competency in 
creating scientific representations like chemistry professionals do.

For another example, Oberle (2020) recorded sixth, seventh, and 
eighth-grade students’ learning through the National Geographic 
Geo-Inquiry Process, a curriculum that presents rich opportunities 
for spatial thinking such as comprehending geographic representations 
and creating geographic representations using data or maps. While the 
researcher did not explicitly focus on the gains of spatial ability among 
the students, the learning of geographic skills often demands multiple 
types of spatial thinking, such as spatial orientation, spatial 
visualization, and complex spatial reasoning (National Research 
Council, 2006). Compared to the control group who received a 
traditional, non-inquiry-focused curriculum, those who participated 
in the Geo-Inquiry class showed modest improvement in tasks such 
as discussing spatial patterns at different scales and elaborating on 
spatial patterns using maps.

3.3.4. Engaging students in spatial thinking 
through mathematical thinking

Cohrssen et  al. (2017) and Cohrssen and Pearn (2021) 
incorporated project-based learning, which is another important way 
to practice integrated STEM (Ritz and Fan, 2015), to teach soon-to-be 
elementary children about spatial thinking and consequently support 
their mathematical thinking. Children who were facing a transition 
from kindergarten to elementary school were challenged to learn the 
route to their new school and visually represent their route through 
map-making. The core and complementary activities provided ample 
opportunities for children to actively reason about spatial orientation 
and spatial visualization. Moreover, children were encouraged to use 
directional and locational language and other symbolic representations 
such as gesturing and sketching to represent their thinking. Taking a 
qualitative lens, this study allowed researchers to dive deep into how 
children’s spatial thinking has been developed during these activities. 
For example, providing children with the vocabulary to describe 
positions, directions, and 2D and 3D shapes, together with prompting 
children’s use of such words through questions, led to fruitful spatial 
and mathematical conversations between children and teachers. In 
addition to exercising navigation skills, using spatial memory, and 
making spatial representations, these children were also actively using 
their mathematics knowledge during the project-based 
learning experience.

3.3.5. Designing spatial interventions and spatial 
practices in integrated STEM education

The studies mentioned above situated students’ development of 
spatial skills in the learning of multiple subject areas, resonating with 
the suggestion that the use of spatial skills to solve STEM problems is 
often context-dependent (e.g., Hegarty et al., 2007; Ormand et al., 
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2014; Atit et al., 2020). Whether it is using integrated STEM curricula 
as channels to develop students’ spatial ability or training students’ 
spatial skills alongside other academic and cognitive skills, integrated 
STEM education holds promise for developing both spatial and 
subject knowledge in different disciplines. Meanwhile, these studies 
presented students with real-world STEM problems to ensure an 
authentic learning experience. Such organic educational settings 
accommodate the pursuit of improving students’ abilities to solve 
spatially-complex STEM problems, which potentially leads to transfer 
of desirable learning outcomes in STEM disciplines (e.g., Hawes et al., 
2017). It is worth mentioning that some studies fall into more than one 
category of the integrated STEM approach, for example, addressing 
both engineering design and technology literacy. This in turn reveals 
the nature of integrated STEM, where ideally the four approaches 
(engineering design, technological literacy, scientific inquiry, and 
mathematical thinking) will leverage and support each other.

Many of the interventions, case studies, or design research discussed 
above adopted a mixed-method research approach in which researchers 
gathered both quantitative data, such as changes in students’ spatial 
scores, and qualitative data, such as classroom observations and in-depth 
interviews. This approach allows researchers to comprehensively portray 
how students approached various spatial problems or the difficulties 
they faced when thinking spatially. The valuable pieces of information 
from qualitative data are often unattainable through purely quantitative 
data, and they might offer evidence on why and how the educational 
approaches lead to spatial learning outcomes.

While spatial ability studies often rely on the results of students’ 
spatial tests, existing spatial ability tests might not fully reflect the 
spatial skills required in STEM courses. For example, Julià and Antolì 
(2018) noted that the spatial skills practiced in their educational 
robotics STEM course did not align well with the tasks in the spatial 
ability test they employed. In addition, many widely used psychometric 
measures of spatial ability “do not capture all of the spatial skills 
required to solve STEM-specific spatial problems” (Atit et al., 2020, 
p.  2). An example is the penetrative thinking skill, which means 
“visualizing spatial relations inside an object” (p. 147) and is critical 
in geology, where students need to understand, for example, the 
microstructures in minerals (Ormand et al., 2014). However, this skill 
is fundamentally different from some of the commonly assessed 
spatial skills, such as visualization or mental rotation (Ormand et al., 
2014). Employing a suite of multiple psychometric measures may 
be one solution (Ormand et al., 2014; Schneider and McGrew, 2018). 
On the other hand, developing more comprehensive spatial ability 
measures is urgently needed (Schneider and McGrew, 2018). Future 
research implementing spatial intervention and spatialized 
educational practices through integrated STEM education needs to 
carefully consider how to evaluate students’ spatial skills development 
in classrooms with the context of educational needs in mind.

3.4. Spatial ability development in informal 
STEM education settings

3.4.1. Informal STEM education
Much STEM learning takes place outside of school (Falk and 

Dierking, 2010). When out-of-school-time science activities are 
voluntary and intentionally designed not to be a part of a school’s 
curriculum, they are referred to as informal STEM education. This 

includes “the act of delivering STEM content outside of the traditional 
student/teacher relationship to STEM stakeholders (students, parents, 
teachers, among others) in order to support and increase the 
understanding, awareness, and interest in STEM disciplines” 
(Tillinghast et  al., 2020, p.  10). These informal settings provide a 
unique platform to reach students of all grade levels and ages, using 
different delivery methods (e.g., lectures, active learning, problem-
based learning, workshops, camps, events), communicating different 
scientific areas (e.g., biology, chemistry, engineering, physics), within 
different settings (e.g., social media, schools, museums, cafés).

While not as often discussed as formal education, informal 
learning environments have been nudging students from 
kindergarten to 12th grade to delve deeper into STEM concepts or 
ideas they may or may not have experienced in their traditional 
school setting (Mohr-Schroeder et al., 2014). By using hands-on 
activities that emphasize embodied learning and creativity, informal 
STEM learning programs have been shown to increase students’ 
confidence and interest in STEM topics, especially for students from 
underrepresented backgrounds or with limited access to STEM 
resources (Boone et al., 2020). Extra-curricular STEM involvement 
has been shown to predict sixth to 12th grade girls’ interest and 
confidence in mathematics (Heaverlo, 2011). Moreover, informal 
STEM learning experience was one of the predictors of secondary 
students’ interest in STEM careers (Stocklmayer et al., 2010; Halim 
et al., 2021).

Overall, informal STEM learning is an important way to provide 
students with authentic experiences that can increase their interest in 
STEM (Stocklmayer et al., 2010; Mohr-Schroeder et al., 2014; Roberts 
et al., 2018) and in STEM careers (Dabney et al., 2012; Kitchen et al., 
2018). Considering a fair amount of research has been focusing on the 
role of informal STEM education in attracting students into STEM 
careers by enhancing their self-efficacy (Tracey, 2010; Lent et  al., 
2018), STEM motivation (Suter, 2016; Vennix et al., 2018), and STEM 
interest (Heaverlo, 2011; Dabney et al., 2013), it is worth investigating 
if and how informal STEM education settings can also be a tool to 
address another important factor that predicts STEM success: spatial 
ability (Shea et al., 2001; Sorby, 2009).

3.4.2. Opportunities to develop students’ spatial 
ability through informal STEM education

Many focus areas inside STEM domains, including teaching 
methods, assessment tools, curriculum developments, and informal 
learning programs, can be  identified as promoting STEM 
understanding. Informal STEM learning, in particular, remains one 
of the primary methods to promote STEM disciplines. By using 
various delivery methods to reach different age groups in diverse 
settings, informal STEM learning leads students to integrate 
knowledge, concepts, and methodologies from different fields in 
order to achieve specific goals. This integration is often difficult to 
achieve within traditional pedagogy (Tillinghast et  al., 2020). 
Implicit, or indirect, spatial training occurs when spatial training 
becomes a part of the normal learning activities such as math-
related tasks within a math lesson (Uttal et al., 2013b; Maquet et al., 
2022). Such implicit training can also be adopted in informal STEM 
education settings. Moreover, activities in informal STEM education 
programs often involve hands-on, project-based learning, and have 
the potential to give a spatial dimension to STEM content 
(Newcombe et al., 2013).
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A middle school summer camp for engineering education 
explored the role of spatial thinking in engineering learning 
(Ramey and Uttal, 2017). This camp consisted of a mixture of 
lectures and hands-on engineering activities. The researchers found 
that both construction kit activities – a kit containing written/
diagrammatic instructions and building materials, asking the 
participants to follow the instructions to build a specific device – 
and engineering design activities – a design challenge with specific 
guidelines and material constraints that allowed them to take 
multiple creative pathways to a solution – played important and 
complementary roles in eliciting engineering-relevant spatial skills. 
The researchers also identified a series of students’ actions during 
the engineering, design, or making activities that reflected their 
cognitive spatial processes, which they defined as spatial 
sensemaking activities. These include, for example, gesturing to 
represent “a dynamic spatial arrangement/process,” “drawing out 
ideas for the purpose of design,” and “discussing shape, orientation, 
position, or movement of objects, groups of objects, or 
representation” (p.  289–290). Importantly, the summer camp 
environment allowed the researchers to unpack how different kinds 
of cognitive spatial processes – typically identified in the lab or 
through psychometric assessments – might look like in everyday 
learning contexts.

In a set of technology-enhanced, STEAM-making (STEM + Arts) 
activities, Ramey et  al. (2020) examined how spatial reasoning 
contributed to fifth and sixth-graders’ learning. These activities 
integrated concepts from STEAM disciplines, such as math or science, 
into making and tinkering activities, rather than traditional lectures 
or reading materials. Moreover, they were suitable for both in-school 
and out-of-school learning (Stevens et  al., 2016). Ramey and 
colleagues found that hands-on, collaborative problem-solving with 
spatial tools and representations improved students’ spatial reasoning, 
and that different types of spatial reasoning were used frequently. 
While previous studies to improve students’ spatial ability have 
typically taken place in psychology laboratories or instructional 
courses (Uttal et al., 2013c), these interventions often used spatial 
representations that do not reflect the ones students encounter when 
solving STEM problems in their daily lives (Ramey et  al., 2020). 
Therefore, incorporating spatial training in informal STEM education 
settings can provide students with a more authentic experience of the 
spatial representations they will encounter in real-world scenarios.

3.4.3. Using knowledge from existing spatial 
interventions to develop informal STEM 
education activities

Past research joined spatial ability dimensions and informal 
STEM education programs by challenging students with spatially 
complex STEM activities (e.g., Samaroo et  al., 2018) or by 
understanding students’ cognitive spatial processes involved in these 
activities (e.g., Ramey and Uttal, 2017; Ramey et al., 2020). A window 
of opportunity is open to use the knowledge gained from past spatial 
ability research alongside informal STEM education to advance this 
field of study. By joining spatial ability studies and informal STEM 
education, we may come closer to filling some gaps in research. For 
instance, we could investigate whether students’ spatial ability levels 
affect their enjoyment or engagement in informal STEM education 
programs, or whether their spatial ability levels mediate the positive 
effect of informal STEM education programs on their self-efficacy.

To the best of our knowledge, existing studies that involve spatial 
activities within informal STEM education activities, have not 
collected spatial reasoning data or looked specifically into how spatial 
reasoning occurs during these activities. Instead, researchers have 
utilized the spatial dimension by engaging students in spatially 
complex activities and examining the impact of these activities on 
raising awareness of STEM careers. For example, in one informal 
STEM learning activity (Samaroo et al., 2018), the students from sixth 
to eighth grades were required to (1) model the engineering design 
process by making blueprints of their cities; and (2) create replica 
models showing a block of their cities using all recyclable materials. 
Through visualizing and sketching their designs, as well as transferring 
the design from paper to three-dimensional representation, the 
students made a connection from 2D to 3D which promotes spatial 
thinking. It is worth discussing how future research might integrate 
spatial ability research and informal STEM education research using 
established frameworks, such as the two-by-two spatial skills 
framework (Uttal et al., 2013a), or the lists of spatial sensemaking 
activities (Ramey and Uttal, 2017), to understand the cognitive spatial 
processes experienced by students.

Future informal STEM education programs might also make use 
of a wide range of activities that have been shown to support 
individuals’ spatial ability development. Toys that provide construction 
play (such as Legos and blocks) have been shown to engage children 
in thinking spatially (Casey and Bobb, 2003; Sorby, 2009; Verdine 
et al., 2014). Origami-based instruction helped students understand 
concepts that had previously been difficult for them, such as angle, 
geometric shapes, area, and fractions (Cakmak et  al., 2014). 
Technology play can also promote students’ spatial skills development 
(Newcombe, 2010; Uttal et al., 2013c). For example, playing spatially 
challenging video games led to increased visual–spatial attention 
(Newcombe et al., 2013). Furthermore, Minecraft, which provides an 
open digital world that allows players freedom in the way of playing 
and building (Canossa et al., 2013), can be used as an instructional 
tool for supporting spatial skill development, with gains similar to the 
use of other 3D applications such as Google SketchUp and augmented 
reality (AR) (Carbonell-Carrera et  al., 2021). The wide range of 
learning activities and experiences offered by informal STEM 
education allows it to engage a diverse range of audiences with spatial 
activities and training, helping them to develop familiarity and 
proficiency with spatial skills that are critical in STEM learning.

4. The moderating effects of gender 
and socioeconomic status

Aside from the various interventional or educational approaches 
to developing students’ spatial abilities we have discussed, it is crucial 
to recognize that the development of spatial abilities occurs at the 
individual level. Individual variables, including gender and 
socioeconomic status, may moderate the impact of spatial 
interventions or spatialized educational practices on individual 
students. To situate students’ learning of spatial skills in authentic 
educational contexts and to ensure that students from all backgrounds 
are equipped with the spatial skills vital for STEM learning, it is 
important to investigate whether certain student populations may 
be in stronger need of resources. In the following two sections, we first 
discuss the relationship between spatial ability and gender and how 
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learning can be  structured to reduce gender differences in spatial 
ability. We  then discuss how socioeconomic status can impact 
students’ acquisition and application of spatial skills, and how the 
development of future spatial interventions and spatial practices can 
benefit from taking these factors into consideration.

4.1. Gender differences in spatial tests, 
interventions, and practices

In many countries, participation in STEM fields is still facing the 
elephant in the room: a significant gender gap between males and 
females. Data collected by PISA (Programme for International Student 
Assessment) in 2015 shed some light on this topic, providing two 
compelling facts: while male students scored higher in mathematics 
and science on average, female students were stronger in reading; 
moreover, male students displayed more confidence and interest in 
learning science (Stoet and Geary, 2018), while female students 
showed less intention to choose a STEM career than male students. 
The underrepresentation of women in the STEM field implies that 
women have less promising career prospects in this field (Ruthsatz 
et  al., 2012). When it comes to scientific and technological 
development, the industry is suffering from a dearth of female talent, 
viewpoints, and experiences.

Given the significance of science and technology in our society, it 
is necessary to address the possible causes of this gender gap. As 
we discussed earlier, spatial ability is one of the key factors to success 
in STEM areas (Shea et al., 2001; Wai et al., 2009; Ruthsatz et al., 2012), 
and having high spatial ability is a predictor for choosing a STEM 
career (Wai et al., 2009). Nevertheless, this ability is not absent of 
gender differences. Several studies have pointed out sex-related 
differences in spatial skills (e.g., Gorska et  al., 1998; Sorby and 
Veurink, 2010; Neuburger et al., 2015; Moon et al., 2016; Newcombe, 
2020), such as mental rotation and spatial perception tasks 
(Newcombe, 2020).

4.1.1. Gender differences in spatial ability: Where 
do they come from?

Gender differences in spatial task performance have been widely 
studied. They usually appear from the age of puberty (Quaiser-Pohl 
et al., 2016), although some studies suggested that they can emerge at 
around the age of 10 (Neuburger et al., 2012). The origin of these 
differences is not yet clear. A recent meta-analysis on gender 
differences in spatial ability showed that although decades of research 
have tried to find biological causes, none could sufficiently explain 
gender differences in spatial ability (Bartlett and Camba, 2023). 
Instead, Bartlett and Camba suggested that gender roles and social 
norms may play a more decisive role in shaping these disparities. 
Traditionally speaking, many non-formal spatial activities, such as 
football (Voyer et al., 2000) and construction play (Sorby, 2009), are 
regarded as better suited for boys. This may be why boys have been 
more encouraged than girls to play with toys that promote spatial 
ability development, engage in sports, and STEM-related courses 
(Lippa et al., 2010; Moè, 2012). Research indicated that parents even 
tend to use more spatial language with boys than with girls 
(Newcombe, 2020). Having more exposure to spatially complex 
activities from a young age potentially gives male students an 
advantage over female students in spatial tasks. Moreover, it is a 

common societal belief that boys are more suited for and capable of 
spatially complex activities than girls. Such beliefs can negatively 
impact girls’ self-concept and potentially constrain their spatial skills 
development (Moè, 2012; Neuburger et al., 2015).

In spatial ability task performance, gender differences may 
be explained by the use of holistic or analytic strategies when solving 
spatial tasks (e.g., Kail et al., 1979; Hsi et al., 1997; Hegarty, 2018). 
Using holistic strategies means visualizing and manipulating the visual 
information as a whole, while using analytic strategies implies 
focusing on one part of the visual information at a time or employing 
verbal descriptions, which is less effective and more time-consuming 
(Maresch, 2014a). Although multiple strategies can be applied when 
solving a task (Maresch, 2014b), women tend to apply more analytic 
strategies, while men are more likely to apply more holistic strategies, 
potentially making their performance faster and more accurate (Glück 
et al., 2005).

Women also tend to answer more carefully than men do and 
hence, more slowly (Quaiser-Pohl et al., 2016). Therefore, when there 
is a time limit for a test, men tend to outperform women. Research 
indicated that if the time variable is eliminated or enough time is 
given, males and females performed more evenly (Moè and Pazzaglia, 
2006; Voyer, 2011; Maeda and Yoon, 2015; Wang and Degol, 2017). 
On the other hand, some have suggested that removing the time factor 
or giving abundant time to solve the tests, could lead to a less accurate 
measurement of spatial skills, as they might be using more analytic 
strategies (Shepard and Metzler, 1971; Linn and Petersen, 1985).

All in all, while it is difficult to pinpoint the origin of gender 
differences in spatial ability, it seems that nurture, as well as the 
environments in which children develop, play essential roles 
(Newcombe, 2020). As discussed in previous sections, individuals’ 
spatial abilities can be improved by training (Uttal et al., 2013a). In the 
following section, we  explore how spatial interventions have the 
promise to reduce gender differences in spatial task performance 
(Newcombe, 2010).

4.1.2. Addressing gender differences through 
spatial interventions

As one of the possible causes for gender differences in spatial 
performance is male students having more exposure to spatial 
activities than female students, spatial interventions can potentially 
support female students’ spatial ability development and confidence 
(Sorby et  al., 2005). However, certain intervention designs may 
be more beneficial than others. Neuburger et al. (2012) explored how 
social expectations and self-concept influence fifth-grade students’ 
spatial task performance. In their research, they created three 
conditions for an intervention, instructing students that: (a) girls 
outperform boys in mental rotation tasks; (b) boys outperform girls 
in such tasks; and (c) both girls and boys are equally skilled. In the 
“girls better” and “no gender difference” conditions, girls’ performance 
on spatial tasks improved while boys’ performance worsened. Moè 
(2012) found that assuming that performance depends on effort 
instead of innate abilities improved the spatial task performance of 
both women and men. These results revealed that it is important for 
spatial intervention to address psychological factors, such as their 
beliefs, self-concept, and self-efficacy (Lent et al., 2010; Tracey, 2010), 
that may heavily affect students’ performance.

Practicing with feedback has also been found to enhance female 
students’ performance in spatial thinking. Feedback, defined as 
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information provided by an agent about one’s performance or 
understanding (Hattie, 2008), is a powerful tool through which the 
learning process can be  enhanced (Hattie and Timperley, 2007). 
However, its efficacy depends on various factors, with some related to 
the characteristics of the feedback, such as the person who gives the 
feedback, the timing, and the content, and some concerning students’ 
individualities, such as their motivation levels, learning goals, prior 
knowledge, or gender (Maier et al., 2016). In fact, previous research 
showed that, in general, female students benefited more than male 
students from practicing with feedback, resulting in more gains in 
spatial ability development (Narciss et  al., 2014). Moreover, the 
reaction time of females improved after receiving feedback, as it 
seemed to make them feel more confident about their skills and 
answers (Rahe et al., 2019). Therefore, practicing with feedback might 
translate into a motivational strategy that reduces the gender gap by 
improving women’s performance in spatial tasks (Kass et al., 1998). In 
order to enhance female students’ spatial ability and consequently, 
their presence in STEM activities, it is fundamental to provide them 
with interventions that attend to their needs.

Lastly, creating a collaborative learning environment also shows 
promise in reducing the gender gap in spatial task performance 
(Phelps and Damon, 1989). Hoskyns-Staples and Blackmore (2020) 
noticed that when girls were constructing brick buildings in mixed-age 
groups, they were able to share their expertise and support each other 
with the spatial skills and mathematical knowledge needed to build 
and arrange the brick buildings. In addition, these girls made use of 
their social knowledge to ensure that the brick town reflected the 
facilities equipped in a real-life town. Therefore, it is worth considering 
adding the element of collaboration as well as using real-life problem-
solving scenarios in spatial interventions, so that both girls and boys 
can have the opportunity to capitalize on their collaborative skills and 
social knowledge.

4.1.3. Developing interventions that support 
spatial ability development of both genders

After decades of research in spatial ability, there are still many 
unanswered questions, such as how gender differences impact 
individuals’ spatial ability at different developmental stages, and how 
gender may moderate the relationship between spatial ability and 
STEM learning. Even though the gender gap in spatial ability cannot 
be completely erased yet, there are several steps that can be taken in 
order to minimize them.

First, both girls and boys should be equally encouraged to play 
with spatial toys (e.g., construction bricks, tangrams, puzzles, etc.) and 
to engage in spatial activities (e.g., playing sports, attending science 
courses, etc.), as these set the path for developing spatial skills 
(Newcombe and Frick, 2010). Special attention should also be paid to 
the language used with children. This not only refers to using more 
spatial language but also to reassuring children of their spatial abilities. 
It is also worth investigating if playing materials that have been 
traditionally gendered can be utilized to promote girls’ spatial skills 
development. Crafting, sewing, and textile design, while typically 
regarded as feminine, actually demand a range of spatial skills 
(Newcombe et  al., 1983; Workman and Ling Zhang, 1999). For 
example, E-textiles, which are fabric artifacts that require knowledge 
of computing and electronics (Berzowska, 2005), have been found to 
be especially engaging for girls (Buechley et al., 2013) and stimulated 
their leadership in making (Buchholz et  al., 2014). Innovative 

technology like this may be  especially valuable to challenge girls’ 
spatial thinking while developing their interdisciplinary knowledge 
and skills.

Feedback, which has been shown to positively impact female 
students’ performance in spatial tasks, should also be considered in 
future spatial ability assessments, as well as in teaching and learning 
in authentic environments. Further research is needed to determine 
when and how feedback can be provided during spatial interventions 
to best support both female and male students. Lastly, as Bartlett and 
Camba (2023) concluded, many of the traditionally-used spatial tests 
were built upon the criteria of “maximizing gender differences in favor 
of males” (p. 17). Thus, future research must be cautious in selecting 
approaches to measure students’ spatial ability in ways that do not 
reinforce the gender gap.

4.2. Socioeconomic status and its effect on 
students’ spatial ability

Aside from the gender gap in STEM, the underrepresentation of 
students from low socioeconomic status (SES), ethnic minorities, and 
other marginalized groups in STEM fields (National Research 
Council, 2011; MacPhee et al., 2013; Saw et al., 2018; Rosenthal, 2021) 
remains a particular concern that requires attention. 
Underrepresentation can restrict the pool from which skillful 
individuals can be selected to follow careers in STEM and negatively 
impact the self-efficacy in STEM learning of marginalized groups, 
making them particularly vulnerable to dropping out of STEM 
programs (Marginson et al., 2013). Rather alarmingly, students who 
suffer from more than one social disadvantage, such as being from an 
ethnic minority group and having a low SES background, face even 
greater challenges in developing an interest and building self-efficacy 
in learning STEM, as well as in entering and persisting in the STEM 
fields compared to those who face only one or none social disadvantage 
(MacPhee et al., 2013; Saw et al., 2018).

Tracking more than 500 primary school children in the 
United States for 2 years and assessing their spatial ability at four time 
points, Levine et al. (2005) found that students from the high- and 
middle-SES groups consistently performed better than those from the 
low-SES group on both the mental rotation task and the aerial-maps 
task. Casey et al. (2011) derived similar findings from their fourth-
grade sample that children from low-income communities performed 
worse on spatial reasoning than children from affluent communities. 
Such discrepancy between the high- & middle-SES groups’ and the 
low-SES groups’ performance on spatial tasks has been seen as early 
as in preschool (Jirout and Newcombe, 2015; Bower et al., 2020). 
Multiple factors, such as the lack of access to spatially challenging toys 
or games (Levine et al., 2005; Jirout and Newcombe, 2015), lower 
quality of spatial play (Bower et  al., 2020), and limited learning 
opportunities and environmental stimuli that promote spatial 
practices from their immediate environment (Casey et al., 2011), may 
have led to disparities in spatial abilities.

4.2.1. Spatial interventions and their indications 
for students from underprivileged backgrounds

Bower et al. (2020) carried out a five-week, high-quality, playful 
spatial task training that incorporated feedback, gestures, and spatial 
language from trainers to help children correct errors during their 
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play. Contrary to children without training, children from low-SES 
backgrounds who received spatial training showed enhanced 
performance in 2D spatial tasks [ß = 0.28, p < 0.001]. A moderation 
effect was found between SES and the transfer of training effect from 
trained 2D spatial task to untrained 3D spatial task. Through the 
playful training with 2D tasks, only children from low-SES 
backgrounds improved in their performance of solving part of the 3D 
spatial tasks [ß = 0.19, p = 0.027] but not those from high-SES 
backgrounds. Overall, children from low-SES backgrounds benefited 
substantially from spatial training compared to their high-SES 
counterparts. As Bower and colleagues explained, spatial training 
might have given children from low-SES backgrounds the spatial skills 
and tools that are essential to solving spatial and math problems. 
Without spatial training, the experiences of practicing and applying 
these skills may not have been easily accessible to children from 
low-SES backgrounds compared to their high-SES counterparts.

To understand how SES can moderate spatial skills’ relationship 
to STEM performance, Casey et al. (2011) analyzed how students’ 
performance on spatial tasks relates to their performance on math 
tasks. They found that the association between spatial reasoning scores 
and math problem-solving performance among students from affluent 
communities was strong with a large effect size (from 0.69 to 0.83), 
whereas such an association was not statistically significant for 
students from low-income communities. This study highlighted the 
need for future research on educational spatial interventions to 
consider not only the spatial ability levels of students from low-SES 
backgrounds but also their abilities to utilize acquired spatial skills to 
solve academic or real-world problems.

Another way to address the needs of underprivileged students is to 
unpack the challenges they face when confronted with spatially 
demanding tasks. Bhaduri et al. (2021) conducted a study with 397 
secondary students from rural schools, who were mostly from low-SES 
and ethnic-minority backgrounds, to introduce them to 3D design and 
3D printing, as well as to understand the challenges in spatial thinking 
faced by these students when using online 3D interfaces. Using a 
combination of quantitative and qualitative data, such as interviews and 
screen recordings from the design interface, the research team was able 
to investigate several difficulties students experienced when building 
spatially complex models on the virtual 3D platform. The insights 
gained from this research are helpful for educators and future researchers 
to understand the practical and technical barriers that may hinder 
students’ spatial skills development. Meanwhile, the in-depth qualitative 
data shed light on different types of scaffolds that can be provided to 
underprivileged students during future 3D design processes.

4.2.2. Making spatial interventions inclusive for 
students from underprivileged backgrounds

While it can be difficult to conduct studies solely focused on a 
minority group, due to reasons such as a limited number of 
participants and other demographic concerns, it is necessary for 
future researchers to consider the potential moderating effect of 
socioeconomic status aside from, and along with, gender when 
intervening to develop students’ spatial ability.

Some researchers have been making more efforts to involve students 
from diverse backgrounds in their sample, such as recruiting participants 
from a wide range of SES backgrounds (e.g., Casey et al., 2011; Ramful 
et  al., 2017; Lowrie and Jorgensen, 2018). This approach not only 
increases the representativeness of the studies but also ensures that 

research findings are relevant to previously understudied groups who 
could potentially benefit the most from these interventions. Yet, despite 
these efforts, there is still a dearth of studies that address the relationship 
between SES and spatial ability (Carr et al., 2018) and the problem of 
underrepresentation of socially disadvantaged students in STEM 
persists. Innovative practices in interventions need to be geared toward 
all SES groups, with a focus on developing spatial interventions to equip 
students with the necessary spatial skills they may not have been able to 
gain from their day-to-day environment (Bower et al., 2020). Meanwhile, 
special attention needs to be paid to the issue of intersectionality through 
the recruitment of groups who experience multiple social disadvantages, 
such as female students from low-SES backgrounds and/or ethnic 
minorities, as they could be the ones who benefit the most from spatial 
interventions. In addition, when analyzing and interpreting data from 
educational spatial interventions, future research needs to factor in the 
moderating effect of variables such as SES, ethnicity, and gender.

Various social disadvantages might interfere with students’ 
performance in spatial tasks as well as in STEM. From a research point 
of view, a mixed-method research design may help researchers gain a 
richer understanding of the needs of and the barriers faced by students 
from underprivileged groups. For example, semi-structured interviews 
allowed researchers to identify difficulties faced by students when 
working in the 3D space (Bhaduri et al., 2021). Qualitatively analyzing 
the robotics design work of underprivileged students from rural areas, 
Leonard and colleagues found that these students incorporated 
“elements of culture and place into game design” (2016, p. 873). The 
in-depth information obtained from qualitative data in addition to 
quantitative data allowed researchers to design future authentic 
learning experiences that foster an interest in STEM among 
underprivileged students (Leonard et al., 2016).

As we  mentioned earlier, informal STEM education makes 
authentic and engaging learning experiences available to a wide range 
of audiences. With the increasing number of summer camps and 
afterschool programs that target minority students or students from 
underprivileged backgrounds (Repenning et al., 2010), informal STEM 
learning may also be one of the solutions to supply these students with 
learning and playing resources that are spatially stimulating.

5. Conclusion

One theme that stood out in our paper was the progress made, and 
steps to be taken, in situating spatial interventions, spatial activities, 
and spatialized educational practices, in authentic learning contexts.

Revisiting the relationship between spatial ability and STEM 
learning from a cognitive science perspective, we highlighted the need 
to understand the cognitive mechanisms that explain how different 
spatial skills are related to different aspects of STEM learning. A further 
question we can ask from this, similar to a point of deliberation raised 
by existing studies (Stull et al., 2012; Stieff et al., 2014; Atit et al., 2020), 
is whether excelling at spatial task performance necessarily leads to 
effective applications of spatial skills to solve real-world STEM problems.

Among spatial interventions that have been delivered in physical, 
digital, or hybrid format, as well as the increasing efforts to spatialize 
STEM curricula, we noticed that one tendency in the design of recent 
spatial interventions is to align training materials and training modes 
more closely with students’ daily learning experiences. Whether it is 
using hands-on manipulatives, providing digital feedback when 
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students solve spatial tasks, or adapting existing student-centered 
pedagogies to support students’ spatial development needs, they 
represent the intentional recruitment of authentic, contextually-
relevant teaching and learning methods.

To spotlight additional approaches to developing K-12 students’ 
spatial ability through authentic learning experiences, we turned to 
integrated STEM education and informal STEM education, which 
both play important roles in general STEM education but have rarely 
been explored by researchers in the field of spatial ability. Integrated 
STEM education encompasses the interdisciplinary essence of STEM 
and the interplay among the four elements, engineering design, 
technological literacy, scientific inquiry, and mathematical thinking. 
We  suggested that spatializing more aspects of integrated STEM 
education would be desirable and feasible given how existing studies 
have made use of one or more of these elements to develop students’ 
spatial abilities. Despite that most of the preceding discussions have 
focused on formal education, informal STEM education presents a 
promising avenue that offers untapped resources to engage and 
immerse students in spatial thinking. While some of the spatial 
representations in existing spatial training do not necessarily reflect 
the types of spatial representations encountered by students when 
solving real-world problems (e.g., Julià and Antolì, 2018; Atit et al., 
2020; Ramey et  al., 2020), both integrated STEM education and 
informal STEM education have the potential to familiarize students 
with spatial representations they will see and use in authentic 
learning environments.

Weighing various approaches to developing students’ spatial ability, 
while emphasizing the importance of situating learning in authentic 
contexts, we propose a conjecture that the overall relationship between 
developing students’ spatial thinking and enhancing their abilities to 
solve real-world STEM problems is bidirectional and can be conveniently 
categorized as shown in Figure 3. It is clear that spatial ability plays a vital 
role in STEM learning (e.g., Sorby, 2009; Mix et al., 2021; Hawes et al., 
2022), and that one of the key objectives of developing students’ spatial 
abilities is to increase the enrollment and performance in STEM (e.g., 
Newcombe, 2010; Uttal et al., 2013a; Stieff and Uttal, 2015). Meanwhile, 
researchers have underscored the need for spatial training that 
authentically addresses the spatial skills students use to solve real-world 
STEM problems (e.g., Ormand et al., 2014; Atit et al., 2020; Ramey et al., 
2020). Therefore, we anticipate that directly using spatially complex 
STEM problems to target students’ spatial skills development may be a 
desirable option and is readily applicable in conventional classroom 
teaching, integrated STEM practices, as well as in informal STEM 
activities. Additionally, spatially complex STEM problems may have the 
benefit of developing students’ spatial ability along with their content 
knowledge and skills in multiple disciplines (e.g., Peng and Sollervall, 
2014; Burte et al., 2017; Julià and Antolì, 2018). Explicitly encouraging 
students to use spatial skills when solving spatially demanding problems 
is expected to support their understanding of scientific and technological 
concepts and practices. For example, having secondary school students 
create visualizations of mechanical or chemical systems not only 
solidified their understanding of these systems but also developed their 
spatial thinking skills (Bobek and Tversky, 2016). More research is 
needed to further examine this interplay.

Finally, we discussed how gender and SES may moderate the 
effect of spatial interventions on students’ spatial ability development. 
While the reasons contributing to such moderation effects are often 
complicated, we believe it is worthwhile for future research to take 

factors such as gender, SES, and the interaction between these two 
factors into careful consideration when planning research, drawing 
samples, and interpreting data. In addition, while a large number of 
spatial intervention studies relied on quantitative measures, mixed-
method research designs and qualitative data collection methods may 
yield more nuanced insights into educational contexts and differential 
individual experiences. By obtaining a comprehensive understanding 
of the effect of spatial interventions, researchers can then design 
scaffolds that support the spatial ability development of students from 
underprivileged social groups or those who have been 
underrepresented in the STEM field. Overall, extrapolating spatial 
intervention findings with gender, socioeconomic status, and other 
potential moderating factors in mind can help translate interventions 
into sustainable educational practices (Casey et al., 2011; Bower et al., 
2020) and make research findings more informative for both 
educational practitioners and policymakers.
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This three-year longitudinal case study focused on the deployment of mobile

technology in the form of tablet computers (iPads), during Inquiry Based Science

Education (IBSE). The research took place in a larger than average primary school

in the West Midlands, UK, which showed a strong commitment to Technology

Enhanced Learning (TEL) resulting in iPads being used as an integral learning

tool, across the entire curriculum. During the research, pupils in Upper Key

Stage Two (10–11 year olds) were observed taking part in science weeks which

consisted of intense periods of science inquiry, much of which was child-led.

The impact of the embedded use of iPads was monitored by scrutinising pupils’

work in the form of multimedia presentations and experimental reports. Pupils’

learning behaviours and attitudes to mobile technology were explored through

observations and paired interviews. The embedded use of iPads during IBSE

was shown to increase science knowledge acquisition and support scientific

literacy, recording of processes and aid understanding of working scientifically.

Furthermore, iPads were shown to afford opportunities for personalisation of

scientific learning experiences and foster collaboration at several levels, factors

which were highly valued by the pupils. The outcomes of this study can be used

to further inform the refinement of m-learning strategies in primary science and

illuminate opportunities for developing the practice of science pedagogues.

KEYWORDS

Inquiry Based Science Education, primary education, iPads, app, scientific literacy,
multimedia

Introduction

Pupils who are being educated now in primary schools will contribute to a legacy
of scientific knowledge and societal judgements in the 22nd century, and as such will
require strong scientific literacy skills and a deep understanding of all three disciplines. This
aspiration is somewhat problematic in England given that the profile of primary science in
the curriculum is undoubtedly diminished (Wellcome Trust, 2011, 2014; OFSTED, 2011,
2014). Hence, UK stakeholders have argued that this situation requires urgent remediation in
terms of policy change in order to improve opportunities within primary science education
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(Economic and Social Research Council, 2013; Science Community
Representing Education [SCORE], 2013; Wellcome Trust, 2013)
and encourage learners to see themselves as potential scientists
of the future. Since science capital (based on social capital theory
and defined as the tendency of pupils to believe they can make
a scientific contribution to society), is thought to build during
the formative primary stages of education (STEM Learning, 2019);
it is essential to commit to further refine the effectiveness of
science pedagogy throughout early formal education for all learners
(Harlen, 2010; Lievesley, 2014). It is argued (Duschl et al., 2007)
that in a technologically advanced society, learning should not be
focused merely on the recall of facts but rather the development
of a deep understanding of the nature of science and its associated
methodology. Therefore, the emphasis should be placed firmly
on exploration and research skill development, enabling future
generations of scientists to create global solutions (United Nations
Education Scientific and Cultural Organisation [UNESCO], 2017).

There is a consensus of opinion that in order for science
education to be effective it needs to be undertaken from the
perspective of pupils’ experiences of the world around them
(Worth, 2010) and to some degree be responsive to the findings
that pupils value both guided and independent means to study
(Lau et al., 2017). In this way, pupils’ natural curiosity can
be harnessed during exploratory inquiry, which can lead to
more formalised learning. Following the initial phase of scientific
curiosity, it is necessary for pupils to plan, record, analyse
and share their inquiries, traditionally this was achieved using
paper and pen methods. In the last decade there has been a
change in the way pupils communicate with each other and
teachers in the primary classroom, with the prevalent use of
mobile technology (m-technology). Whilst many studies across the
primary curriculum including mathematics (Hilton, 2018), literacy
(Lynch and Redpath, 2014; Browder et al., 2017; Bergeson and
Rosheim, 2018) and the humanities (Monem et al., 2018) have
highlighted the possibilities of deploying m-technology, in the
majority of cases these have focused on realising learning outcomes
and teacher perspectives (Boon et al., 2021).

Studies specifically focusing on the pedagogical affordances
of m-technology during science inquiry are less prevalent and
generally do not concern the attitudes of the pupils themselves to
this mode of learning (Wang et al., 2022). Hence, this study focuses
on primary age pupils in upper Key Stage Two (years 5 and 6, pupils
aged 10–11 years old) where they are establishing the beginnings of
scientific inquiry, and in addition experiencing a crucial formative
stage during which they may start to regard themselves as scientists
of the future.

Pedagogical framework: Inquiry
Based Science Education (IBSE) and
an inquiry-based approach

The key focus of this study relies on the use of an
established pedagogy, namely Inquiry Based Science Education
(IBSE), supplemented by the deployment of mobile technology
(m-technology). Specifically, the research aims to explore the
potential synergies between IBSE as facilitated by m-technology,

to enable deeper understanding of scientific inquiry in the primary
classroom, from the perspective of the learner.

There is a large body of work devoted to IBSE, and in
general the evidence suggests it is a highly effective method
of engaging learners with scientific discovery and key scientific
concepts (Berg et al., 2003; Leonard et al., 2009; Furtak et al.,
2012; van Uum et al., 2016). However, closer examination of
the literature reveals that the situation is not totally clear-cut
(Rönnebeck et al., 2016). In his meta-analysis, Anderson (2002)
highlights whilst the effectiveness of this type of pedagogy is
generally agreed, researchers tend to define IBSE with respect to
their own particular research context. Therefore, there can be subtle
differences in what researchers believe constitutes inquiry-based
learning opportunities. For this study the definition honed by Linn
et al. (2004), p. 4 is adopted, since it concisely summarises the
key features of IBSE as “The intentional process of diagnosing
problems, critiquing experiments, and distinguishing alternatives,
planning investigations, researching conjectures, searching for
information, constructing models, debating with peers, and
forming coherent arguments.”

This is an extensive delineation which adheres to the
epistemology of advanced scientific study and research. Initial
contemplation might suggest this as an overly ambitious approach
for primary education but in fact, both the nature and process
associated with science have already been demonstrated to be
effectively explored within inquiry-based approaches (Bianchini
and Colburn, 2000). In breaking down the definition further,
it can be seen that the first four components: problematising,
critiquing experiments, distinguishing alternatives and subsequent
planning investigations, are all integral elements of the “working
scientifically” portion of the National Curriculum for Science in
England (DfE, 2013, 2015).

Such are the benefits of this pedagogic approach, that inquiry-
based approaches have been adopted by curriculum designers in
Australia, USA, Middle East, Asia, and Europe (Abd-El-Khalick,
2003; National Curriculum Board of Australia, 2009; National
Research Council, 2012), as a means of fostering and developing
scientific knowledge and skills. Inquiry-based science teaching
affords learners opportunities to not only engage in valuable hands-
on/minds on learning experiences (Minner et al., 2010) but also
develop science specific content knowledge (Sandoval, 2005) and
cultivate a far-reaching appreciation of the nature of scientific
discovery (Schwartz et al., 2004).

For an inquiry based approach to be effective, scientific
discovery needs to be made accessible to all pupils and not
perceived to be only undertaken by people of certain cultural
or educational backgrounds (Gibbs, 2014). Learners also need to
be able to engage with a range of development opportunities
to hone their scientific skills or in simplistic terms work like
a scientist (Archer et al., 2010; DfE, 2013, 2015). A range
of inquiries, including fair or comparative testing, pattern
recognition, secondary research and problem-solving should be
undertaken to allow pupils to improve these key skills which
represent “working scientifically” (Turner et al., 2011) in a similar
way to a scientist. García-Carmona (2020, p. 448) citing National
Research Council (1996, pp. 137–138), develops this idea further
and advocates positioning inquiry-based approaches as being
explicitly linked to “what scientists do” and highlights “students
should evaluate their own results or solutions to problems, as well

Frontiers in Education 02 frontiersin.org77

https://doi.org/10.3389/feduc.2023.1168459
https://www.frontiersin.org/journals/education
https://www.frontiersin.org/


feduc-08-1168459 May 15, 2023 Time: 14:51 # 3

Blackmore and Rønningsbakk 10.3389/feduc.2023.1168459

as those of other children” and consider “alternative explanations”
both of which, mirror the processes that scientists undertake during
dissemination of their ideas and peer review. Encouraging children
to see themselves as scientists, also confers the added advantage of
increasing pupils’ science capital which can be a positive indicator
for sustained science study in post-16 education (Archer et al.,
2015).

A significant number of components of the outlined process,
also represent typical constructivist-based learning activities within
the primary classroom (Hackling and Prain, 2008; OFSTED, 2011).
In addition, proponents of this approach point out that an inquiry
based science is highly accessible to primary school pupils and can
be carried out almost everywhere: in non-specialist classrooms,
outdoors and even at home with parental supervision at a low
cost (Blacklock, 2012; Lee, 2012). It is important to note however
that practical experience alone is not enough to secure deep
understanding of methodology or scientific principles (Bransford
et al., 2000) but rather “wrap around” thinking as a result of initial
research, trialing, analysis and discussion is required to substantiate
learning during inquiry (Pedaste et al., 2015).

Potential barriers during investigational
primary science

In England, upper KS 2 pupils (10–11-year olds) are introduced
to the scientific method through the concept of “fair testing”
which encourages the development of a logical and systematic
approach (DfE, 2013) as a component of IBSE. Teachers can act as
mediators of this approach by encouraging careful observation and
the formulation of authentic child-led questions (Keys and Bryan,
2001; OFSTED, 2011, p. 15). They can also model a collaborative
approach to inquiry in their classrooms, supported by extensive
opportunities for in-depth discussion and peer review (OFSTED,
2011, p. 638). Teachers arguably have a pivotal role in sustaining
pupil interest and engagement by prompting deep thinking using
extensive classroom discourse (Crawford, 2000).

Whilst IBSE teaching approaches have been judged to be
efficacious (Chang and Mao, 1999; Anderson, 2002; Wilson et al.,
2009; Minner et al., 2010) there are inherent practical problems
associated with such methodologies with young learners. Central
to these challenges is the fact that primary aged pupils are often
engrossed in the practical elements of inquiries and hence reluctant
to pause and document their observations. To facilitate effective
learning, these outcomes need to be captured in a time efficient
manner, so that pupils do not miss key events. They also need to
assimilate the process of planning and carrying out investigations,
so they can develop confidence in setting up future inquiries. Often
in the overriding quest to see what happens, the implementation
of a systematic and fair testing regime is overlooked and
potentially forgotten. Mobile technologies that are able to capture
in-the-moment scientific phenomena and processes (Clark and
Luckin, 2013) could therefore be valuable tools in improving
effective metacognition of operational scientific experimentation.
Additionally, they afford learners endless opportunities for research
and analysis, by collating and processing a range of data including
multi-media outputs (Clark and Luckin, 2013) and acting as a vital
conduit for the requirement to communicate their ideas confidently

(van der Graaf, 2020). M-technology deployment during science
inquiry may also afford teachers the opportunity to share key
experimental outcomes with children after the investigation itself,
when there is less time pressure (Burden et al., 2016).

Technology enhanced learning using
mobile technologies

Classic TEL approaches have been used to support scientific
inquiry for some time according to Kim et al. (2007, p. 1017)
who describe their potential as being able to provide: ‘technology-
enhanced, student-centred, flexible opportunities’ during inquiry
processes. However, due to the physical space required by stand-
alone computers and laptops, they are challenging to integrate
closely into scientific investigations, resulting in their use being
restricted to initial research phases or subsequent analysis. In
contrast, there is the more recent phenomenon of rapid adoption
of mobile learning (m-learning) in primary schools, much of it
mediated by the use of tablet computers (Boon et al., 2021).
Research in different age phases including early years education,
Lynch and Redpath (2014); Burden and Kearney (2016); Song
and Wen (2018) suggests that due to their portability, multi-
modal nature and ease of use, m-technologies may give rise to
additional unique learning opportunities. Such learning prospects
have been described by the iPAC (i Personalise, Authenticity and
Collaboration) framework as developed by Burden and Kearney
(2016). This model describes how m-technologies can be used
by learners to personalise experiences, improve or make explicit
the authenticity of operation and encourage effective collaboration
during experiential learning.

Each of the three main constructs (P, A, and C) are
characterised by sub constructs e.g., personalisation of the learning
experience, which may give rise to an increase in agency; where
pupils record and later discuss outcomes in their own way. This
positive psychological aspect in conjunction with the improved
motivation associated with inquiry-based approaches (Justice et al.,
2009) may act as a powerful enabler in science learning. Through
multimedia experiences (documentaries, YouTube video-clips,
virtual reality laboratories) pupils are becoming more aware of
what real everyday science looks like. Arguably they are beginning
to be critical and make judgements about the legitimacy of
scientific experimentation and as such becoming more discerning
in experimental design. By giving pupils the choice of embedding
m-technologies during the scientific processes, they may consider
their learning experiences more credible and from their perspective,
authentic.

M-technology as a means of fostering
scientific collaboration

In terms of collaboration, scientific discovery and development
has always been associated with discourse and peer review.
Even at a young age, learners are capable and open to social
constructivist learning mechanisms via the processes of data
gathering and sharing in science (Dunn et al., 2016 and Furman
et al., 2018). Several science pedagogues (Ford and Forman,
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2006; Allen, 2010; Harlen, 2010) highlight how crucial it is for
learners to be afforded opportunities to engage in high quality
learning conversations with their peers and teachers about their
scientific discoveries. During, and as a result of these conversations
misconceptions may be revealed and challenged, resulting in
improved understanding and remodelling of conceptually difficult
ideas (Allen, 2010). A systematic review of the use of m-technology
during science learning by Afikah et al. (2022) highlights the
increased social interactions evident using such an approach and
enhanced opportunities for pupils to develop their problem-solving
skills.

Research questions

Since the aforementioned literature suggests that pupils are able
to take the lead in the classroom, collaborate together and socially
construct their emerging scientific ideas, this study seeks to explore
in depth the enactment of IBSE using m-technology from a learner
perspective and focuses on the following research questions:

(i) In what ways may iPads be used to support inquiry-
based learning including planning, recording and working
scientifically?

(ii) What learning behaviours and attitudes do primary aged
pupils display toward iPad use during IBSE?

Materials and methods

Research context

The research setting was a larger than average primary school
(400+ pupils, taught by approximately 40 teaching and support
staff) in the West Midlands region of England. The school was
newly built prior to the study and as a result, pupils had access
to a wide range of high-quality information and communication
technology (ICT) equipment, including tablet computers (iPads).
The research focused on Upper Key Stage 2 (UKS2) pupils (10–
11 year olds) where each of the 60 pupils in year 5 (10-year
olds) had access to their own iPad tablet computer and each of
the 60 pupils in year six (11-year olds) shared an iPad between
two learners. Since the pupils used iPads every day in a range of
lessons, they were very familiar with operating them and aware
of the options to use different apps for writing, video capture
and drawing etc.

The study took place during science weeks, which were
characterised by periods of intense scientific inquiry by all pupils.
During these weeks the normal school timetable was suspended
and rather than it represent the usual mix of curriculum subjects
including core subjects (English and mathematics) and foundations
subject (e.g., geography, history or religious education), the
pupils exclusively studied science for approximately 25 h per
week. These science weeks involving at least eight different
inquiries, took place in addition to the usual science lessons
at six monthly intervals over the space of three consecutive
academic years. This initiative aimed to enable pupils to
improve their scientific skills and knowledge bases, in a subject

which has seen a reduced profile in primary schools since
the removal of statutory testing in 2009 (Wellcome Trust,
2014).

The analysis of pupils’ work was aided by the school’s
sophisticated data management system, which allowed tracking
of attainment within a large database of pupils’ work. Due
to the integrated learning and assessment infrastructure using
m-technology, this school was judged to be highly suitable for
this case study.

Expectations of pupils’ learning during
the science weeks

In addition to learning appropriate content knowledge during
their science study across all three science disciplines, pupils were
required to acquire disciplinary knowledge in terms of working
scientifically. According to the requirements of the National
Curriculum for England: Science Programmes of Study (DfE, 2015,
p. 25) pupils learn to follow the scientific method. Hence the
pupils worked logically and sequentially through the scientific
processes of planning, taking measurements, recording data and
results, making predictions and reporting and presenting findings.
In addition, with respect to their developing scientific literacy,
they were required to use appropriate scientific language and
illustrations to communicate their ideas. In summary, during the
science weeks pupils were expected to engage with all the science
inquiries by working practically and documenting and sharing their
investigational outcomes using the iPads.

Expectations of teachers and leaders
during science weeks

Teachers and science/phase leaders adopted an inclusive, child
led (Siry et al., 2012) stance within their classrooms, in keeping
with the ethos of the school. Specifically, they aimed to articulate
and model that anyone can act like and become a scientist, and
that all perspectives on approaches and modes of IBSE were
valued. Teachers encouraged pupils to ask questions of themselves
and others, discuss their points of view and work carefully and
methodically. If a pupil required help or guidance that was given
by a teacher but they strived to enable progress whilst encouraging
independent learning. During the science weeks the teachers and
leaders liaised extensively with the researchers to exchange their
ideas on what was working well and what if anything, needed
development. They also gave feedback to pupils whilst showcasing
their work, using interactive white boards to share inquiry reports
and presentations.

Research ethics

The research was undertaken from a perspective of minimising
the researcher footprint and according to best practice as defined
by British Educational Research Association (2018). In short,
participants were approached via the deputy head of school
who acted as a gatekeeper for the study and issued effective
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communication of the purpose and expectations of the study.
Both parental written consent and on-going pupil assent to take
part was sought. Participants were regularly reminded of their
right to withdraw from the study, although none chose to do so.
Confidentiality and anonymity were preserved at all times.

Participants and sampling

During each phase of the study across three academic years,
samples of work were taken from thirty pupils from each year
group (sixty pupils in total), which represented data from half
of all learners in UKS2. The purposive sample represented a mix
of gender, ethnicity and academic attainment. In addition, twelve
pairs of pupils were interviewed from each cohort, each year to
determine their perspectives and attitudes to learning. The data
from pupils who worked both in pairs or singly were used for data
analysis purposes.

Data collection instruments

(i) Semi-structured observations of pupils and teachers during the
scientific inquiries

Semi-structured observations took place during all phases of
scientific inquiry for both year groups, resulting in over forty
hours of observational material being acquired. The schedule
was designed using key learning facilitators identified by the
seminal work of Burden and Younie (2014) from the Mapping
Educationalist Specialist Know-How (MESH) guide in using iPads
in the classroom. Such facilitators were: undertaking scientific
processes and social interaction, initiating own enquiry strategies,
exploiting the mobility of iPads and engagement and motivation
during the scientific inquiry. Descriptions of each type of learning
behaviour were produced and discussed at length prior to
observation to ensure reliability of the measure. Piloting in another
school with similar aged pupils and class sizes was used to check for
validity.

(ii) Semi-structured interviews with pupils
These were designed according to the strategy outlined by Kvale

(1996). Initial general questions were asked about the scientific
enquiry as a means of creating rapport and ensuring pupil comfort,
for example: “Can you tell me about your work in science this
week?” These questions were followed by more probing questions
exploring in-depth the use of iPads by the pupils. For example:
“Did the iPad help you understand the science? Can you give
me an example please?” Pupils were also asked if they used
more traditional methods to process and record data, for example
handwritten tables.

The interviews which lasted approximately 30 min, were
completed by asking questions to discern attitudes toward using
iPads during work in science. Frequently during the interviews,
responses were read back to the pupils to check for meaning and
understanding on the behalf of the researcher. In addition, the
majority of pupils chose to bring their iPad to the interviews and
illustrated their answers by demonstrating their learning activities
recorded as multimodal documents. Notes were taken to record
these responses and screen shots taken of the pupils’ work.

Data analysis

The pupil interviews (with accompanying notes detailing when
pupils had referred to specific examples of their work on the
iPads) were recorded on an additional iPad, transcribed verbatim
and, together with the classroom observations, the data were
analysed separately using thematic analysis. Systematic analysis
was achieved by using NVivo 11 software to support a five-stage
process according to the premises of Braun and Clarke (2006).
The first phase involved familiarisation of the data by reading
and re-reading multiple times. This stage was followed by the
generation of initial codes (termed nodes in NVivo 11) from across
the entire dataset. Memos were made to ensure the contexts of
the codes were retained. Cluster analysis was then undertaken to
create thematic maps and highlight potential themes which were
then reviewed. A round of confirming codes and then re-coding
was undertaken to confirm emergent themes. In some cases, themes
were collated into sub themes or merged leading to the definition
of final themes. Internal reliability of the data was improved by
another independent researcher being involved in the analysis and
rechecking codes and themes. The trustworthiness of the findings
was enhanced by triangulation (Guba and Lincoln, 1994) across the
data from observations, pupils’ work and paired interviews. This
process is summarised in Figure 1.

Results

Using the data from the pupil and teacher observations and
interviews, three key themes emerged with respect to the first
research question as follows:

• Use of apps on iPads to increase science knowledge acquisition
and scientific literacy

• Use of iPads to support planning and recording of inquiry
processes

• Use of iPads to increase understanding of working scientifically

Each theme will be described in detail in turn using illustrative
observations, examples of pupils’ work and quotes in the
following section.

Use of apps on iPads to increase science
knowledge acquisition and scientific
literacy

One of the key strategies pupils used to increase their science
knowledge during science weeks and beyond, was the use of small
stand-alone applications (apps) on the iPads, with the types of
apps used, falling into two broad categories. The first type was
science specific and encompassed background knowledge on each
topic for example plant and human biology. The second type
of app was more generic and allowed processing and reporting
of the investigational data, examples include Popplet, iMovie,
Comic Strip, Explain Everything, and Book Creator. Pupils were
given the opportunity to choose from a range of apps prior
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Three year programme of science weeks, in addi�on to on-going science lessons. Each 
week consisted of at least 8 different inquiries across all three science disciplines. 

Topics as required by Na�onal Curriculum (DfE, 2013), including for example 
biological adapta�ons of animals and plants, separa�on chemistry and chemical 

changes, electricity and energy forms.

Pupils create mul�media reports and
presenta�ons for sharing.

Observa�ons of pupils using
semi-structured schedule

Iden�fica�on of a ques�on or area to explore.

(o�en Pupil-led)

Transcrip�on of observa�onal and
interview data.

Colla�on and thema�c analysis 
using NVIVO 11 so�ware.

Iden�fica�on of emergent themes 
within observa�onal and interview

data.
Integra�on with data from pupils’
work on iPads,to give key themes.

30 minute semi- structured
interviews of 24 pupils. 

Examples of work on iPads
shown by pupils.

Colla�on and review of 
pupil’s work on iPads by

researchers

Drawn from pupils’ experience or as 
a result of ongoing curiosity

s�mulated by teacher.

Predic�on or exploratory statement based 
on pupils exis�ng ideas.

Planning of inquiry involving m-tech.

Pupils discuss and share inquiry findings.

Pupils undertake inquiry and record data.

Pupils share ideas/approaches of how to
undertake the inquiry.

Predic�on or exploratory statement based 
on pupils exis�ng ideas.

Planning of inquiry involving m-tech.

FIGURE 1

The methodological flow and timeline of the research (informed by Harlen, 2021).

to the science weeks and were able to access the apps at any
time during their learning. Interview data revealed approximately
one third valued this opportunity to address their own learning
needs, as illustrated by the following quote from a year 5
girl:

I sometimes like to use science apps when I don’t understand
something, I ask my teacher if that is OK, and I use time after
or before lessons. I liked the Trees are Best app as it helped

me learn a lot of interesting things about trees. I also used
Plant Parts to help me become more confident with naming
the parts of a flower.

All pupils confirmed at interview that they were self-reliant
in terms of accessing information using science specific apps,
they were often observed before and after investigational sessions
sharing science-based facts and demonstrating different aspects of
the apps to each other.
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Whilst apps containing science specific material were
undoubtedly useful for a significant proportion of learners,
the vast majority of app usage centred around the use of generic
apps. The first of these apps, iMovie, was used extensively to video
capture real time recordings of specific experimental outcomes.
The material was then reviewed and edited by the pupils prior to
inclusion in their reports. For example, in the case of producing a
Poly Vinyl Acetate (PVA) polymer, termed by the pupils “Flubber,”
they were observed to video record the bouncing of “Flubber” balls
alongside a 1 m ruler, in order to determine both the height of
bounce and the number of bounces. Pupils were then observed
to calculate mean averages of both variables which demonstrated
links with their scientific knowledge of measurements.

Generic apps were also used at a deeper level to collate and
process information from the scientific investigations. Both Book
Creator and Comic Strip were used in a narrative manner to
detail and record experimental methodology and results. High
quality chronicling of both the experimental processes and results
was evident. For example, analysis of an experimental write-up
using the app Comic Strip contained photographs of the red
cabbage pigment extraction step followed by filtration and the
subsequent use of the extract as a pH indicator. Similarly, pupils
used the app Explain Everything to produce an e-book logically
and systematically detailing an investigation into the action of plant
enzymes, on a jelly protein layer. Video clips obtained using the app
iMovie were embedded into the experimental report to supplement
the pupils’ observations.

It was observed on multiple occasions that the pupils appeared
confident to manipulate and process a wide range of material
in order to construct mind-maps, e-books, and comic strips to
illustrate their scientific knowledge acquisition. One aspect of this
knowledge acquisition was strong scientific literacy, supported
by online resources. It was frequently observed that during the
initial research phases of the inquiry, pupils often used online
dictionaries during the construction of their investigational reports.
For example the significance of the phrase “the liver detoxifies
and metabolises” was explored for meaning by a year 6 girl, who
immediately shared her understanding with the whole class. She
emphasised the meaning of both the words detoxify and metabolism
in a manner which suggested she understood two of these key
functions of the liver.

Another good example of how pupils approached brand new
terminology, was the use of the scientific term “enzymes” which
several pupils found problematic. In this case pupils engaged
with their teachers in modelling the actions of digestive enzymes
on fat and protein molecules. They photographed the simplified
cardboard molecules the teacher had created of the food molecules
and how they were broken down by enzymes (modelled by
scissors). This resulted in extensive discussion between groups of
pupils who went on to use other multimedia apps to explore the
meaning of new term. As a result, one year five pupil drew a cartoon
of an enzyme molecule breaking down a long polymer to illustrate
his understanding of the catabolic nature of enzymes.

The pupils also understood the importance of using text
to describe the key scientific evidence contained within the
multimedia and frequently ascribed each legend to a particular
graphic, e.g. “The hummingbird does not have to suck up liquid
into its beak, instead there are two grooves called troughs which
draw the liquid through them.”

Similarly, key words such as “magma”, “pressure”, “lava,”
and “eruption” were used to correctly annotate and narrate an
animation showing volcanic activity in a pupil’s e-book.

Use of iPads to support planning and
recording of inquiry processes

Three quarters of the pupils routinely used the mind
mapping app Popplet to plan and analyse their data. This
tool allows the user to build up the mind map by quickly
creating many separate “bubbles” (termed popples) capable
of storing data or ideas. The pupils were observed to create
highly detailed planning frameworks consisting of multiple steps
and large arrays of data organised in tables, using this app.
For example, during the water transpiration investigation
using celery and dyed water, pupils created a table using
popples to record each celery sample in each environmental
condition (low temperature/light, room temperature, and
moderate temperature/light and darkness). The following day,
when transpiration had taken place, pupils were observed to
photograph each celery sample and place the image in their
pre-prepared recording grid.

Pupils also described at interview how they referred to and
refined mind maps during the whole inquiry, as articulated by a
year 5 boy as follows:

I really like Popplet, it helps me plan what I am going to do.
If I forget, I go back and check through the Popples. . ..Let me
show you, this is the plan I did for my science experiment and
here are all the Popples I used to make my results table.

Another feature of app usage by the pupils was the very
proficient use of photographs, graphics and video capture material
to illustrate scientific reports. Over three quarters of the pupils
demonstrated proficient use of the app Book Creator to record in
great detail experimental outcomes. For example, this was seen in
a digestion investigation, where the e-books created by the pupils
contained predictions pertaining to how the fruit slices would affect
the consistency of the jelly. In order to fully record the digestion
process over the course of the experiment, pairs of pupils used the
iPad time lapse photography feature to record the experimental
outcomes. An edited video clip of this process was then observed
to be embedded in the resultant e-book alongside a well formulated
narrative of the experiment. The pupils were abundantly aware of
the need to be systematic in their recording as illustrated by the
following exchange:

Researcher: “How did you know what to take the photographs
of?”
Pupil: “Well some of our friends told us and others were
just common sense basically. If you’re going to put it in the
method, take a picture of it. This is the red cabbage at the start;
these are all the pictures we took when we went through the
process to get the purple juice out.”

Observational and interview data confirmed that pupils were
able to effectively use the apps on the iPads to record a range
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of static and dynamic experimental outcomes and capture data
in a way that they could then include in their scientific reports
and presentations.

Use of iPads to increase understanding
of working scientifically

It was clear that the use of iPads during inquiry had been
facilitative for underpinning the scientific inquiry process. Analysis
of results and scientific discussion seemed to be particularly
supported by this approach. Pairs of pupils described how
important it was when analysing a chemical sample to compare the
result with that of a control and they achieved this by using the
camera app. This was illustrated by the following exchange during
interview:

Pupil: “The one at the back is a control one” [shows
researcher photograph of test tube containing plant extract].
Researcher: “Oh okay, why do you need a control tube?”
Pupil: “To see if the extract has changed colour or not.”

In addition, the pupils were observed to compare their
experimental outcomes embedded within multimedia files with
other pupils, prompting scientific dialogue. Subsequent discussion
appeared to prompt a host of higher order questions for
example:

Pupil: “Mine dissolved faster than yours, did you stir faster?”
Pupil: “Did you use the same amount of water as us?. Yours
is darker red?”

During the seed inquiry it was evident that the pupils were
comparing their prediction for each fruit in terms of number and
appearance of the seeds (which they had inserted in a single popple),
with the actual findings following cutting open the fruit. This
demonstrated they knew it was important to compare and contrast
scientific predictions with actual results.

In terms of integrated iPad use facilitating in-depth
understanding of scientific inquiry, the following example is
illustrative:

Researcher: “How did you use the iPad to learn about animal
adaptations?”
Pupil: “I’ve done a Popplet about the bird beaks” [shows
the researcher a mind map showing the initial planning
of the bird beak investigation together with Popples to
record how much food was collected over which time
periods, for each beak].
Researcher: “Then what did you do?”
Pupil: “Then we got to do an investigation . . . with tools that
were like actual beaks . . . and then we had some stars in
the water we had to time ourselves . . .. to see how many we
could get into the cup with different tools. We then watched
a video clip about the adaptation of the bird beaks.”
Pupil: “After our experiment I researched different bird diets
and beaks and found out about humming birds having long
beaks so they can get nectar out of plants.”

Researcher: “And what have you learnt about bird beaks?”
Pupil: “How the birds would like survive, with the limited
food resources.”

These exchanges illustrate the strong understanding pupils
had derived of working scientifically using iPads during their
inquiries and subsequently carrying out additional research using
online resources.

Learning behaviours and attitudes to the
use of iPads in science inquiry

Three themes emerged in response to the second research
question from the semi-structured observations, interviews and
pupil work as follows:

• Personalisation of the science learning experience
• Positive attitudes to the benefits of using the affordances of

mobile technology
• Collaboration with peers and teachers during scientific

inquiries

Personalisation of the science learning
experience

The majority of pupils took the opportunities afforded them
by iPads to customise their learning experience during the
science weeks. One of the pair of year five pupils described
how they worked together initially when researching and
planning and then went on to document their own inquiries
individually:

Pupil: “At the beginning we made a little mind-map about what
we would like to know about this particular project. We did lots of
research on the internet about different plants in different places,
this was interesting.”

The pair then proceeded to describe how they had each
customised their own ebook by using different backdrops, fonts,
colours and arrangements of images and texts to create their own
unique record. They then revealed when they had finished, they
used the iPads to peer-review.

Some pupils made unusual app choices; one girl described
how she used PicCollage, an app usually reserved for social
sharing of photographs, to compare images from the detergent
investigation:

Pupil: “It can help you because you can screenshot it [test
sample] . . . you can write a caption to it as well. . . then you’ll
have a page of pictures.”

She then proceeded to explain how she carefully compared each
test sample after washing with the control sample, to give a score to
each detergent in terms of cleaning capacity.

The pupils were also articulate in describing how they liked
to demonstrate their agency as learners. They were honest and
reflective in expressing their preferences to use mobile technology
as exemplified by the following year 6 pupil:
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“I know some schools or some places they don’t use iPads.. . .
you have to write it all down on paper and I’m really slow at
writing all of it down on paper.”

Another year 6 girl commented how much easier it was to edit
her work efficiently using the iPads:

“It was a lot easier to make changes when I reviewed the
writing, and I could add pictures and make a really good
document.”

Pupils were highly organised during the analysis stage with
pairs critiquing the overall shape and content of the mind maps
during learning. For example, during the sheep’s lung dissection,
one pair arranged the popples in a zigzag formation in order to
put the respiratory system organs in a logical space and add more
information. They described how this choice had enabled them to
effectively handle their data:

Pupil: “We found it easier to spread our ideas out, instead of
just writing one massive paragraph about it.”

Overall, these quotes illustrate how personal learning
preferences could be accommodated by using the m-technology.

Positive attitudes to the benefits of using
the affordances of mobile technology

Often during interviews, the pupils described how they used
the mobility of the iPads to great effect, for example during
experimentation outside:

Pupil: “I took pictures when we were outside for science
. . . we brought them inside and I could use the pictures to
remind me what we had found.”

Others commented on how the ease with which the iPad could
be positioned to take photographs was very helpful:

Pupil: “I took it from that angle. . .because you could see it had
sunk instead of being on top.”

Due to the portability of the iPads, photographs of scientific
processes were taken quickly and efficiently. One group used the
mobility of the iPads to photograph up close, how the Poly Vinyl
Acetate (PVA) glue polymer was used to fill a mould, and changed
in shape over the course of the investigation. The pupils also used
the apps to improve the accuracy of their observations, e.g., when
polymer testing, they video-captured a ruler alongside the sample
to record the snapping point.

This was also the case when recording outcomes which were
technically difficult to see in great detail, as in the case of the
static electricity investigation. Several observations indicated the
pupils appeared fascinated to see the small plastic pieces attracted
to the charged rod and used iMovie to film the pieces being lifted
into the air. They then used the iMovie clip to illustrate their
experimental results.

The only rarely reported dissatisfaction was pupils describing
being “disappointed” when work was lost due to software updating
processes or network problems.

Collaboration of peers and teachers
during scientific inquiries

Collaboration was a strong theme identified within the pupils’
mode of learning when using iPads. Throughout the entire science
weeks, they used material stored on the iPads and the class cloud
server to initiate scientific discussion, gather and share data.

Conversations were often initiated by pupils exchanging
research or their own experimental data. Overall, the collaborative
approach was highly valued by the pupils as illustrated from the
following quotes from year 5 and 6 Pupils.

Year 5 pupil: “We share ideas. Sometimes when I am
struggling, I ask someone else and they show me what they
did with the iPad.”
Year 5 pupil: “We use them all the time; we show our teacher
our data or others.

And from a year 6 girl:

“I love sharing the work when it is mirrored on the board.
When my work is shown I feel very happy, and I like to get
ideas from other people.”

Some pupils appreciated the support of their partner during
data gathering, a year 5 girl, new to the school said:

“We used the iPads to record scores for the bird beak
experiment. I am not confident in working by myself, I like
working with someone just to make sure that I’ve got all my
stuff right.”

It was also clear that the pupils enjoyed viewing each
other’s iMovie video clips of experimental findings and discussing
outcomes:

Pupil: “I like listening to my friend’s recordings on their iPads
and then we share ideas.”

During the explorations into circuits, lots of small group
interactions were observed, for example between three pairs of
pupils who showed each other video clips of trial and error type
experiments. The pupils appeared happy to accept differences in
approaches and outcomes. Indeed, some went as far as saying they
valued critique from their peers.

The pupils saw data sharing in this way as a win-win situation
and termed the phrase “Magpie” to indicate using someone else’s
approach when they liked it:

Pupil: “When you’ve done some work, you can show it to
everyone. If you’re stuck, you can Magpie . . . you can be
shown what to do, not told.”
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In the case of formative assessment, the teachers used Apple
TV on the interactive white board [IWB] to share the pupil reports
containing photographs, videos and diagrams. The pupils were
observed to frequently collaborate together during this time of
lesson plenaries and to maintain focus by discussing their results
and approaches of others.

In terms of collaboration with the teachers and leaders,
scientific inquiry reports were deposited by pupils on the shared
cloud, used for cohort assessment purposes. The pupils valued the
resulting additional feedback on their experimental work.

Year 5 boy: “Sometimes, the year five leader organises our
work and gives us feedback so then we can get better and
learn a bit more.”

This quote demonstrates the pupils understood how sharing
their work facilitated understanding of their learning not just with
their peers but with teachers and year group leaders.

Conclusion to findings

In summary, integration of the qualitative data from
observations, interviews, and pupils’ work confirmed that the
use of iPads within the science inquiries appeared to significantly
enhance learning opportunities. Pupils were seen to move
seamlessly from initial research, to planning, to experimental
phases, whilst simultaneously adding to and refining their ideas.
They used the large capacity of iPads to store, analyse data and
present their findings, using an array of multimedia modes. Overall,
the pupils exhibited highly positive attitudes and collaborative
learning behaviours when using m-learning approaches.

Discussion

Reviewing the findings, it is clear that the researchers, teachers
and pupils believed there were significant advantages to m-learning
during scientific inquiry. This approach undoubtedly gave rise to
innovative opportunities to undertake authentic scientific learning
across all three science disciplines. Echoing the future scenarios
of science learning and skill acquisition, proposed by Kearney
et al. (2022) and originally advocated by Duschl et al. (2007) and
United Nations Education Scientific and Cultural Organisation
[UNESCO] (2017), this study foregrounds both the autonomous
and connective affordances conferred by m-learning. Specifically,
it highlights the capacity to deploy m-learning strategies during
all phases of scientific inquiry in contrast to the use of classical
stand-alone computers, which were restricted to the initial phases
of research and planning and then analysis (Kim et al., 2007).

Bespoke learning resources in the form of specific apps were
shown to be effective in affording pupils’ opportunities to research
and develop their own science subject knowledge in a pupil-centred
manner as advocated by Worth (2010). This echoes the work of
Pedaste et al. (2015) who asserted that practical inquiry alone
could not ensure deep learning but rather initial research was an
important component of pupil metacognition and sense making in
science.

The findings show clear resonances with the work of
Hilton (2018) with respect to iPads facilitating engagement with
mathematical processing. There were several occasions where
pupils were observed to use the unique capabilities of the
m-technology; for example, in videorecording followed by in-depth
measurements, to refine the accuracy and analysis of their inquiries.
Since the future of many aspects of scientific work rely on the
deployment of mobile and remote technologies for measurements,
this bodes well for the skills of the upcoming workforce.

In terms of overall effectiveness, an important point of interest
was the large positive impact on the development of pupils’ digital
scientific literacy through the use of both generic and specific apps,
during all phases of the scientific inquiry. The pupils were able to
move easily from one mode of scientific representation (e.g., text,
graphics, or video material) to another and incorporate a range of
data into their reports. Prain and Waldrip (2010):2 argue that it is
a great advantage for learning, when students are able to interpret
“modal diversity in representations of science concepts.” Indeed, it
is not just different modes of representation that are of importance
in fostering understanding, but rather the development of multiple
ways of communicating and believing in science (Moje, 2008).

In order to (re)-construct scientific beliefs, learners need
opportunities to engage in discussion with teachers, in addition
to learning through sharing and critically evaluating their own
and peers’ scientific inquiry (Ford and Forman, 2006; Yacoubian
and BouJaoude, 2010). This involves the development of scientific
literacy skills (Lee et al., 2013; Bergeson and Rosheim, 2018) and the
correct usage of key science terminology (Shanahan and Shanahan,
2008), a component highlighted in this study, by the sharing and
meaning making of key scientific terms using on-line dictionaries
and the extensive deployment of appropriate vocabulary in the
pupil presentations and reports. Overall, the use of iPads during
inquiry afforded the pupils opportunities to develop their scientific
literacy toward the end of KS 2, prior to transition to secondary
education. It could be argued that this is of a particular significance,
since the confident use of scientific language during argument
making has been shown to be pivotal (van der Graaf, 2020).

From an inclusive practice perspective, in agreement with
several studies (Miller et al., 2013; Knight and Davies, 2016;
Browder et al., 2017), the use of iPads during scientific inquiry
fostered accessibility for a range of learners, especially those with
specific literacy needs. Such personalised strategies appeared to
benefit learners who voiced the opinion that they liked to learn in
their own way. Pupils with specific literacy needs described how
m-learning allowed them to approach the documentation of the
inquiries positively and enable them to make a prompt start and
not lag behind the rest of the class. The science specific apps also
allowed for effective differentiation of learning opportunities; with
more able pupils accessing detailed information on specific topics
e.g., evolutionary change, whilst others used the apps to review
and reinforce their learning of conceptually challenging concepts
(Allen, 2010) e.g., electrical circuits. Several pupils highlighted how
the iPads allowed them to keep up with the pace of the lesson.
This is wholly appropriate given evidence that pupils appreciate
both independent and guided means of study (Lau et al., 2017)
and echoes the study by Furman et al. (2018), who revealed
even younger learners were pleased by opportunities to display
autonomy, when using tablet computers during IBSE.
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The pupils’ attitudes to using tablet computers during IBSE
were overwhelmingly positive, one pair described how working
with iPads enabled them to work at a different level and how
they became excited when designing their own multimedia reports.
Several pairs expressed how they preferred using iPads as they
helped them learn more efficiently and registered disappointment
that their diminished use at the culmination of upper KS2.
These positive attitudes are largely in agreement with the findings
of a systematised literature review into m-learning using iPads,
undertaken by Boon et al. (2021), which explored the experiences
of primary age pupils using m-technology to access the curriculum
overall. In the specific case of science learning, the findings confirm
those of others (Looi et al., 2011; Dunn et al., 2016; van Deursen
et al., 2016) that m-technology is a valuable tool to facilitate ISBE.
When utilising iPads during inquiry, pupils particularly valued
using them to exchange ideas and undertake collaborative research
together in agreement with Rønningsbakk (2020), arguably two of
the most important aspects of the ways scientists work. Since pupils
are motivated to use iPads, an important consideration during
IBSE (Justice et al., 2009) and this pedagogical approach has been
shown to be broadly effective (Clark and Luckin, 2013; Burden and
Kearney, 2016; Hong et al., 2017), it would be advisable for teachers
and curriculum designers to integrate m-technology into future
scientific inquiry. Indeed, it is advocated that pupils’ voices should
be given primacy even at the expense of teachers’ concerns when
designing effective m-learning opportunities (Dunn et al., 2016),
since they are agents of their own learning both in and beyond the
classroom.

The exact role of teachers in inquiry based approaches is
flexible however it has been suggested that teachers should afford
their learners opportunities to explore “conceptual, epistemic,
social and/or procedural domains of scientific knowledge” (van
Uum et al., 2016, p. 450). In other words, pupils need to access
the key scientific ideas, understand how scientific knowledge is
constructed and appreciate how the nature of working scientifically
and scientific debate, supports the process. Key to all these
domains is the process of questioning, a skill highly represented
in primary science teaching practice (Earle, 2014). This study has
shown m-learning can be used to support pupils formulate and
share questions with their pers and teachers. Teachers can also
provide further exciting stimuli for pupils to illicit their ideas and
prompt further questioning and discussion, which can be part
of a formative assessment strategy (Constantinou et al., 2018).
This could well be achieved by deploying mobile technology as
a means of accessing engaging resources. In terms of effective
teacher practice during IBSE, it has been suggested that primary
school teachers may not see themselves substantively as “science
teachers” and consequently may exhibit concerns about their
science content knowledge (Harlen, 2021). However, research
(Mellander and Svärdh, 2018) has shown that teachers who display
strong pedagogic content knowledge of inquiry, deploy approaches
associated with improved pupil learning. These arguments have
clear implications for IBSE to be explicitly explored in teacher
education programmes (Strat and Jegstad, 2022) in conjunction
with the affordances of m-learning, as part of an inquiry based
approach.

Since pupils articulated eloquently their preference for close
collaboration and sharing of their scientific findings and expertise
with peers and teachers alike, these findings can be used to inform
future pedagogical approaches. They resonate significantly with the

metastudy undertaken by Afikah et al. (2022) across all phases of
the science curriculum, where collaboration was shown to be a key
element of engagement and shared problem-solving. Specifically,
this paper argues for the empowerment of individual pupils to
realise their full potential within scientific inquiry and build their
science capital, by using m-learning to enable them to collaborate
with their peers and in turn, contribute to wider scientific discourse.

This socio-cultural potential of m-learning echoes Dunlop et al.
(2015) arguments for building “communities of enquiry” during
IBSE and builds on the work of Felix et al. (2005) who advocates
addressing a question of common concern by harnessing different
points of view. The added advantage of social constructivist
learning is that it models many of the processes adopted during
authentic scientific discovery in the real world (Burden and
Kearney, 2016). Indeed, many features of the science learning
opportunities afforded by this approach are compatible with the
creation of technology enhanced multi-modalities as advocated by
Zhang et al. (2010) and Lynch and Redpath (2014). These result
in learners being made more aware of their metacognition and
allow potential scientists of the future, to see for themselves how
knowledge is constructed in a scientifically robust and collaborative
manner.

Limitations

There were some limitations, arguably the most prominent
being the use of a single, longitudinal, school case study. It is
accepted that this school was at the forefront of good practice with
respect to the use of iPads across the curriculum and therefore
findings cannot be considered to be wholly generalisable. However,
with the proliferation of Apple Distinguished Schools and Multi
Academy Trusts in England, where pedagogical approaches are
often shared within clusters of schools (Apple, 2021; Baxter and
John, 2021), this study aimed to illustrate what is possible in
terms of the affordances of m-learning supported IBSE and hence
share effective practice. With respect to inherent limitations of the
data collection tools, these are well known; pupils may behave
differently when they know they are being observed and during
interview may seek to provide answers which they believe the
researcher will value (Einarsdóttir, 2007). However, the researchers
feel both these limitations were reduced by the fact that an
insider/outsider positionality (Moore, 2012) was adopted due to
the strong relationships developed with the staff and learners over
a three-year period. The limitations of work scrutiny are that it is
partly subjective and open to bias. However, in this case, since the
pupils brought their work on iPads to the interviews and illustrated
their evolving ideas, it is believed the researchers gained a robust
understanding of pupils’ thinking processes as advocated by Kellett
(2006).

Conclusion

It is highly evident that m-learning is becoming wider spread
in primary schools (Boon et al., 2021) and it is hoped that
the key findings of this study will inform discourse around the
use of m-technology to enhance primary science pedagogy from
the perspectives of the learners. Further research would include
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the exploration of key findings, for example improved scientific
recording and attitudes of pupils to their own metacognition, in
a range of schools both within the U.K and internationally. In a
global scientific community where an increasingly diverse range of
modalities are being used to document and analyse during scientific
enquiry (Asch et al., 2018), this approach could make a significant
contribution to the engagement and education of the scientists of
the future.
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Chilly climate perceived by female 
engineering undergraduates: an 
exploratory study using concept 
mapping
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Introduction: Women still being a minority in engineering majors, they are 
reported to face discriminatory treatment in a collegiate environment. “Chilly 
climate,” referring to such a sexist environment, may have a negative impact 
on women’s mental health, academics, and careers. But, what exactly is it that 
female students in engineering perceive as chilly, and how chilly is it? This study 
aimed to explore the chilly campus climate perceived by female undergraduate 
engineering students in South Korea using the concept mapping method.

Methods: Semi-structured interviews were conducted with 13 participants enrolled 
for more than four semesters at four-year coeducational universities. After extracting 
52 representative statements, the participants were asked to classify them according 
to content similarity and rate the influence of each statement on their perception of 
the chilly climate. For concept mapping analysis, multidimensional scaling analysis 
(ALSCAL), hierarchical cluster analysis (Ward’s method), and non-hierarchical cluster 
analysis (K-means method) were performed.

Results: Fifty-two statements were extracted under the following four clusters: (i) 
“Exclusion and alienation inherent in the culture (Cluster 1),” (ii) “Sexual objectification 
and lack of gender sensitivity (Cluster 2),” (iii) “Male-centered academic situations 
(Cluster 3),” and (iv) “Prejudice and generalization (Cluster 4).” A concept map was two-
dimensional: an X-axis named “context dimension,” with “task: academic” and “non-
task: social” at both ends, and a Y-axis named “sexism dimension”, having “explicit” and 
“implicit” at both ends. The order of higher scores in the influence rating is as follows: 
Cluster 2, Cluster 3, Cluster 1, and Cluster 4.

Discussion: This study is significant because it conceptualizes the subjective 
experience of minorities in a collegiate environment and provides influence 
rating results for prioritized measures. The findings will be helpful in formulating 
educational policies, psychological counseling, and social advocacy activities. 
Future research should target larger populations, and cover more diverse cultures, 
majors, and age groups.

KEYWORDS

chilly climate, female engineering students, sexism, gender microaggression, concept 
mapping, South Korea

1. Introduction

Engineering has traditionally been a male-dominated field, and this has never changed. The 
percentage of female students enrolled in undergraduate engineering programs has steadily 

OPEN ACCESS

EDITED BY

Karen Blackmore,  
University of Worcester, United Kingdom

REVIEWED BY

Antonio Luque,  
University of Almeria, Spain
Isain Zapata,  
Rocky Vista University, United States

*CORRESPONDENCE

Dongil Kim  
 dikimedu@snu.ac.kr

RECEIVED 16 January 2023
ACCEPTED 16 May 2023
PUBLISHED 02 June 2023

CITATION

Kim T and Kim D (2023) Chilly climate 
perceived by female engineering 
undergraduates: an exploratory study using 
concept mapping.
Front. Psychol. 14:1145795.
doi: 10.3389/fpsyg.2023.1145795

COPYRIGHT

© 2023 Kim and Kim. This is an open-access 
article distributed under the terms of the 
Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other 
forums is permitted, provided the original 
author(s) and the copyright owner(s) are 
credited and that the original publication in this 
journal is cited, in accordance with accepted 
academic practice. No use, distribution or 
reproduction is permitted which does not 
comply with these terms.

TYPE Original Research
PUBLISHED 02 June 2023
DOI 10.3389/fpsyg.2023.1145795

90

https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyg.2023.1145795&domain=pdf&date_stamp=2023-06-02
https://www.frontiersin.org/articles/10.3389/fpsyg.2023.1145795/full
https://www.frontiersin.org/articles/10.3389/fpsyg.2023.1145795/full
https://www.frontiersin.org/articles/10.3389/fpsyg.2023.1145795/full
https://www.frontiersin.org/articles/10.3389/fpsyg.2023.1145795/full
mailto:dikimedu@snu.ac.kr
https://doi.org/10.3389/fpsyg.2023.1145795
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychology#editorial-board
https://www.frontiersin.org/journals/psychology#editorial-board
https://doi.org/10.3389/fpsyg.2023.1145795


Kim and Kim 10.3389/fpsyg.2023.1145795

Frontiers in Psychology 02 frontiersin.org

increased from 18.25% (2010) to 22.67% (2018) (National Science 
Foundation and National Center for Science and Engineering 
Statistics, 2021), but compared to men, they are still extremely 
underrepresented. In South Korea, only 21.4% of women enter the 
engineering department, which is much smaller than that in natural 
science (50.9%), social and human sciences (57.6%), and medicine 
(67.7%) (Korea Foundation for Women in Science, Engineering and 
Technology, 2021). As women are scarce, masculine culture and 
favoritism toward men are prevalent in the engineering field (Min and 
Lee, 2005; Duberley and Cohen, 2010; Richman et al., 2011; Hatmaker, 
2013; Kim et al., 2016). For example, faculties have lower expectations 
for female students, provide less academic encouragement or support, 
and make sexist remarks (Min and Lee, 2005; Park, 2019; Roper, 
2019). In Korea, the representative engineering culture includes a 
military-like hierarchy, obscenity, sexual harassment, and high-
intensity drinking (Min and Lee, 2005; Kim et al., 2016; Park, 2019).

“Chilly climate,” a term introduced by Hall and Sandler (1982), 
refers to receiving such sexist treatment in the collegiate environment. 
It denotes how traditionally masculine fields are unwelcoming or 
hostile to women owing to differential treatment by professors or 
peers in the school environment. Examples of chilly climate include 
verbal and overt aspects such as disparaging comments about women 
or sexist jokes and nonverbal and subtle aspects such as paying more 
attention to men’s comments or waiting longer for men than women 
to answer a question (Hall and Sandler, 1982). Discriminatory 
treatment of women exists not only in the classroom but also in 
various situations such as academic and career counseling, laboratory 
or fieldwork, group projects, internships, school safety, student 
autonomy and cultural activities, economic support, and curricula 
(Hall and Sandler, 1984; Janz and Pyke, 2000). This male-centered 
atmosphere in schools induces female students to perceive a chilly 
climate, and has been steadily reported (Goldman, 2012; Cabay et al., 
2018; Jensen and Deemer, 2019; Park, 2019; Roper, 2019).

This climate reinforces the marginalization of female engineering 
students and may have a negative impact on their mental health, 
academics, and careers. Female students experience negative emotions 
such as alienation, helplessness, anger, frustration, depression, anxiety, 
and stress (Hall and Sandler, 1982; Cammaert, 1985; Janz and Pyke, 
2000; Walton et al., 2015), and worry about sexism, stereotype threats, 
and joining the group (O’Brien et al., 2015). Additionally, it causes 
reduced satisfaction and confidence, deflection, identity confusion, 
and limited self-expression (Min and Lee, 2005; Chu, 2008; 
Park, 2019).

Academically, such an environment makes female students doubt 
their abilities and internalize their devaluation, making them hesitant 
to participate in academic activities or build relationships with the 
faculty (Hall and Sandler, 1982; Hall, 2016). Moreover, it has a negative 
impact on cognitive development (Pascarella et  al., 1997), major 
satisfaction, and self-efficacy (Jeong et al., 2008).

As the chilly environment for women continues to exist in 
engineering-related workplaces (Makarem and Wang, 2020), it acts as 
a career barrier for female students (Settles et  al., 2006). Female 
students’ anticipation of career barriers was related to reduced career 
aspirations and planning (Cardoso and Moreira, 2009; Schuster and 
Martiny, 2017), and low confidence in future employment, job 
maintenance, and promotion (Do, 2008). This leads to a “leaky 
pipeline”; that is, women switch out of Science, Technology, 
Engineering, and Math (STEM) fields, causing a vicious cycle in which 

women exist as minorities, leaving fewer female role models to follow 
(Min and Lee, 2005; Young et al., 2013; Renn, 2014).

Despite the negative effects of the chilly climate on women, men 
who form the majority negate that sexism is a concern or are 
indifferent, and some even believe that they have a high sense of 
gender sensitivity (Hall, 2016; Roper, 2019). This implies that 
discriminatory words and actions against female students may occur 
in a subtle or benevolent manner. This phenomenon can be regarded 
as a “microaggression”; that is, something not particularly intentional 
but done subtly to make minorities feel uncomfortable (Sue et al., 
2007). As microaggression is often perceived as a minor problem, it 
can lead to feelings of self-doubt, confusion, or alienation (Nadal and 
Haynes, 2012). In addition, because it is difficult to deal with 
microaggression promptly or actively, it can be more harmful than 
overt discrimination (Sue et  al., 2007; Dumont et  al., 2010). 
Continuous exposure to microaggression can lead to feelings of low 
self-esteem, anxiety, and depression (Nadal and Haynes, 2012).

Given that female engineering students experience the negative 
impact of a chilly climate on their mental health or realization of their 
potential, it is necessary to thoroughly understand the experiences of 
these women for more effective psychological intervention and 
prevention. However, little in-depth research has been conducted on 
what they perceive as unfavorable to women and the exact 
circumstances that affect them negatively. Some recent studies on 
subtle sexism in STEM have focused more on ethnicity or race (Lee 
et al., 2020; Miles et al., 2020; Marshall et al., 2021), or gender-based 
microaggression experienced by faculties or professionals (Yang and 
Carroll, 2018; Makarem and Wang, 2020; Kim and Meister, 2022). In 
South Korea, research on chilly climates is rare. According to Hwang 
(2020), 75% of the research on female engineering students deals with 
career- or academic-related topics, and 75% of the research methods 
used are quantitative. Allan and Madden (2006) stated that an 
appropriate research method is crucial when studying a subtle subject, 
and quantitative methods, such as surveys, may not yield a 
complete picture.

Therefore, the present study aimed to investigate the chilly climate 
perceived by female undergraduate engineering students using the 
concept mapping method, which is useful for identifying the cognitive 
structure underlying a specific phenomenon, and can present results 
with minimal researcher subjectivity (Trochim, 1989; Paulson et al., 
1999). This study assessed the subjective experience of female 
engineering students using a qualitative method, processed the data 
using quantitative statistical methods, and presented the results with 
a concise pictorial representation. Moreover, the degree of influence 
of the reported content on the perception of chilly climate was 
measured to draw more meaningful conclusions.

2. Materials and methods

2.1. Participants

The participants of this study were female undergraduates enrolled 
for four semesters or more in the science and engineering department at 
a 4 year coeducational university. To ensure diversity, students from seven 
universities, including universities in Seoul, the metropolitan area, and 
national universities in provincial areas, were selected. A list of science 
and engineering majors with a female enrollment rate under 30%, based 
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on statistics from the Ministry of Education (2019), was presented. This 
study was approved by the Institutional Review Board (IRB) of Seoul 
National University (IRB No. 2012/001-023), and all participants provided 
written informed consent.

According to Jeong et al. (2008), the longer female students 
have studied, the more they are influenced by the environment in 
variables such as major satisfaction and career. Moreover, when 
research participants were recruited from December 2020 to 
January 2021, their classes and academic life were shifted to a 
non-face-to-face manner due to the coronavirus disease 2019 
(COVID-19) pandemic. Therefore, students’ experiences with less 
than four enrollment periods were considered difficult to generalize 
and were excluded.

Thirteen students from the engineering department were selected 
as study participants. The number of study participants was 
determined by referring to Trochim (1989), who stated that there is 
no strict guideline for concept mapping and 10 to 20 participants are 
workable. The average age of the participants was 21.4 years old 
(SD = 1.7 years) and the average semester enrollment period was 5.8 
semesters (SD = 1.8 semesters).

2.2. Procedure

This study utilized the concept mapping method (Kane and 
Trochim, 2007) to explore the chilly climate perceived by female 
undergraduate students in the engineering field. Figure 1 shows the 
research procedure.

2.2.1. Step 1: preparation
In the preparation stage, a focus question was developed for the 

interviews. Sample questions were created through literature research, 
and three experts in qualitative research reviewed the questions. The 
final focus question selected and used in interviews was as follows: “In 

what situation (e.g., atmosphere, experience) were you  treated 
differently from men or felt subtle sexism in school as a female 
undergraduate student in the science and engineering field?”

After obtaining IRB approval, research participants were recruited 
via recruitment posts on each school’s website.

2.2.2. Step 2: generation of statements
Individual interviews (n = 13) were conducted to generate 

statements. The interviews were conducted between January 5 and 
24, 2021. Before the interview, the purpose of the study and 
interview method were explained in detail through phone calls and 
notices. If they agreed to participate in the study voluntarily, they 
were requested to sign the consent form and send it via e-mail 
before the interview. One day before the interview date, they were 
sent a focus question via e-mail to allow them to think about the 
topic in advance.

The interviews were conducted non-face-to-face using Zoom 
video conference due to COVID-19. After a simple greeting and self-
introduction, the participants were allowed to freely talk about the 
focal question. The researcher tried to promote the production of 
ideas by asking additional questions related to the topic along with the 
parts that need to be  embodied or clarified. The interview was 
recorded with the consent of the participants, and took approximately 
50–60 min per person.

A total of 183 ideas were extracted from the interviews. According 
to Kane and Trochim (2007), fewer than 100 statements were 
appropriate for concept mapping. Thus, the number of statements was 
abbreviated according to the method of integrating duplicate 
statements and removing elements mentioned by less than two people 
(Bedi, 2006). This repeated grouping and reclassifying process was 
performed by the researcher and two other Ph.D. graduates, and 
supervised by two professors in the educational counseling 
department. Fifty-two representative statements were derived using 
the terms used by the study participants as much as possible.

FIGURE 1

Concept mapping research process.
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2.2.3. Step 3: structuring of statements
In this stage, the participants were asked to classify 52 

representative statements according to content similarity and rate the 
influence of each statement on the perception of chilly climate. Owing 
to personal reasons, only 11 out of 13 participants performed these 
two tasks from February 25 to March 3, 2021.

Paper cards are generally utilized in similarity classification for 
concept mapping in offline face-to-face settings. However, this study 
was conducted when social distancing was recommended due to the 
COVID-19 pandemic, and there were difficulties in conducting face-
to-face interviews with participants from provincial areas. Thus, 
Microsoft PowerPoint (PPT) was devised as a suitable alternative 
owing to its familiarity and accessibility to the study participants. 
Before conducting Step 3, the researcher tested with two participants 
whether the task instructions were easy to understand and whether 
tasks using the PPT were easy to perform.

In the similarity classification task, participants were given a 
PPT file with all 52 representative statements written on the first 
slide. Each statement was written in a small square card and laid 
out without overlap so that all statements could be  seen at a 
glance. The participants were then asked to classify these 
statements by considering a single slide as one group. They were 
to create as many groups or slides as desired. Referring to 
Trochim (1989), participants were instructed to place each 
statement once, and not to place all statements on a single slide 
or to place one statement on one slide. After classification, 
participants were asked to name each group.

In the influence rating stage, participants were asked to evaluate 
on a 7-point Likert scale how much the content of each statement 
affects their perception of the chilly climate on and off campus 
(1 = very little, 7 = very much).

2.2.4. Step 4: concept mapping analysis
For concept mapping analysis, a Similarity Matrix was first created 

from the classification data. A 52 × 52 binary square matrix was 
created; 0 was coded for two statements placed in the same group, and 
1 was coded for those that did not. A group similarity matrix was 
produced by summing 13 individual similarity matrices. A 
multidimensional scale analysis (ALSCAL) on SPSS 22.0 statistical 
program was used to analyze the number and meaning of the 
appropriate dimension.

Next, the coordinate values derived from the ALSCAL were used 
for hierarchical cluster analysis (Ward’s method) and non-hierarchical 
cluster analysis (K-means method). Ward’s method is suitable for 
interpreting clusters in conceptual diagrams to classify clusters based 
on distance (Kane and Trochim, 2007). To secure validity, two-stage 
clustering was conducted (Hair and Black, 2000). The number of 
adequate clusters derived from Ward’s method was used to conduct 
the K-means method.

2.2.5. Step 5: interpretation of results
In Step 5, a concept map was presented on a two-dimensional 

graph. The group names given by the participants in Step  3 were 
reflected in naming the clusters. In addition, the impact of each 
statement and cluster on the perception of a chilly climate was 
understood from the rating results. Additional explanations are 
provided in the Results section.

3. Results

3.1. Multidimensional scaling analysis

In ALSCAL, the stress value is used to determine the appropriate 
dimensions of the graph. According to Kane and Trochim (2007), the 
stress value measures the degree to which the distances on the map 
are discrepant from the values in the input similarity matrix and 
0.205–0.376 is an adequate range of the stress value for concept 
mapping. From the results of ALSCAL analysis, the associated stress 
value for each dimension was as follows: one dimension, 0.55 
(R2 = 0.38), two dimensions, 0.33 (R2 = 0.60), three dimensions, 0.22 
(R2 = 0.72), four dimensions, 0.16 (R2 = 0.79), and five dimensions, 0.13 
(R2 = 0.83). The lowest possible dimensions should be selected because 
interpretability and simplicity decrease as the number of dimensions 
increases (Borg and Groenen, 2005). In addition, considering the 
increase in R2, the largest increase was observed in two dimensions. 
Thus, a two-dimensional model was chosen as the most suitable 
model for this study.

The researcher examined statements distributed on both the X- 
and Y-axes (Figure 2). First, in the positive direction of the X-axis, 
academic situations, such as school classes, team projects, and careers, 
were prominent. In the negative direction of the x-axis, phenomena 
in non-task contexts, such as interpersonal relationships and 
perception, were included. Therefore, the X-axis was named “context 
dimension” and considered to represent “task–non-task” contexts on 
both extremes. For clarity, the subtitles “task: academic” and “non-
task: social” were added.

In the case of the Y-axis, the positive direction includes more open 
and direct gender discrimination content found in the words and 
actions of professors and other male students. Furthermore, the 
negative direction includes situations such as alienation and a lack of 
opportunities experienced by female students in the school 
environment or engineering culture. Therefore, the Y-axis was named 
“sexism dimension,” and “explicit-implicit” sexism was named for 
both ends.

3.2. Hierarchical cluster analysis

As suggested by Yim and Ramdeen (2015), dendrograms and 
agglomeration schedules were used to determine the appropriate 
number of clusters. According to the dendrogram presented in 
SPSS, the number of clusters can be up to six, and according to 
the scree plot using the coefficient from the agglomeration 
schedule, the appropriate number of clusters is four. By setting 
the number of clusters to four, a K-means analysis was performed 
to form the final cluster.

Clusters were named after scrutinizing the statement contents in 
each cluster and the attributes of both the X- and Y-axes. Participants’ 
feedback on the naming groups was also reflected. Cluster 1 was 
named “Exclusion and alienation inherent in the culture” (12 
statements), Cluster 2 “Sexual objectification and lack of gender 
sensitivity” (15 statements), Cluster 3 “Male-centered academic 
situations” (18 statements), and Cluster 4 “Prejudice and 
generalization” (seven statements). Table 1 presents the statements for 
each cluster.
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3.3. Interpretation of concept mapping

Figure 2 presents a concept map of the chilly climate perceived by 
female undergraduate engineering students. The small circles on the 
graph indicate the positions of the statements, reflecting the frequency 
with which participants categorized them into similar groups. 
Therefore, the closer the positions of the statements, the more similar 
the participants were considered.

Based on these two dimensions, the statements are distributed in 
four quadrants. First, the upper-right quadrant corresponds to explicit 
sexism in the task:academic contexts, which include direct remarks 
that favor men in academic or career-related situations. Most 
statements in Cluster 3 (Male-centered academic situations) are 
included here. Second, the upper-left quadrant shows explicit sexism 
in non-task:social contexts, such as derogatory remarks against 
women, sexual harassment, and molestation. The statements of 
Cluster 2 (Sexual objectification and lack of gender sensitivity) are 
densely distributed in this quadrant. Third, the lower-left quadrant is 
for implicit discrimination in non-task:social contexts, including 
prejudice and generalization of negative perspectives on women. Most 
statements from Cluster 4 (Prejudice and generalization) and some 
from Cluster 1 (Exclusion and alienation inherent in the culture) are 
located here. Fourth, the lower-right quadrant corresponds to implicit 
discrimination in the task:academic contexts such as marginalization 
or lack of opportunities for women. Some statements from Cluster 1 
(Exclusion and alienation inherent in the culture) and Cluster 3 
(Male-centered academic situations) are presented in this quadrant.

3.4. Influence ratings results

Table 1 (right-hand side) shows the mean value and standard 
deviation (SD) of the participants’ rating results for each statement. 

Except for Statement 23, the average value of every statement was 
above the median of four on a 7-point Likert scale. Statements 50, 43, 
and 39 scored the highest average (6.09/7.00).

Cluster 2 (Sexual objectification and lack of gender sensitivity) 
had the highest mean value M = 5.37, followed by Cluster 3 (Male-
centered academic situations) M = 5.26, Cluster 1 (Exclusion and 
alienation inherent in the culture) M = 5.08, and Cluster 4 (Prejudice 
and generalization) M = 4.92. Interestingly, the order of the mean 
value increase and that of the standard deviation decrease were the 
same. Cluster 2 had the smallest SD value SD = 0.41, followed by 
Cluster 3 SD = 0.47, Cluster 1 SD = 0.48, and Cluster 4 SD = 0.71.

4. Discussion

The purpose of this study was to investigate situations perceived 
as chilly by female engineering students. To this end, the study was 
conducted with 13 female students enrolled in engineering majors for 
over 4 semesters at seven four-year coeducational universities. After 
one-on-one interviews, 52 statements were extracted. Through the 
analysis, the study discovered four clusters on a conceptual map. The 
map was two-dimensional: an X-axis named “context dimension,” 
with “task: academic” and “non-task: social” at both ends, and a Y-axis 
named “sexism dimension,” having “explicit” and “implicit” at both 
ends. The four clusters, in the order of higher scores in the influence 
rating, are as follows: (i) “Exclusion and alienation inherent in the 
culture,” (ii) “Sexual objectification and lack of gender sensitivity,” (iii) 
“Male-centered academic situations,” and (iv) “Prejudice 
and generalization.”

First, female engineering students perceived a chilly climate the 
most by sexual objectification and lack of gender sensitivity. This 
cluster covers explicit sexism in non-task:social contexts such as 
blatant hostility toward feminism, sexual harassment or molestation, 

FIGURE 2

Concept map of the chilly climate perceived by female engineering students.
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TABLE 1 Statements by cluster on perceived chilly climate.

Cluster/statement M SD

Cluster 1: Exclusion and alienation inherent in the culture 5.08 0.48

43. School events in the department consist of male-dominated sports (soccer, basketball, e-sports, etc.). 6.09 1.14

44. To become close, female students should make efforts to meet male students’ interests (game, drinking, sports, etc.). 5.73 1.27

7. Given that female students are a minority, inconveniences in a male-dominated culture or environment are not 

improved easily.
5.27 1.42

27. Even though female students make male friends, it is difficult to continue the relationship for many reasons (armya, 

etc.).
5.27 1.79

36. There is a strong backlash from male students against programs only for female science and engineering students. 5.27 2.10

29. There is a lack of people with whom female students can openly talk about their experiences and feelings in school. 5.09 1.38

46. The more female students in the group, the more powerfully the female students can express their opinions. 5.00 1.18

25. There is a lack of opportunities for female colleagues to interact. 4.82 1.33

41. There is a lot of news about male seniors who landed nice jobs, but it is hard to hear the same about female seniors. 4.73 1.85

26. Male students’ faults are tolerated more than those of female students. 4.64 1.96

34. Given that there are few female students, it is hard to choose friends. 4.64 1.75

52. Even though there are scholarships for female (engineering) students, the conditions for receipt are strict. 4.45 1.57

Cluster 2: Sexual objectification and lack of gender sensitivity 5.37 0.41

50. There is an antipathy among male students against feminism. 6.09 0.94

28. Male students rate or rank female students’ appearance. 6.00 0.89

9. Men prefer female students not making their experience of sexual harassment or sexist remarks public. 5.73 1.90

13. Male students exclude and ridicule students who are considered feminists. 5.73 1.35

20. As men lack sensitivity or empathy for gender discrimination and sexual harassment, female students choose to 

tolerate themselves.
5.55 0.93

24. Female students had experienced or witnessed sexual harassment at a drinking party. 5.45 1.75

21. Even if they are at the scene of sexual harassment or molestation, male students do not interfere or help female 

students.
5.36 1.96

51. While emphasizing on them being a woman, male students help female students excessively. 5.36 1.36

6. There is little opportunity for open discussion on topics that can cause tension between men and women (e.g., 

feminism).
5.27 1.68

17. Male students consider and treat female students as potential girlfriends. 5.27 1.27

45. There is a drinking culture where women are split and seated at different tables. 5.18 1.47

35. Male students make comments about appearance to female students freely. 5.09 1.76

32. Male students speak freely about contents or language expressions that may be unpleasant or sensitive to female 

students.
5.00 1.90

11. Male students think that female students have it easier because they are “women.” 4.73 1.27

12. Male students offer unsolicited help or advice to female students. 4.73 1.27

Cluster 3: Male-centered academic situations 5.26 0.47

39. There is a small number of or no female professors in the major. 6.09 1.51

3. When a male professor talks about career in class, he speaks mainly to a male audience. 5.82 0.60

5. In the team work of handling machines and tools, the key part is taken by men and the auxiliary part by women. 5.82 0.75

18. Even in the same position or grade level, the opinion of older male students carries more weight than that of female 

students.
5.82 1.08

1. The position of heads of department or projects are mostly held by male students. 5.64 1.21

2. A professor prefers male students to female students as his graduate students or undergraduate researchers. 5.64 2.06

40. Information and opportunities are centered on male students. 5.64 1.03

16. Although male students insist on doing the hard jobs, they judge female students if they do not participate in the work. 5.18 1.40

(Continued)
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comments on physical appearance, rude verbal expressions, and being 
treated as weak or potential girlfriends.

In particular, hostility toward feminism was among the most 
influential factors in the perception of a chilly climate. Overt antipathy 
about and ridicule of feminism by male peers and lack of opportunities 
to openly discuss this matter greatly impacted female students’ 
perception of the engineering environment as hostile to women. 
Similarly, in Hall’s (2016) study, men who supported women in STEM 
were opposed by other men for exhibiting a threat to masculinity. That 
is, men are considered the dominant gender, and advocating for 
women is not acceptable in engineering or STEM fields.

In addition, tolerating sexual harassment or sexist incidents rather 
than making them public had a significant effect on female students’ 
perception of a chilly climate. This is because most men do not show 
much support to the victim and prefer not to stir up trouble. Therefore, 
“self-silencing” is common among women in STEM (Pololi and Jones, 
2010), which is not a healthy way to cope with problems.

Moreover, male students evaluating or ranking female students on 
their looks also had a considerable impact on their perception of the 
chilly climate. As the remarks are about physical appearance rather 
than intellect or personality (Hall, 2016) and owing to the assumption 
that women are okay to be  judged, they can be  disrespectful and 
demeaning. In addition, situations such as treating women as potential 
girlfriends, positioning each woman at a different table at drinking 

parties, and showing excessive kindness with emphasis on their being 
women could be considered “subjective objectification” as women are 
treated as sex objects or possessions (Hall, 2016).

Second, female engineering students perceived a chilly climate in 
male-centered academic situations, which was found to have the 
second largest influence. This cluster includes both explicit and 
implicit sexism in task:academic contexts, and is closest to the 
definition of chilly climate mentioned by Hall and Sandler (1982). For 
instance, a professor making remarks about favoring male students in 
class is explicit sexism in this study and corresponds to the verbal 
display of chilly climate suggested by Hall and Sandler. In addition, 
professors’ preference for male students as assistants or the tendency 
to provide them with more detailed feedback is implicit sexism and 
falls into the nonverbal aspect of the chilly climate in Hall and 
Sandler’s study.

This cluster contained the highest number of statements with a 
high influence on the perception of a chilly climate. Among these, the 
presence of no or few female professors in the department had the 
greatest impact. According to previous studies, when providing 
academic or career-related advice, male professors have a tendency to 
hold low expectations from female students and encourage them to 
pursue management instead of technical careers (Kim and Lim, 2011; 
Cardador, 2017). Female mentors also positively affect undergraduate 
women in terms of aspiration, achievement (Young et  al., 2013), 

TABLE 1 (Continued)

Cluster/statement M SD

48. Female students are generally responsible for auxiliary tasks in a team project. 5.18 1.17

4. A professor makes sexist remarks about ability during class. 5.09 2.26

10. To be recognized on the same level as male students, female students work harder. 5.09 1.38

42. More information and opportunities are provided to male students in career-related school support or consultations 

with professors.
5.00 1.90

15. The professor uses subjects limited to male students (military, etc.) as an example in the class. 4.91 1.76

49. A group project is naturally led by male students from the beginning. 4.91 1.92

22. As there are only a few female students in the class, the ability or presence of female students is more noticeable to the 

professor.
4.82 1.54

47. In group project situations, male students are more responsive to men’s opinions than those of women. 4.82 1.99

38. Regarding the lack of female professors in the major, the professor says, “It is because female students do not work hard 

enough.”
4.64 2.25

37. Feedback on work or idea is provided better to male than female students. 4.55 2.02

Cluster 4: Prejudice and generalization 4.92 0.71

33. As there is a small number of female students, they are often under the spotlight and easily become the subject of 

backbiting.
5.82 0.75

31. When a female student is the subject of gossip, false rumors or misunderstandings are more easily generated and 

spread.
5.73 1.10

30. When a female student talks about the discomfort she feels, male students respond that she is too sensitive. 5.18 1.47

8. Men think women are emotional and cause disturbances (e.g., catfights, and factions). 4.91 1.92

14. Male students consider the words, actions and thoughts of individual female students as those of female (engineering) 

students as a whole.
4.64 1.36

19. The faults of female students are easily generalized to negative perceptions of women as a whole, even if they are of 

individuals.
4.27 1.79

23. In private situations such as drinking parties, boys treat girls with extreme caution or do not invite them at all. 3.91 1.14

aKorean men are obligated to go to the army.
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self-concept, grant funding, and promotion (Richman et al., 2011). 
That is, female professors are not only career role models but also 
authoritative figures who can understand and help female students. 
Accordingly, the lack of female professors can further 
marginalize them.

In addition, in line with previous studies (Hall and Sandler, 1982; 
Ahn, 2017; Park, 2019), situations such as male students being the 
leaders most of the time, female students taking auxiliary tasks, 
information, and opportunities centered on male students were also 
confirmed in this study and largely affected the perception of a 
chilly climate.

Third, female engineering undergraduates perceived a chilly 
climate from “Exclusion and alienation inherent in the culture.” This 
cluster is related to implicit sexism in various contexts. Examples in 
the non-task:social context include having difficulties in forming and 
maintaining relationships with male peers, lack of interaction among 
female friends, and small options for choosing friends. In the 
task:academic context, examples include statements about male-
centered department events and culture, male students’ opposition to 
programs only for women, and low availability of these support 
systems. Previous studies have reported women experiencing 
hardships in forming a relationship with male colleagues, rare 
instances of success stories of female graduates, and lack of school 
support for career development and employment (Han et al., 2010).

In particular, official department events focused only on male 
students’ participation, which had the greatest impact on female 
students’ perceptions of the chilly climate. This finding is distinctive 
and meaningful because it implies that department officials other than 
male professors or peers can cause a chilly climate. Female students 
experience a sense of alienation in a male-dominated engineering 
environment (Hall and Sandler, 1982; Chu, 2008; Park, 2019), and 
being considered incidental even for official events inevitably makes 
them feel more marginalized. As a sense of belonging has a direct 
relationship with feeling how fairly one is treated (Richman et al., 
2011), female students strongly perceive a chilly climate. Furthermore, 
having to adapt to male students’ interests to become close greatly 
influences female students’ perception of a chilly climate, and limited 
interaction among female students appeared in several statements.

Fourth, female undergraduates in the engineering field perceived 
a chilly climate due to prejudice and generalization of women. This 
cluster includes implicit sexism in non-task:social contexts, such as 
prejudice about women being emotional and sensitive, rumors about 
female students, and overgeneralization derived from opinions or 
faults of a few female students. Prejudice against female students in 
STEM has been reported in many studies as follows: “Engineering is 
suitable for men, not women” (Chu, 2008; Blackburn, 2017; Cardador, 
2017; Park, 2019), “It should be easier for female students because they 
are women” (Hall, 2016; Park, 2019), and “Women are not good at 
math and science” (Walton et al., 2015; Blackburn, 2017; Park, 2019). 
According to Hall’s (2016) study, women conformed to the social 
patterns of men to avoid being labeled as “emotional” or a “bitch,” 
which indicates the prevalence of prejudice and coping skills of 
women in STEM.

As minorities, being easy targets of gossip and readily created false 
rumors was found to have a significant effect on the perception of 
chilly climate. Usually, gossip occurs in informal settings where female 
students are absent, so there is no opportunity for them to explain or 
verify the truth. Minorities who are subject to negative stereotypes 

experience high levels of stress, stereotype threats, and daily adversities 
(Walton et al., 2015), and female students in STEM experience identity 
confusion and alienation due to stereotype threats (Johns et al., 2005; 
Rice et al., 2015; Thackeray, 2016). In other words, female students 
may experience stress for fear of being or becoming a target, and may 
be negatively affected due to the fear of confirming prejudice. This is 
unfair and discriminatory because male engineering students do not 
necessarily experience the same.

Thus far, the clusters have been mentioned in the order of greatest 
influence on the perception of chilly climate by female undergraduate 
students in the engineering field. “Sexual objectification and lack of 
gender sensitivity” and “Male-centered academic situations,” 
corresponding to the first and second places, represent explicit 
sexism, whereas “Exclusion and alienation inherent in the culture” 
and “Prejudice and generalization,” corresponding to the third and 
fourth places, are close to implicit sexism. Interestingly, the standard 
deviation increased in the same order, indicating larger disagreement 
among the participants. That is, “Sexual objectification and lack of 
gender sensitivity” had the greatest impact on the perception of chilly 
climate, and its disagreement degree was small. Conversely, 
“Prejudice and generalization” had the least influence, and 
participants’ responses varied greatly. It can be interpreted that, as 
explicit sexism is delivered more directly, women’s perceptions and 
influence are not significantly different. However, as implicit sexism 
is conveyed more subtly, it is not easily recognized (Hall and Sandler, 
1982; Swim et al., 2001), resulting in a larger perception variance. 
Goldman (2012) also states that some undergraduate women in 
STEM fields are not willing to connect their experience with gender, 
and if these women do not credit gender for maltreatment or sexism 
in the field, they experience it without noticing. Though prejudice 
and generalization scored the last in this study, its contents should 
not be overlooked as it scored over 4, which is the median value of a 
7-point Likert scale. Instead, more attention may be needed as subtle 
sexism can affect women’s mental health more seriously (Sue et al., 
2007; Dumont et al., 2010).

4.1. Implications

First, the 52 statements drawn from this study provide useful 
information and insight into the subjective experience of female 
undergraduate engineering students. In sum, these students perceived 
a chilly climate from exclusion and alienation inherent in the 
engineering culture, sexual objectification and lack of gender 
sensitivity of their male peers, male-centered academic situations, and 
prejudice and generalization of women. These findings may shed light 
on the discriminatory environment and treatment that female 
engineering students have to endure and draw public attention to 
make improvements. In addition, they may bridge the perception gap 
that men and women in the engineering field have and help create 
climate change from within.

Second, this study is significant because it was the first to explore 
and expand the understanding of chilly climate using the concept 
mapping method. This study verified that the perception of chilly 
climate can be displayed on a two-dimensional diagram, with “task: 
academic”-“non-task: social” context and “explicit”-“implicit” sexism 
on both axes. Points on the map indicating the location of each 
statement and cluster make it easy to understand the degree of 
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similarity of each content. The chilly climate identified in this study 
encompasses a broader range of sexism than gender microaggression 
and expands Hall and Sandler’s definition of chilly climate.

Third, scores of influence rating indicate which specific content 
affects women more in perceiving a chilly climate. The findings may 
be utilized not only by interested parties in education, but also in 
psychological counseling. In the counseling scene, the scores can help 
set the weight and priority of the content needed to identify and 
understand the client’s problem. They can also be used to develop a 
scale to facilitate identification of these problems or to develop a 
counseling program that supports and empowers female engineering 
students. Furthermore, these findings are expected to be  used as 
evidence for social justice advocacy activities to improve the gender-
discriminatory environment faced by female engineering students.

4.2. Limitations and future directions

First, as the findings of this study were based on only 13 
participants, the results should be interpreted with caution. To cover 
as diverse experiences as possible, participants were recruited from 
seven different universities across the country, but this may still 
be insufficient to reflect the perspectives of a broader population of 
undergraduate engineering students. In addition, as the participants 
were recruited based on their voluntary application, and the study 
relied on self-reports, there may be a bias in reflecting reality.

Second, as this study was conducted with only Korean 
participants, it may be difficult to generalize the results to all cultures. 
In a more collectivist culture, the influence of the social environment 
is stronger (Kim and Choi, 2014). As Korea traditionally has a culture 
closer to collectivism than individualism, the frustration felt by 
participants in chilly social relations can be greater. Therefore, the 
research results should be  further tested with larger populations 
covering more diverse cultures, majors, and age groups.

Third, as this study was conducted during the COVID-19 
pandemic, many parts of the study were replaced with non-face-to-
face methods. For example, obtaining consent, interviews, similarity 
classification, and rating processes were all conducted via e-mail, 
video conference, and other computer programs. These new attempts, 
different from the traditional concept mapping method, may have 
affected the participants’ understanding of instructions or 
concentration. Therefore, efforts to overcome these limitations 
through repeated research and face-to-face research are required.

5. Conclusion

The present study examined South Korean female engineering 
undergraduate students’ perceptions of chilly climate using a 
concept mapping method and provided a visual representation of 
the results. Fifty-two final statements from 13 participants were 
extracted, and their perceptions were grouped into four clusters 

in a two-dimensional model. The present study conceptualized 
the subjective experiences of female students in male-dominated 
campus environments and provided influence rating results so 
that opportune measures could be  prioritized by interested 
parties in education and mental health care. The unfavorable 
climate for women can be ameliorated with the help of rigorous 
future research and social justice advocacy actions.
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mathematics: gendered time 
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time spent in practical 
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Lab-based activities provide essential skills for students within STEM disciplines, 
as lab activities provide students with research skills and science knowledge. 
Therefore, it is critical to note that female students have reported feeling less 
confident in conducting lab-based activities and report a lower sense of belonging 
in the lab. In two studies (N = 544) we examined gender differences in the time that 
students spent, and perceived they spent, on various laboratory-based activities. 
We predicted that female (vs. male) students in science, technology, engineering 
and mathematics (STEM) would both perceive, and actually spend, less time 
in practical, science-specific activities, such as using equipment, compared to 
observing or note-taking. Study 1a (N = 227) was an online, cross-sectional survey 
where university STEM students reported their perceptions of time spent during 
lab-based practical activities, and how satisfied they were with their time spent in 
these activities. Study 1b (N = 318) was an observational study of university practical 
lab sessions in STEM disciplines. Our findings demonstrated that female (vs. male) 
students (1) spent more time recording and taking notes during lab sessions, (2) 
did not perceive, yet actually spent, less time in the lab using equipment, and (3) 
were equally satisfied with their time in the lab using equipment. Together, these 
results suggest that women occupy stereotypically gendered roles in the STEM lab, 
spending less time on activities that are key for their professional development. 
Furthermore, the fact that students from disciplines with more female participation 
were more satisfied with their time spent in lab activities can promote the insidious 
effects of assessing gender participation and equality in STEM through numbers 
only. The differences in time spent in lab activities-yet the lack of acknowledge 
of these differences-opens the discussion about how women might be receiving 
reduced utility from their programmes, and that universities may not be delivering 
on their obligations to ensure equal access to teaching resource and opportunities.
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Introduction

Gender inequality science, technology, engineering and 
mathematics (STEM) disciplines is a well-documented problem 
and, despite educational institutions’ efforts to improve women’s 
participation in STEM disciplines, in terms of numbers (e.g., uptake 
in enrolment of STEM classes) and experiences (e.g., sense of 
belonging), gender inequalities remain. Women’s participation in 
science, technology, engineering and mathematics disciplines 
(STEM) remains a challenge in higher education (Prieto-Rodriguez 
et al., 2020). Although women outnumber men in some of these 
areas (e.g., biosciences; Vincent-Lancrin, 2008; Cheryan et  al., 
2011a,b), they remain underrepresented in many STEM disciplines, 
such as computer sciences and engineering (Liben and Coyle, 
2014). Indeed, in the United Kingdom, while women’s enrolment in 
STEM disciplines is increasing, under-representation persists: (a) 
compared to male students, female students are still less likely to 
take qualifying STEM subjects in high school (Department for 
Education and Behavioural Insights Team, 2020); (b) only one in 
three STEM university majors and one in four STEM professionals 
are women (STEM Women, 2022); and (c) only 9% of STEM 
professors are women (Kirkup et al., 2010).

Research suggests that this continued under-representation of 
women in STEM is multiply determined. The lack of role models in 
STEM can lead female students to perceive that they do not “fit” 
into the field (Cheryan et al., 2011a,b). Moreover, if those examples 
of female success in STEM are portrayed as being distant from 
students (Leslie et al., 2015), students will not perceive the role 
models as attainable, thus affecting their motivation to persist in 
STEM (Gladstone and Cimpian, 2021). Research also demonstrates 
that even for those women in STEM, perceiving a lack of fit with the 
prototype can facilitate feelings of marginalisation from the broader 
STEM group (Kim et al., 2018).

In addition to these issues of role models and fitting in, women’s 
under-representation in STEM can be, at least in part, explained by 
gendered expectations in STEM disciplines (Heilman, 2012). 
Stereotypes about women’s abilities (or lack of them) in STEM 
subjects, have been shown to create stigma and affects women’s 
STEM motivation (Pronin et al., 2004; Casad et al., 2017). Similarly, 
beliefs about the perceived competitive nature of STEM fields 
influences women’s career choices (Buser et al., 2012), and as such, 
ideas that men are more talented and interested in sciences than 
women (Boston and Cimpian, 2018); while women are seen as more 
talented and interested in humanities/social disciplines (Trusz, 
2020). Indeed, the stereotype of masculinity as “effortlessly 
successful” (Jones and Myhill, 2004; Jackson and Dempster, 2009; 
Jackson and Nyström, 2015) can lead to beliefs about women’s lack 
of ability, and lack of fit, in STEM. In contrast, stereotypes of 
women as warmer, kinder and focused on communal goals are the 
opposite of representations of STEM disciplines as inherently 
competitive, independent and analytical (Carli et al., 2016; Boucher 
et al., 2017).

These gendered expectations are also part of STEM students’ 
everyday experiences in their education. Indeed, as STEM 
associated degrees and modules are seen as an individual choice 
of students (Burkam et  al., 1997), research has focused on 
understanding how classrooms and lecture hall dynamics might 
explain gender differences in academic experiences. For example, 

the perceived similarity and sense of belonging of female students 
in computer science increased when stereotypically masculine 
items were removed from the classrooms (Cheryan et al., 2011a,b). 
Moreover, women’s experiences in STEM classrooms are likely to 
be shaped by explicit and subtle cues regarding their lack of ability 
to succeed in their degree (Pronin et  al., 2004), bias in the 
evaluation of their performance (Andrus et al., 2018) and, overall, 
a “chilly” climate (Walton et al., 2015; Wilkins-Yel et al., 2022). 
These environmental characteristics can affect female students’ 
participation in the classroom. Indeed, research using students’ 
self-reported answers about their interactions and participation 
in the classroom showed that male students, compared to female 
students, were more likely to perceive higher levels of 
participation, in terms of their (a) participation engaging in 
discussions, (b) answering the instructor’s questions and (c) 
taking a leader role in small group work (Eddy et al., 2015). For a 
review on gender disparities in classrooms see Eddy and 
Brownell (2016).

However, a less explored context where gender inequalities 
emerge in STEM education is the laboratory (lab). Lab-based 
activities are indeed a central aspect of most of STEM disciplines 
curricula (Velasco et  al., 2016; Arnado et  al., 2022). Lab-based 
activities provide essential skills for students within STEM 
disciplines, as lab activities provide students with research skills 
(Lopatto, 2004), and focus on inquiry-based and active learning 
(Wan et al., 2020), managing scientific equipment, and developing 
skills associated with team work (Batty and Reilly, 2022). Therefore, 
it is critical to note that female students have reported feeling less 
confident in conducting lab-based activities and report a lower 
sense of belonging in the lab (Batty and Reilly, 2022).

The disparities in how female and male students approach 
lab-based activities have been described not only through 
students’ self-reports, but also through observation of lab groups. 
Ethnographic and qualitative research on pairs of physics students 
has demonstrated that there are disparities in task division in lab 
groups within physics classes between women and men. For 
instance, interviews and ethnographic observations showed that 
groups within lab sessions are likely to adopt a model of work that 
disadvantages women, whom are relegated to the Secretary and 
Hermione archetype, with men taking the task-related roles to use 
equipment (Doucette et al., 2020). Hence, gendered roles within 
mixed gender groups were also found to be more likely to occur, 
with women either undertaking the “Hermione” role, that is, 
taking on a disproportionate amount of the work compared to 
their male lab partners, or assuming the secretary role which 
involved female partners mainly taking notes and recording data 
whilst male partners interacted directly with the lab equipment 
(Doucette et  al., 2020). Further research has focused on 
understanding different behaviours within the lab sessions, and 
how they might be different according to gender. For example, 
research has shown how in lab sessions where experimental work 
is emphasised, women are less likely to use equipment, compared 
to men (Quinn et al., 2018).

The use of observational data in STEM educational practices 
research has provided important insights about the persistence of 
gender inequalities and stereotyping roles in STEM lab-based 
activities (e.g., Lucht, 2015). However, the limited research we are 
able to find suggests observing labs in STEM is critical for two key 
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reasons. First, a lesser interaction with lab equipment could 
contribute to women perceiving themselves to be incongruent with 
the role of a scientist (Doucette et al., 2020). As one of the first 
exposures to the practical aspects of their discipline, such activities 
shape students’ identities as scientists (Gonsalves et al., 2016) and 
as participants in a wider scientific community (Quinn et al., 2018). 
Indeed, as individuals see themselves being part of the STEM 
community, they identify and feel that they belong to this group 
(Kim et al., 2018), which contributes to individuals’ motivation and 
wellbeing. Second, lab practical activities are important for students 
to see STEM knowledge as less abstract and more connected with 
their everyday lives, leading to higher engagement, motivation, and 
interest in these disciplines (Holmes et al., 2022). Similarly, previous 
research with secondary students demonstrated that higher 
hands-on making attitude-this is, the preference towards 
objects-was associated with higher curiosity and, in turn, with 
higher STEM career interest (Cui et al., 2022). Hence, the fact that 
women’s participation is restricted to certain roles in lab practices 
might constrain their experiences and, therefore, motivation and 
engagement towards STEM disciplines.

Therefore, these initial findings are particularly concerning as 
laboratory-based practical activities are a key aspect of STEM 
studies. Despite the fact that there is an increased interest on 
addressing gender inequalities in STEM (Holmes et  al., 2022), 
research looking at lab practices is-from our knowledge-limited. 
Moreover, the existing evidence has shown that students from 
different genders approach lab activities differently. However, this 
previous research has reported these activities focusing on (a) 
counting behaviours, (b) only observations of lab activities, without 
including other data, such as students’ perceptions about their roles 
in lab activities, and (c) qualitative techniques that allow us to 
understand differences in how lab activities are performed by 
students, but with less clarity about how much time students spend 
in different lab activities.

Considering the importance of lab activities in STEM 
disciplines, we argue that it is key to look at how students approach 
lab activities and how these approaches might be different according 
to their gender. Furthermore, we also argue that it is important to 
focus not only on observations, but also in how students perceive 
they navigate lab practical sessions, in terms of the activities they 
conduct and the time spent on those activities. Indeed, an important 
aspect to understand students’ learning experiences is how they 
monitor their actual task performance, as well as their assessment 
of the actual performance. This process, also known as calibration 
(Alexander, 2013), provides evidence to understand the importance 
of forming sound judgement about one’s abilities, which might 
impact on individuals’ meta-cognitive skills and strategic behaviour 
(Alexander, 2013). Hence, research about lab practicals and gender 
distributed activities can be of benefit when it takes into account 
students’ perceptions and actual time spent in activities, as both 
elements inform us about students’ judgments and potential future 
strategic behaviour when they participate in lab activities in 
STEM contexts.

In this study, we aim to contribute to this previous research, by 
now integrating two dimensions of analysis regarding lab practical 
activities: students perceived and actual time spent on activities. 
Moreover, we  aim to analyse potential gender differences in 
both categories.

The current research

The present research builds on this work by (a) comparing lab 
equipment time use by female and male students across multiple 
STEM disciplines in a United Kingdom university, with larger mixed 
gender groups, through video recordings of lab activities and (b) 
asking students directly about their perceived time spent on specific 
tasks in lab groups, and their satisfaction with this time. Thus, enabling 
a direct comparison between university students’ perceptions of their 
involvement in lab group activities, to their actual amount of time 
spent on these activities through time stamped data, within a 
particular university.

Following this, our research aims to explore how students perceive 
their peers in lab-based practical activities, as well as how students 
experience their participation in terms of time spent doing specific 
activities. Within these experiences, lab-based activities provide a first 
approach to practical STEM work and are fundamental to the process 
of becoming a scientist. However, as it was discussed, female students 
are likely to keep facing inequalities in terms of how these tasks are 
distributed, with women undertaking more “administrative” and 
passive work in the lab (e.g., taking notes or observing), and men 
undertaking more active and stereotypically “scientific” work (e.g., 
using equipment). The present research aims to provide further 
evidence on this issue, now taking into account gender differences in 
the time that students spend in different lab-based activities, 
considering students self-reports and time measured at the lab. 
Indeed, despite the benefits of observing gender bias in educational 
settings, this methodology has faced criticism due to the potential 
researcher bias (Blickenstaff, 2005). Hence, our study measured the 
time for the activities observed.

We report the results of one study including two phases with 
undergraduate students from STEM disciplines in a United Kingdom 
university. We included two dimensions described in the research on 
gender equality in STEM education: (a) self-reports on the perception 
of time spent and (b) the actual time spent on different tasks in STEM 
disciplines (through the analysis of recorded lab sessions). We asked 
a group of students from different STEM disciplines about the time 
they spent in different lab-based activities, such as using equipment, 
recording and taking notes, and observing. We also asked them about 
their satisfaction with their time spent on these activities (Study 1a). 
Afterwards, we  conducted a separate study where we  recorded 
different lab sessions where students from different STEM disciplines 
participated, and measured the time that students spent in the 
lab-based activities described (Study 1b). We predicted that (a) female 
students, compared to male students, would perceive spending less 
time using equipment, more time recording and observing data (H1); 
(b) female students, compared to male students, would be less satisfied 
with the time that they spent on these activities (H2); and (c) within 
practical lab-based settings, female students, compared to male 
students, would spend less time using equipment, and more time 
recording and observing data (H3).

Study 1a

In the first phase of our study, we examined female and male 
students’ perceptions of their lab-based practical experiences, with an 
emphasis on the perceived time they spent on specific lab activities 
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and their satisfaction with that time. Undergraduate students were 
recruited by staff in STEM-facing colleges.

Participants

We recruited 370 STEM undergraduate students from three 
STEM-facing Colleges within a United  Kingdom university who 
volunteered to participate in the study. We also recruited participants 
from the College of Medicine and Health, but we decided to focus on 
disciplines traditionally associated with STEM. Analysis results 
including the College of Medicine and Health can be found in 
Supplementary materials. We excluded participants who (a) had not 
participated in lab-based practical activities, (b) had not fully 
completed the survey, and (c) did not identify as women or men, 
leaving useable data for 227 participants (56.8% women, 43.2% men). 
Students were in their first (54.2%) or second (47.6%) years of study 
(third students were excluded from participating to avoid a conflict 
with a nation-wide survey of third year students). A priori G*Power 
analysis (v.3.1, Faul et al., 2007) revealed that a sample of 200 was 
needed to reach an 80% power to detect a small effect size (f = 0.20). 
Students participated in Spring 2020.

Procedure

This study was part of wider research about students’ perceptions 
about their lab-practical based experiences. During the recruitment 
process, we contacted participants via email inviting them to take part 
in the survey. Participants first received an email providing brief 
details of the survey, following a link to access the project information 
sheet explaining the study and the consent form. Consenting 
participants were then directed to the survey. Participants answered 
questions on both group and individual lab-based work. Following the 
survey, participants were debriefed in full and provided with the 
opportunity to be entered into a prize draw for a £75 gift voucher.

Measures

After completing demographic questions (gender, year of study, 
college, and discipline of study), students were asked whether they had 
undertaken any lab-based practical work during their course at the 
university, and whether this practical work was mainly carried out in 

groups or individually. Students that (a) had not undertaken any 
lab-based practical work during their course and (b) mainly carried 
out this practical work individually, were excluded from the study.

To measure students’ perceived relative time (a) using equipment, 
(b) recording or taking notes, and (c) observing, we used a single-item 
Likert scale type from 1 (“much less than other people”) to 5 (“much 
more than other people”), with one item for activity with the following 
question: “relative to other people you work with, how much time do 
you spend (a) using equipment, (b) recoding/taking notes and (c) 
observing.”

We also asked to students to assess their satisfaction with the 
amount of time that they were currently spending (a) using equipment, 
(b) recording or taking notes, and (c) observing (“how satisfied are 
you with the amount of time spent in the data recording/note-taking 
role?”). We used a single-item Likert scale type from 1 (“not at all 
satisfied”) to 5 (“extremely satisfied”). Finally, as a covariate, 
we included female participation by discipline, following Athena Swan 
datasets and administrative information. We developed a ranking for 
11 disciplines (1 meaning low numbers of women participating  
and 11 meaning higher numbers of women participating 
see Supplementary material). For descriptive and correlations see 
Table 1.

Results

Gender differences in lab experiences
To test H1, we conducted an ANOVA test (gender: female vs. 

male) female participation by discipline as the covariate. Female 
participation by discipline was indeed positively associated with 
students’ satisfaction in terms of their time spent using equipment, 
and recording and taking notes. However, students from disciplines 
with lower female participation, perceived to spend more time 
observing and were less satisfied with their time observing1 (Table 2). 
Results showed that students in disciplines with higher female 
participation were more satisfied with their time spent on these 
activities. There were gender differences in how students perceived 
their time spent on different practical lab-based work. However, these 

1 We conducted exploratory analysis to know whether students’ gender had 

an interaction with the levels of female participation on their perceived time 

and time satisfaction. However, results were not significant.

TABLE 1 Descriptive statistics and bivariate correlations (Study 1a).

Women Men Bivariate correlations

M (SD) M (SD) 2 3 4 5 6

 1. Relative time spent using equipment 3.05 (0.44) 3.17 (0.48) 0.18*** −0.11 −0.03 −0.35*** −0.09

 2. Satisfaction with time spent using equipment 3.40 (0.85) 3.20 (0.95) — −0.05 0.28*** −0.11 0.36***

 3. Relative time spent recording/taking notes 3.16 (0.54) 3.02 (0.56) — — 0.27*** −0.04 0.09

 4. Satisfaction time spent recoding/taking notes 3.16 (0.84) 3.02 (0.83) — — — −0.03 0.40***

 5. Relative time spent observing 2.95 (0.51) 2.82 (0.56) — — — — 0.12

 6. Satisfaction with time spent observing 3.13 (0.88) 2.90 (0.91) — — — — —

***p < 0.001.
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differences were focused on perceptions of time recording and taking 
notes, and not in terms of time using equipment and observing. Thus, 
female students-compared to male students-perceived to spend more 
time recording and taking notes, F(1, 224) = 8.86, p = 0.00, η2p = 0.04. 
There were no reported gender differences for perceived time spent 
using equipment, F(1, 224) = 1.96, p = 0.16, η2p = 0.01; and observing, 
F(1, 224) = 0.954, p = 0.33, η2p = 0.01.

Furthermore, both women and men were equally satisfied with 
their time spent on lab activities, in terms of satisfaction with time 
spent using equipment, F(1, 224) = 0.39, p = 0.53, η2p = 0.00, satisfaction 
with time spent taking and recording notes, F(1, 224) = 2.57, p = 0.11, 
η2p = 0.01, or satisfaction with time spent observing, F(1, 224) = 0.02, 
p = 0.27, η2p = 0.01. In other words, women reported spending more 
time on recording notes than men did (Supplementary Figure S1), but 
women and men were equally satisfied with the amount of time they 
spent on this task (Supplementary Figure S2).

Discussion

In Study 1a, we found partial support for our hypotheses, regarding 
differences in how male and female students perceived the time spent on 
specific activities in practical lab-based settings. As we predicted, female 
students perceived they spent more time than other students recording 
and taking notes during lab-based activities. However, no differences 
were reported regarding students’ perceived time using equipment and 
observing, nor their satisfaction with the time spent on these activities. 
That is to say, despite perceiving different amounts of time recording, 
female and male students reported similar levels of satisfaction with the 
time they reported spending conducting these activities. This may 
be related to the positive effect of levels of female participation within the 
discipline on students’ satisfaction, as female participation was positively 
associated with levels of satisfaction. As female students tended to 
participate in predominantly female disciplines, this might have boosted 
their satisfaction with their time spent.

In Study 1a we  examined gender differences in how students 
perceived their time in different practical lab-based activities. 
Although our exploratory results partially supported H1, showing 
differences in how students perceived their time in different practical 
lab-based activities, particularly in the ones considered as less 
“scientific” (e.g., taking notes), results are based on students’ 
perceptions. Following this, our next study explored whether there 
were gender differences in the actual time that students spent in 
different practical lab-based activities. Hence, in Study 1b, 
we examined gender differences in actual practical lab participation, 
via recorded practical lab sessions.

Study 1b

In Study 1b, we aimed to explore H3 in a realistic setting: practical 
lab-based activities. Hence, instead of focusing on students’ 
perceptions about their time in different lab-based activities-as it was 
analysed in Study 1a-we decided to look at the actual time that 
students spent on these activities, and analysed whether gender 
differences could be identified. Although previous research has used 
observation in educational settings to explore learning practices in 
STEM (e.g., Velasco et al., 2016; Stains et al., 2018; Wan et al., 2020), 
from our knowledge, this method has not been used to analyse gender 
differences in participation in lab-based settings. Therefore, in this 
study, we  explored a lesser known aspect of gender inequality in 
STEM, that is, practical lab-based settings. For this aim, we recorded 
different sessions of practical lab-based activities and measured the 
time (in seconds) that students spent using equipment, recording/
taking notes and observing. We  then tested potential gender 
differences in the time measures. We  hypothesised that, during 
lab-based practical activities, female students would spend more time 
recording, taking notes, and observing, and less time using equipment 
than male students (H3).

Participants

We recruited 335 university students enrolled in STEM disciplines, 
at the same University as Study 1a (including Engineering and 
Chemistry). Students participated in one of their programme lab 
classes. Of those, we excluded 8 participants as their gender was not 
clear in the recording and could not be coded, leaving a total of 327 
participants (20.5% women, 79.5% men). A sensitivity G*Power 
analysis (v.3.1, Faul et al., 2007) revealed that this sample gave us an 
80% power to detect a medium effect size (d = 0.37).

Procedure

At the start of each lab session, we requested permission to film 
each group of students in the class. Students, lab academics and 
PhD lab supervisors were advised that we were filming with the aim 
of improving the quality of lab teaching. We provided a consent to 
film form for each student, a number of whom declined consent and 
they were not filmed. We took care that these students would not 
show up in the background of other videos, and confirmed for those 
that did consent, that the video would not be seen by the tutors 
marking any assessed element of the labs. For details regarding the 

TABLE 2 Effect of participation by discipline on time perceived and satisfaction with time in lab based practical activities.

Type III sum of squares F(1, 224) Sig. η2p

Relative time spent using equipment 0.45 2.18 0.14 0.01

Satisfaction with time spent using equipment 6.62 8.51 0.00 0.04

Relative time spent recording/taking notes 3.46 12.15 <0.00 0.05

Satisfaction with time spent recoding/taking notes 1.48 2.14 0.15 0.01

Relative time spent observing 1.68 6.10 0.01 0.03

Satisfaction with time spent observing 4.82 6.17 0.01 0.01
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number of sessions recorded and length of each session see 
Supplementary material.

We filmed lab sessions between 7 November 2019 and 9 March 
2020 (pre-COVID). There were four cameras at each location. 
Where possible, the majority of sessions were filmed by a researcher 
with some distance from the student classes being filmed. The 
researchers taking consent and setting up cameras were also briefed 
that the work was to improve lab quality (rather than specifically to 
look at gender). We targeted mixed gender groups where possible 
in order to get a wider sample, as single gender groups were in the 
large majority, even where there was a rough gender balance in 
overall student numbers. The students either self-assigned their 
working groups in the lab or were assigned by us to ensure a gender 
split, yet not mentioning the study aims to the group. For disciplines 
with a smaller number of women than men in the labs, we worked 
with the lecturing staff to set up the lab groups to ensure that the 
groups were mixed where possible, and to avoid all-male and 
all-female groups.

With filming complete, three undergraduate interns were given 
access to the recordings to code them. The interns completed a timing 
template of all participants’ involvement in the activities (using the 
headings: equipment, observing, recording data, group instruction, 
group write up, other actively engaged, and other-disengaged see 
Supplementary material). The timings were recorded in hours, 
minutes and seconds. After each video recording had been coded, the 
researchers transformed the time to seconds, and checked for data 
accuracy with regards to the initial coding. A check was run between 
10% of the raw coded data and the converted SPSS file to check for 
conversion accuracy, which found 84% accuracy.

Results

Preliminary analyses showed that the data was not normally 
distributed (Shapiro–Wilk Test of Normality for all variables, 
p < 0.001). Hence, we  conducted an independent samples Mann–
Whitney U test (gender: female vs. male) on each of the lab activities. 
As we partially predicted, women spent less time using equipment in 
lab activities compared to male students, U = 7021.5, p = 0.01. There 
were no differences between men and women in the time that students 
spent recording data, U = 7529, p = 0.08, or observing in lab sessions, 
U = 7820.5, p = 0.20. For means according to gender, see Table 3.

Discussion

As we expected, when the time in lab based practical activities was 
measured, gender differences emerged. Following H3, female students 
spent less time using equipment during lab based practical activities 
than male students.

General discussion

Across one study including two phases, a cross-sectional survey 
of perceived time spent and an observational study of actual time 
spent, we analysed how the time spent in lab-based STEM practicals 
might be  gendered. In line with our predictions, female students 
actually spent less time using equipment, compared to male students. 
Previous research has shown that using equipment is a key aspect of 
students’ experiences at lab, as it is associated with students’ 
engagement with their discipline (Keskin-Geçer and Zengin, 2015). 
Furthermore, specific activities within the lab-such as using 
equipment-have shown to be  critical in understanding students’ 
development of their identity as scientists (Doucette et  al., 2020), 
which is associated with their sense of belonging to their discipline 
(Chen et al., 2020). For instance, engaging in practical activities in the 
lab (e.g., using equipment) contributes to students’ perceptions of 
competence (perceived abilities to participate in lab based practical 
activities), performance (perceived practical work at the lab) and 
recognition (being recognised by others as part of the science group). 
All are key elements of Science and STEM identity (Carlone and 
Johnson, 2007). Hence, the fact that women actually spent less time 
using equipment might be detrimental not only for their academic 
engagement and motivation, but also for their career motivation and 
sense of belonging to the science community.

Unexpectedly, female students did not perceive spending less time 
using equipment, and were equally satisfied with their time in different 
lab activities, compared to male students. Self-reports did not support 
gender differences in these areas. Hence, although the students that 
participated in Study 1a and 1b were not the same (see Limitations 
and future research section), it is concerning that students perceived 
to spend the same amount of time using equipment than the rest of 
their peers, and were satisfied with this time. These results might 
be explained due to the environments where female students conduct 
lab activities: if female students are more likely to participate in 
disciplines where they are the majority, then they will perceive to 
spend similar time as their peers on activities (as their peers are also 
women), or perceive that the higher levels of women are a sign of more 
equality in their labs. However, previous research has shown that 
numbers are not enough, and even in STEM disciplines where women 
outnumber men (e.g., veterinary, life sciences), inequalities persist 
(Begeny et al., 2020; Bloodhart et al., 2020). Indeed, women participate 
in STEM more than previously, but they tend to participate in “female” 
disciplines congruent with gender stereotypical roles (Garcia-
Retamero and López-Zafra, 2006). Our study (including both 1a and 
1b) results can provide further support to this idea, demonstrating 
that although female students in STEM might perceive to spend equal 
time in lab activities compared to male students, they actually do not. 
This dissonance could be problematic, as a perception of equality—
despite the differences with the actual time in this activity—may lead 
to a false sense of equality in the lab, and in turn, reproduce traditional 

TABLE 3 Time spent in practical lab-based settings by gender (in seconds).

Women M (SD) Men M (SD) Total M (SD)

 1. Time using equipment 215.45 (273.52) 382.80 (483.92) 348.51 (453.62)

 2. Time recording data/taking notes 284.93 (395.56) 221.36 (370.35) 234.39 (375.91)

 3. Time observing 410.16 (492.34) 326.07 (457.84) 343.30 (465.58)
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gender roles in STEM. Hence, while these results clearly demonstrate 
that gender inequality in practical STEM activities do persist, the 
magnitude of this inequality may be masked by a perceived sense of 
equality that flows from the higher numbers of women enrolled in 
the disciplines.

Furthermore, our study results contribute to previous research 
looking at inequalities in STEM settings in laboratories (Batty and 
Reilly, 2022); classrooms (Wieselmann et  al., 2019), and online 
learning (Nurramadhani et al., 2021) with a novel approach to explore 
gender inequalities in STEM, looking at lab practical activities and the 
time that students perceive and spend on them. Our results provide 
evidence of the importance in analysing STEM educational settings, 
and considering their particularities in terms of learning contribution 
and group dynamics.

Theoretical and practical implications

Our findings contribute to the understanding of gender 
differences in the practical delivery of STEM education. In particular, 
within the context of practical laboratory activities and the persistence 
of gender inequality in the distribution of lab-based tasks. The novel 
approach of assessing data from multiple perspectives (e.g., self-
reports in Study 1a, observation in Study 1b) provided a more rounded 
understanding of the extent of gender inequality in STEM, as well as 
how students perceived these inequalities. This is important given the 
incongruencies we  found between perceptions and reality. The 
disparity between perceptions and reality regarding access to resources 
has also been demonstrated elsewhere, namely in the field of 
mentoring, potentially to the detriment of women’s career 
advancement. Previous experimental research by Welsh and Diehn 
(2018) on the mentoring relationship found that women perceived 
that they were receiving more mentoring than men, even when 
provided with the same descriptions of the mentoring relationship. 
This potentially leaves women at risk of missing opportunities for 
introductions and career progress, as they do not fully experience the 
benefits of mentoring, such as developing a network and learning 
informal knowledge to navigate one’s career. Moreover, our research 
can contribute further to the calibration literature (Alexander, 2013), 
providing initial evidence supporting the theory that the potential 
mismatch between students’ actual task performance and their 
judgement about the same performance can also be expanded to other 
settings and measures. In this case, lab practical sessions and time. 
Considering the implications discussed early about the importance of 
lab activities for students’ learning, academic and identity processes, 
calibration might inform how lab activities and gender differences also 
have an impact on students’ meta-cognitive skills and strategic 
behaviour towards scientific participation.

Our research explores a distinctive setting (lab practical activities) 
where perceived/actual time differences can also lead to detrimental 
consequences for women equally access to educational opportunities 
and development of skills in their field. Indeed, the disparities in the 
results, in terms of perception of time spent and actual time spent 
using equipment showed that to analyse the effectiveness of gender 
equality interventions in STEM, different settings need to 
be considered (such as equipment use in lab-based practicals), as well 
as different sources of analysis to evaluate how organisations are 
working to improve gender equality in STEM.

Practical lab-based work is important not only in terms of 
students learning experiences, but also to help them develop their 
identities as scientists (Doucette et al., 2020). Our findings contribute 
to understanding further factors that may shape differences in 
perception between genders and what it means to identify with being 
a scientist (e.g., Starr, 2018; Chen et al., 2020), in this case, the time 
that students spend in different lab activities. Indeed, measuring time 
in lab activities, from our knowledge, has not been explored in gender 
equality research in STEM and, following our study results, it might 
be an important factor to consider when students identification with 
their discipline (e.g., “being a scientist”) is analysed.

Our study showed that gender proportions in discipline 
participation was associated with students’ time satisfaction with lab 
activities. Although this observation can have positive outcomes, for 
example that more equal settings are beneficial for all students, it can 
also mean that the increase in the enrolment of women in STEM 
disciplines might lead students to perceive a false sense of gender 
equality in educational settings. Our study provides initial evidence 
that numbers are not enough, and that multiple sources of evidence 
(e.g., surveys, observations) need to be included when gender equality 
is discussed.

These results also have practical implications. Most interventions 
aimed at improving gender equality in STEM higher education 
settings have focused their efforts on motivating women to apply and 
enrol in STEM disciplines (e.g., National Academies of Science, 
Engineering, and Medicine, 2020). Although this is a critical first step, 
organisations also need to promote diligence to ensure equal learning 
opportunities continue within the setting after women have enrolled 
in these disciplines.

Additionally, our study has implications for how gender equality 
interventions are conceived and implemented. To be fully effective, 
these interventions must be conceived considering not only students 
self-report, but also group settings. Furthermore, interventions must 
be  implemented in different STEM educational settings beyond 
classrooms, where students can also learn different skills and develop 
a sense of their identity as scientists (Doucette et al., 2020).

Limitations and future research

Both phases of our study have a number of limitations that need 
to be  acknowledged. Firstly, Study1b showed a non-normal 
distribution, and despite having a sample higher than 300 participants, 
we decided to conduct a non parametric test. Hence, these results need 
to be  interpreted cautiously and more follow up studies need to 
be conducted to establish time differences in lab activities. Moreover, 
the samples from both phases were different, that is, the students that 
participated in the self-report study were not the same ones 
participating in the lab observation study. Hence, although students 
were part of the same college and department, we cannot follow up on 
whether the same students that perceived spending equal time using 
equipment, for example, were the same students that actually spent 
less/more time using equipment. Future studies could compare not 
only students’ time perception and satisfaction between groups (e.g., 
women and men), but also within the groups, looking at differences 
in how students perceive and spend time in the lab. Similarly, Study 
1a and 1b focused on gender differences, without taking into account 
discipline differences (comparing disciplines recognised with higher 
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female participation to disciplines with lower female participation). 
Future studies need to acknowledge this aspect, creating studies that 
compare gender and discipline differences, as well as the interaction 
of both groups (e.g., how women in certain disciplines perceive their 
participation versus their actual participation). Moreover, our samples 
in both phases were unequal in terms of gender and discipline 
distribution (Study 1a included a majority of women, and Study 1b a 
majority of men). Future studies should better balance the proportion 
of participants.

Thirdly, our study focused on gender without considering other 
contextual factors. For example, in Study 1a we measured “perception” 
of time without including how level of perceptions might interact with 
other socio-cognitive variables, such as gender stereotypes (see 
McKinnon and O’Connell, 2020). Indeed, observational data alone do 
not allow us to determine whether gender differences are indeed 
explained only by gender (Eddy and Brownell, 2016). Furthermore, 
how students approach educational activities in STEM disciplines has 
been associated with previous experiences in education (Bian et al., 
2017), and exposure to gender stereotypes in the media (Steinke, 
2017), as well as other intersectional identities (National Academies 
of Sciences, Engineering, and Medicine, 2020), such as race (Ireland 
et  al., 2018). For instance, future experimental research could 
manipulate the salience of gender stereotypes such as the “secretary” 
(Doucette et al., 2020) and examine whether they are still serving to 
influence both female and male student’s expectations of role 
distribution, and thus their active participation in practical 
lab sessions.

Fourth, Study 1a included the use of single-item questions. 
Although previous research has showed that the use of single-item 
measures can be useful, valid, and reliable (Fisher et al., 2016; Allen 
et al., 2022), it is important to acknowledge the potential limitations 
of single-item measures in our study. The single item measures used 
were not previously tested nor validated in prior studies. Future 
research needs to test (a) the reliability and validity of the single item 
measures used in these studies, (b) previously used single item 
measures, and (c) multiple item measures in similar studies.

Finally, although our study included a total sample of over 500 
participants, both phases demonstrated a small effect. Future studies 
should replicate this study, and include a larger sample to ensure the 
generalisability of our findings. Another limitation that could affect 
the replicability of our findings is the challenges of setting up cameras 
to record in the lab, which can prove challenging in terms of human 
and material resources. Future research needs to consider the 
implementation of high quality and the quantity of equipment 
available to conduct recording research.

Conclusion

Our study contributes to the limited literature focusing on gender 
inequalities in lab-based activities within STEM disciplines in 
undergraduate programmes. With this study, we  propose a novel 
approach to investigate gender inequalities, that is, the use of 
observation in educational settings and the measure of the time that 
students spend in different activities. Our research shows that focusing 
on students’ self-reports is important, but not enough, to evaluate 
gender equality, and multiple approaches and methodologies are 
needed to analyse the state of gender inequalities. Indeed, 

paradoxically, in STEM disciplines numbers are not enough, and 
we need to look at not only the levels of participation of women in 
STEM, but also the quality of their participation. Otherwise, 
universities will contribute to a false sense of inequality and leaving 
women outside critical educational experiences for their discipline 
and identities as scientists.
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“And then I check to see if it looks 
legit” – digital critical competence 
in teacher education
Tove Leming * and Lisbeth Bergum Johanson 

Department of Education, Faculty of Humanities, Social Sciences and Education, UiT The Arctic 
University of Norway, Tromsø, Norway

This study investigates pre-service teachers’ understanding and use of their own 
digital critical competence. In the Norwegian teacher training programmes, pre-
service teachers at all levels are required to develop critical reflection skills and 
learn basic digital skills. They have to be able to communicate digitally and at 
the same time be able to reflect on how developments in technology entail a 
growing need for critical assessment of digital media. Through a qualitative 
approach, we interviewed 17 social studies pre-service teachers at UiT The Arctic 
University of Norway and asked how they understand and use digital critical 
competence. Our study shows that the students’ understanding of digital critical 
competence as a concept in the early stage of their education is mainly linked 
to source criticism and can largely be classified as a procedural understanding. 
A procedural approach means acting without any consideration of the underlying 
intentions; it requires little thought, and cognitive operations are ignored. More 
experienced pre-service teachers can link digital critical competence more clearly 
to the teaching profession and the school context and can reflect on didactic 
perspectives. They have a more norm-critical approach and question how 
information and knowledge are established. We find that they have developed 
a more critical and reflexive approach. The implication for teacher education is 
that digital critical competence should have a space in all subjects, not just social 
studies. This will help improve the quality of education and equip the pre-service 
teachers for everyday life as critical and reflexive teachers.

KEYWORDS

critical thinking, teacher education, digital competence, pre-service student teacher, 
critical-reflexive

Introduction

Social media are vital to every part of our life, and the Internet is a source of quick and easy 
access to information. Everyone can share and spread their thoughts on political, cultural, 
economic, historical, and social matters from different perspectives and in whatever “truth” they 
believe in. Castellvi et al. (2020, p. 1) argue that the digital age has changed how we interact 
through the media, how we learn, how we communicate, and how we access information. Grut 
(2021, p. 9) claims that the sheer volume of digital information makes it very challenging to 
ascertain whether the content is reliable or not. Castellvi et al. (2020, p. 1) write that “the 
information it offers often reproduces hegemonic narratives and can be lacking in rigor, or even 
biased or false.” Several studies, according to Breakstone et al. (2022, p. 963–964), shows that 
university students struggle to evaluate information that are online. This also aligns with a 
previous study of McGrew et al. (2018, p. 165) where they find that students from middle school, 
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high school and college had difficulties evaluating sources on internet. 
Critical thinking is therefore vital for assessing stories and information 
found online and is an important key competence for both today and 
the future (Hulin, 2018, p. 86). Critical thinking is an important factor 
in digital competence (Nascimbeni and Vosloo, 2019, p. 11). Digital 
competence can broadly be defined as “the confident, critical and 
creative use of ICT to achieve goals related to work, employability, 
learning, leisure, inclusion and/or participation in society” [defined 
by Kampylis et al. (2015, p. 39); Mattar et al. (2022, p. 12)]. To develop 
digital competences, organisations such as UNESCO, the European 
Commission and International Telecommunication Union, 
commercial actors such as Microsoft and Google (Nascimbeni and 
Vosloo, 2019, p. 5), educationists, and schools all over the world are 
now participating in educating citizens to become digitally 
critically competent.

In the Norwegian education context, digital competence is of great 
importance. In a white paper concerning the school of the future 
(Official Norwegian Reports NOU, 2015: 8, p. 26), it is stated that the 
use of technology is a significant part of our lives and that digital 
competence is a prerequisite to participating in education and society. 
As an answer to the future demands and challenges of a digital society, 
the government of Norway has adopted a national curriculum that 
focuses on 21st-century skills (Bakken and Andersson-Bakken, 2021, 
p.  729). These skills, among others, include critical thinking, 
technology skills, and digital literacy and are incorporated in our 
understanding and use of the concept of digital competence.

The latest national curriculum reform called “Fagfornyelsen”1 
[literally: subject renewal] included a strengthening of critical thinking 
as a topic and highlighted critical thinking as a fundamental aspect of 
the underlying core values for education (Norwegian Directorate for 
Education and Training, 2017, p.  5–6).2 In the curriculum of 
pre-service social studies teachers, it is emphasised that the subject 
must help educate pupils to become “critically thinking citizens” who 
possess digital competence (Norwegian Directorate for Education and 
Training, 2020, pp. 5, 6 and 12). In other words, they must become 
digitally critically competent. In a study of two cohorts of pre-service 
teachers’ professional digital competence, it was found that after the 
teacher education reform of 2017 the students had improved their 
professional digital competence (Andresen et al., 2022). Despite this 
study and these explicit and clearly defined requirements for digital 
critical competence, research in the national context (Røkenes and 
Krumsvik, 2016; Instefjord and Munthe, 2017; Instefjord, 2018; 
Langset et al., 2018; Mikkelsen and Rist, 2018; Gudmundsdottir and 
Hatlevik, 2020) shows that there is still a considerable mismatch 

1 The curriculum upgrade was introduced in the Norwegian school system 

from 2020 as a process for “developing and introducing new curricula in the 

National Curriculum for Knowledge Promotion” (Norwegian Directorate for 

Education and Training, 2020).

2 The Norwegian Directorate for Education and Training has the overarching 

responsibility for education at the kindergarten, primary, and lower secondary 

and upper secondary levels. The Directorate’s role is to ensure equitable 

offerings, administer and interpret legislation, develop curricula and framework 

plans, be responsible for mapping, examinations, and national tests, obtain 

and collate knowledge, and contribute to the development of competencies 

and skills (regjeringa.no).

between the requirements imposed in teacher education programmes 
and the digital competencies teacher graduates have when they enter 
the profession as schoolteachers. In addition, recent research 
(Weyergang and Frønes, 2020) has revealed that there is broad 
variation in Norwegian primary school pupils’ ability for critical 
thinking. Furthermore, Ferguson and Krange (2020) found that 
teachers have not received sufficient training in how to develop pupils’ 
critical thinking. This may have consequences for how the teacher 
education contributes to the development of the pre-service teachers’ 
critical thinking and their digital competence. Thus, there is a need for 
more studies on critical digital competence in education and in 
teacher education in particular.

At UiT The Arctic University of Norway (hereinafter UiT), 
critical thinking and digital competence are explicit goals in 
pre-service social studies education. It is particularly central in one 
of the master’s degrees courses, namely social studies didactics and 
critical thinking (Programme Description, 2022). However, we do 
not have much information about the level of digital critical 
competence among social studies pre-service teachers, neither when 
they enter the programme nor when they finalize their education. By 
conducting interviews of 17 pre-service social study teachers in the 
second and fourth year of their education programme, the current 
study investigated the following research question: how do social 
studies pre-service teachers understand and use their own digital 
critical competence?

To answer this research question, we  formulated some 
sub-questions for elaboration. We asked the pre-service teachers how 
they understand the concept of critical thinking and how they define 
the concept of digital critical competence. In addition, we asked the 
pre-service teachers to describe the process they use when they assess 
digital sources in a critical way. Exploring this research question might 
indicate if the pre-service teacher’s perception of their own digital 
critical competence is in line with their practice.

We will start by exploring the theoretical framework of the 
concept of digital competence in an educational context. Thereafter 
we will present the methodological approach of the study. We chose 
to combine the results and discussions, based on the interviewees’ 
interpretation of the concepts and the description of practice together 
with the progression and development of competence. We thereafter 
summarize our findings and highlight the didactical implications for 
teacher education programmes in general.

Theoretical framework: critical 
thinking and digital critical 
competence

Because critical thinking is a part of digital competence, it is 
important to elaborate on our understanding and use of the concept 
critical thinking. There is no single definition of critical thinking, and 
it can be interpreted in myriad ways. Ryen et al. (2019), for example, 
define critical thinking as the ability to use rationality in an 
independent and investigative way to identify the premises that 
underlie various claims. Ferrer and Wetlesen (2019, p. 11) offer a 
similar definition, saying that critical thinking is “reflective thinking 
and an active and evaluative approach to assumptions and accepted 
truths.” They stress that critical thinking is more than source work and 
methodology alone. Critical thinking is a creative process whereby a 
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person reflects on different possibilities and perspectives. Alexander 
(2014, p. 470) and Ferguson and Krange (2020, p. 196) argues that 
critical thinking involves thinking “deeply and flexibly about 
important matters.” Lim (2015) and Ryen et al. (2019, pp. 3–4) focuses 
on the fact that critical thinking should not only be a purely technical 
exercise, but that people ought to be  trained in justifying their 
arguments and that awareness about this process must be  raised. 
Critical thinkers can see connections in addition to being able to apply 
a diversity of perspectives and, not least, to clarify the importance of 
the power perspective. The power perspective is an important focus 
of Røthing (2020, p. 27), who believes that critical thinking involves 
critical reflection on power relations and structures in society. Critical 
thinking is necessary in order to make informed choices and is thus a 
prerequisite for democratic participation. It should therefore 
be possible to translate critical thinking into action in order to foster 
active citizens (Ferrer and Wetlesen, 2019). Thus, in our study critical 
thinking entails more than purely a technical approach.

There are several different concepts that coexist, like digital skills, 
21st-century skills, information and computer literacy, and digital 
competence, but according to Nascimbeni and Vosloo (2019, p. 10) 
digital literacy can be seen as an umbrella concept, and they propose 
that digital literacy is the most appropriate concept to use. This is 
“because it clearly entails skills, uses and outcomes.” Additionally, they 
believe digital literacy entails a more holistic approach that also 
includes critical thinking.

However, in our context we find digital competence to be a more 
appropriate and relevant concept. According to Amdam et al. (2022), 
the concept of competence in Norway and in the other Nordic 
countries often has a broader meaning than in English-speaking 
countries. It includes skills, literacies, and bildung (Erstad et al., 2021). 
Furthermore, the concept of digital competence is normally applied 
in policy documents and curricula in Norway in addition to its use in 
research (Røkenes and Krumsvik, 2016; Erstad et al., 2021; Andresen 
et al., 2022; Krumsvik, 2022). Thus, digital competence “can be broadly 
defined as the confident, critical, and creative use of ICT to achieve 
goals related to work, employability, learning, leisure, inclusion and/
or participation in society. Digital competence is a transversal key 
competence which enables the acquisition of other key competencies. 
It is related to many of the so-called ‘21st Century skills’, which should 
be  acquired by all citizens, to ensure their active participation in 
society and the economy” (Joint Research Centre et al., 2012; Kelentrić 
et al., 2017, p. 12). This is in line with how the EU’s DigiComp project 
defines digital competence. In our understanding and interpretation 
digital competence entails critical thinking, and we thus use the term 
digital critical competence.

Furthermore, in our study we find it helpful to apply the concepts 
of ‘procedural’, ‘critical’, and ‘reflexive’ that Hulin (2018, p. 85) applied 
in a study to connect critical thinking to a digital context. The aim of 
Hulin’s study was how to teach students critical thinking by 
combining a procedural, critical, and reflexive approach. A 
procedural approach means acting without any consideration of the 
underlying intentions; it requires little thought, and the cognitive 
operations are ignored. A critical and reflexive approach, in contrast, 
entails assessing and understanding the background for the action; 
for example, by identifying whether power structures have set the 
premises for how we act. Applying these perspectives to social studies 
in teacher education, it is obvious that digital critical competence 
entails more than just a scientific method and more than just a 

technical and instrumental understanding. It entails an extended 
analytical and scientific approach to a phenomenon that is more 
closely aligned to the descriptions given above. This is largely 
consistent with Hulin’s (2018) distinction between a procedural 
approach and a critical and reflexive approach, and this is the 
framework of our discussion.

Methods

Type of study

The aim of this study was to establish a wider picture on social 
studies pre-service teachers’ perspectives on digital critical 
competence. Our research question was how the social studies 
pre-service teachers understand and use their own digital 
critical competence.

We chose a qualitative approach to get more knowledge about the 
context and the pre-service teachers’ overall perception of the topic. 
To obtain and interpret pre-service teachers’ knowledge and practice, 
we  applied a phenomenological approach, where the pre-service 
teachers presented their experiences and perspectives. Our research 
question and sub questions derived originally from a recent 
quantitative survey on digital competence by Johanson et al. (2022). 
One finding from this previous study, where we  focused on the 
pre-service teachers’ digital competence with respect to digital 
interaction and communication when they first entered the 
programme, was that the pre-service teachers themselves believed that 
they had adequate skills in terms of finding and assessing digital 
information. Quantitative surveys may have some limitations with 
respect to understanding the context in which the questions are asked, 
and there might be a risk that the pre-service teachers’ voices are not 
sufficiently reflected in these kinds of surveys (Creswell, 2006). In the 
present study, we sought a deeper understanding of this context using 
more qualitative approaches. Our aim was to get more knowledge 
about how they understand “adequate skills” and how they find and 
assess digital information.

Context and participants

The context of the study was pre-service teachers in UiT’s 5-year 
primary and lower secondary teacher education programme. There 
was a total of 60 pre-service teachers in this programme, and 17 of 
them participated in the study. All of them had elected social studies 
as one of various subjects in the programme. The researchers and 
authors are both professors in social studies, one based at Campus 
Tromsø and the other at Campus Alta.

We recruited six pre-service teachers from the second year of the 
primary and lower secondary teacher education programme from 
both Campus Alta and Campus Tromsø who had participated in the 
previous year’s survey. The interviews were conducted on Zoom and 
lasted between 20 and 45 min. We thereafter conducted one focus 
group interview with a group of 11 pre-service teachers. This was 
conducted in person and lasted 1 h. This group consisted of fourth-
year social studies pre-service teachers in the primary and lower 
secondary teacher education programme from Campus Tromsø. This 
interview was conducted using the same interview guide.
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Data sources

We used a strategically selected sample of interviewees in the 
sense that the pre-service teachers all had chosen social studies as part 
of their teacher education. The reason for this was that we  were 
particularly interested in ascertaining what prior digital competence 
social studies pre-service teachers have when they embark on their 
education. This choice means that we cannot generalise the results to 
apply to all pre-service teachers. We developed an interview guide 
with a total of seven questions where we asked them about their daily 
use of digital platforms in general, and if they could identify any 
challenges in finding relevant information using internet. We also 
inquired how they understood the concepts critical thinking and 
digital critical competence. Further we asked what they had learned 
earlier about digital critical competence. To get a picture on how they 
practiced their knowledge, we invited them to describe in concrete 
detail how they find information online and how they assess the 
information they find. We also asked them to describe in detail how 
they considered the information they found; how they for example 
sorted out not valid information. All the participants were informed 
about the project both in writing and orally and consented to the use 
of the data in an anonymised form. Both researchers took part in the 
interviews, in the processing of the responses, and in the subsequent 
analysis of the material.

Furthermore, using both individual interviews and a focus group 
interview may have some limitation to our study. The focus group 
have the advantages of building on each other’s arguments, and when 
stimulating the interaction between participants we may generate 
different data and knowledge. We were aware of this and made sure 
that all the students were involved when answering and discussing the 
questions. Also focus interviews may give more nuanced answers and 
show differences in opinions and experiences. In addition, the second 
year students participated by using zoom (because of the corona-
restrictions) which may have played a role in how we read their body 
language or how well we  communicated with the students. This 
seemed not to be  a problem, as the students had used digital 
communications for quite some time and were familiar to this way of 
communication. We find that the answers from both groups, even 
though applying different approaches, contributes to the research 
question and provides and identifies preservice teachers’ perspectives. 
However, due to this methodological limitation, a follow up study 
further exploring our research question is desirable.

Analyses

We chose a stepwise deductive-inductive model to process the 
data material (Tjora, 2018, 2021). In this method, induction and 
deduction are used alternatingly in a separate and stepwise process 
(Tjora, 2018). Consequently, we started out by reading through and 
interpreting the material – first separately, then together – to get an 
idea of what kind of key words and concepts characterised the 
pre-service teachers’ responses. In an inductive stepwise process, 
we then sorted these into categories with codes. Some of the codes 
we  worked with were source criticism, including reliability and 
credibility, independence, multiple perspectives, a lot of information 
and time-consuming, interpretation and threat to democracy, digital 
education, citizenship, and professional relevance. In our second 

review and discussion of the codes and different interpretations of 
these, we found that some of the concepts the students used, could 
be associated with a more analytic and reflexive understanding.

The use of advanced, in contrast to everyday language, indicated 
that there is a gap in competence amongst the informants. Two main 
categories emerged: “basic understanding and experience of digital 
critical competence” and “advanced understanding and experience of 
digital critical competence.” In the subsequent process, which 
comprised a more deductive approach, we linked these categories to 
theories and concepts that could help explain the phenomenon and to 
cast light on the context of the information (Hammersley and 
Atkinson, 1996). In this phase, we  analysed the material using 
theoretical models, primarily Hulin’s model on procedural and 
critical-reflexive approach.

As researchers and social studies teachers, we are interested in this 
type of competence, and our different backgrounds in history and 
interdisciplinary social sciences, respectively, mean that we may have 
different experiences of and different knowledge about critical digital 
competence. We believe that this has contributed positively to the 
study in that it has broadened our approach to the topic. Doing a 
critical examination of our knowledge and different perspectives 
could increase validity of the study, but we choose here to focus on the 
students’ perspectives.

We do have some ethical concerns regarding the selection and 
processing of data because we both have professional relations to the 
pre-service teachers we interviewed. We are teachers in their subjects, 
and this asymmetrical power relationship may have coloured the data 
we received. Are they giving the answer they think the teacher wants 
to hear, or are they saying what they themselves really think? At the 
beginning of the interviews, we spent some time explaining that this 
was not something that would be evaluated or have an impact on them 
in terms of their grades or assessment. It is important to bear this 
perspective in mind in all phases of a study, and especially when 
considering the reflexive element of the researcher role (Hammersley 
and Atkinson, 1996).

How do the pre-service teachers 
understand and apply the concepts of 
critical thinking and digital critical 
competence?

In this first part, we will present the findings from the interviews 
of how pre-service teachers, in their second year, understand the 
concept of critical thinking. These perceptions contribute to giving us 
a picture of how they understand digital critical competence. 
We  thereafter analyse and discuss how the different pre-service 
teacher groups understand digital critical competence.

Critical thinking – many understandings?

When we asked the pre-service teachers in their second year of 
study how they understand critical thinking, we  note that all the 
respondents stated that it is important to question what is being told 
or to question the sources, i.e., what we understand as source criticism. 
For example, one of them said: “The first thing that comes into my 
mind is source criticism.” Most of the pre-service teachers claimed 
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that they check the sources to find who created the information 
provided, and they want to ascertain whether the person or people 
who have provided the information can be  trusted or not. The 
pre-service teachers also stated that it is important to understand why 
something is said or written. For example, one of the interviewees said 
that critical thinking is about being critical towards the information, 
why it is being conveyed, and who is conveying it. Another mentioned 
that it is important to know who you can trust and that the sources 
must therefore be checked several times. Several of them referred to 
reliability as a key concept. They also stated that it is important to 
know there are different voices and opinions:

“It is a matter of questioning what you see and perceive, and how 
things work. So, in a more general level (…) being able to see 
things from multiple angles and form an opinion about the 
information available to you (…)”.

Many of the pre-service teachers stressed the importance of 
being able to see that there are multiple perspectives and the ability 
to think independently. One of them pointed out that after starting 
on the degree programme they realized that most books and articles 
used in the programme were based on something that had previously 
been written that the content was an interpretation, and that they 
should again interpret what had been written. The pre-service 
teachers stated this can be challenging, “What was the real meaning 
behind the original message?” The more experienced pre-service 
teachers mentioned source criticism as an important part of critical 
thinking but found that the concept had a wider meaning. For 
example, for them critical thinking could include a norm-
critical approach.

Discussion: how do the pre-service 
teachers understand critical thinking?

As described in the introduction and in the theory section, in this 
article we regard critical thinking as more than mere competence in 
source criticism or what we  might call a technical or procedural 
approach (Hulin, 2018). Critical thinking involves deconstructing the 
narratives in books, online, and elsewhere, and it must be possible to 
assess and compare claims against each other, and we need to be able 
to distinguish between how narratives and history are used and 
misused. Critical thinking entails seeing things from different 
perspectives, asking critical questions on distributions of power, and 
being critical towards how structures and norms in society are 
established and maintained.

What emerged from the interviews with the pre-service teachers 
who were still at a relatively early stage of their studies was that most 
of them thought that critical thinking is largely a matter of source 
criticism. They were particularly concerned with whether the sources 
they read, or the author are credible and whether the sources are 
reliable. This might not be  so surprising because they all were 
introduced to source criticism in the early stage of their teacher 
education. Most of the pre-service teachers reported that they were 
familiar with source criticism from secondary school. This 
understanding was limited compared to how we understand critical 
thinking or how literature such as Ferrer and Wetlesen (2019) or 
Røthing (2020) describe it. However, even though most of the 

pre-service teachers perceived critical thinking as source criticism, 
with its more technical or formulaic approach to the sources, some, 
and especially the more experienced pre-service teachers, recognized 
that the sources and information they receive represent interpretations 
and different perspectives on reality. This can be seen as an advanced 
understanding of critical thinking that is closer to a more critical and 
reflexive approach as Hulin (2018) and Ferrer and Wetlesen (2019) 
define it.

How do pre-service teachers understand 
digital critical competence?

Findings from second-year pre-service teachers
When asked what they think digital critical competence is, most 

of the pre-service teachers answered that it means having a critical 
attitude towards digital media. One participant said:

“Personally, I’ve never heard that term before, but I would imagine 
it means practicing source criticism and using digital resources in a 
critical way. Being able to think independently about whether what 
you find online is credible.” Another commented: “and perhaps not 
using information you  find online entirely indiscriminately. If 
you cannot confirm that it was written by an expert, then maybe it is 
better not to use this opinion uncritically.” This is in line with how they 
perceive critical thinking in general, i.e., that it is a technical exercise 
and basic understanding. The pre-service teachers found the sheer 
volume of information challenging, and it could be difficult to “get to 
the bottom” of the information.

“There is simply so much that is written, and you get so many hits 
for every single search word. And then when different websites say 
different things, what should we  trust, what is correct? For 
example, if two reputable websites say different things, how are 
you supposed to know which is right, using the competencies 
you have? It makes it very challenging”.

One of the more experienced pre-service teachers made an 
interesting statement, linking this to challenges to democracy:

“We get so much information today that you don’t really have time 
to be critical…. From a societal perspective, this is incredibly 
worrying, because we  are being bombarded with so much 
information that is not correct. We do not have time to check any 
corrections that are added afterwards…. These corrections tend 
to get overlooked because we’ve already got the information 
we were looking for. We trust that it’s right… and this, ultimately, 
poses a threat to democracy. It’s worrying.”

Findings from the experienced pre-service 
teachers

The fourth-year pre-service teachers linked the concept of digital 
critical competence to digital education, which encompasses aspects 
such as qualified judgement, impact assessment, and credibility in 
addition to elements of source criticism. They were concerned with 
“how we as teachers handle sensitive information about students.” One 
of the examples they cited was awareness regarding the use of e-mail 
for sensitive information in relation to school–home relations. Some 
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focused on raising awareness amongst pupils on how certain actors on 
digital platforms can have an agenda for influencing, for example, 
political issues. Another area has a commercial nature, influencing 
choices and habits in their favour. They were especially concerned 
with how so-called “echo chambers” emerged:

“If you, for example, are in an echo-chamber online, you will find 
support for the information you already have obtained. It can 
be difficult to judge whether you are inside an echo-chamber or 
not, and then it will be  even more difficult to find if the 
information you have is realistic or not”.

Discussion: how do pre-service teachers 
understand digital critical competence?

When it comes to understanding the concept of digital critical 
competence, the less experienced pre-service teachers found it far 
more complex than the pre-service teachers expressed in the 
quantitative survey we conducted earlier (Johanson et al., 2022). In the 
present study we  found that the pre-service teachers expressed 
difficulties in identifying which sources are credible. In addition, 
source-critical checking of online sources is time-consuming and 
resource-intensive. Nevertheless, it seems that they have the tools to 
do this. Digital critical competence is particularly linked to the vast 
amount of information available online. In this respect, this kind of an 
approach corresponds to what we  would categorize as a basic 
understanding of digital critical competence and what Hulin (2018) 
calls a procedural or technical approach. This involves a formulaic 
approach to sources and information. However, we  regard the 
pre-service teachers’ ability to recognize that the sheer volume of 
information can pose a “threat to democracy” as a form of advanced 
understanding of digital critical competence. This can be interpreted 
as a critical and reflexive approach. Hulin (2018) points out that it is 
important to assess, understand, and identify the structure of power. 
This understanding is in line with Kelentrić et al. (2017, p. 12) and 
with official policy documents, including the Norwegian curricula for 
various levels of education.

The more experienced pre-service teachers highlighted the 
importance of a critical approach to digital learning resources. As 
expected, these pre-service teachers had other ways of expressing 
themselves through more advanced use of academic terminology 
coupled with both theoretical knowledge and personal experience 
from practice. They related digital critical competence to democracy 
and citizenship. As one of them put it: “So, digital critical competence 
is a bit of a step up from digital literacy. It is a step up in terms of being 
a good citizen.”

When questioning whether the pre-service teachers defined or 
understood digital critical competence differently from critical 
thinking, we found that they were somewhat alike as, for example, 
source criticism. However, evaluating information online is much 
more complex and challenging because of the vast amount of 
information on the Internet. Additionally, some worried that the vast 
amount of information on the Internet is a “threat to democracy.” The 
more experienced pre-service teachers linked digital critical thinking 
not only to source criticism, but also to ethics, democracy, and 
citizenship and to the choice and evaluation of digital tools or 

platforms. They expressed that digital critical competence should be a 
part of digital education in general.

Assessing digital information – a difficult 
exercise?

Having established how the pre-service teachers understands both 
critical and digital critical competence, we  will discuss how they 
proceed when they assess digital information.

Findings of second-year pre-service teachers
When we  asked the less experienced pre-service teachers to 

describe how they differentiate between reliable and less reliable 
sources on the Internet and the process they use to assess online 
sources, the answers varied. Most of them seemed to understand what 
a reliable source on the Internet was and they seemed to be equipped 
with quite high level of skills to find and assess digital information. 
Several of the pre-service teachers cited examples of what they 
perceived to be  adequate and reliable sources. These included 
government and public websites such as the Norwegian Ministry of 
Education and Research and the Norwegian Directorate for Education 
and Training,3 the national broadcasting company NRK,4 the 
Norwegian Digital Learning Arena (NDLA),5 and the Great 
Norwegian Encyclopedia (SNL).6 The commercial television channel 
TV2 was also regarded as a good source. In addition, the website 
Forskning.no7 was referred to as an adequate source, although the 
pre-service teacher who mentioned this source pointed out that the 
website is selective in its interpretation of research when they write an 
academic article.

“Journalists who refer only to research papers, and articles that are 
coloured more by the journalist’s opinion of the matter than what 
the researchers meant. As a result, it becomes more of a populist 
article. But at least I can look at the references and find the original 
articles. I’ve done that on several occasions.”

Several of the pre-service teachers gave examples of what they 
perceived as less reliable sources – usually sensationalist articles or 
online news outlets that are widely shared on Facebook. Blogs and 
Wikipedia were also cited as less reliable sources, with statements such 
as: “I try to use Wikipedia as little as possible” or “we have learned 
from early age that Wikipedia is not a reliable source.” Another said:

“I remember being taught in middle school, back home … ‘always 
be slightly critical towards what you read on Wikipedia. Scroll 
down and look at the references Wikipedia cites and go directly 
to those sources’. We  were told that the Great Norwegian 

3 Ministry of Education and Research and the Norwegian Directorate for 

Education and Training.

4 Norwegian Broadcasting Corporation.

5 National Digital Learning Arena, which offers open learning resources.

6 Store Norske Leksikon/the Great Norwegian Encyclopedia (SNL): free and 

publicly available encyclopaedia written by professionals.

7 Forskning.no (2002–present) is an online newspaper about Norwegian and 

international research.
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Encyclopedia (SNL) is a better source than Wikipedia for 
information on specialist subjects. So that’s when I had my first 
encounter with critical digital thinking and all that.”

According to one of the pre-service teachers, these kinds of 
websites spread a lot of fake news on topics such as dieting and 
immigration, for example. They pointed out that to check the 
credibility of the sources, you must “examine what the authors claim 
very closely by checking references to the original source.” Another 
said: “Who has written it, what they have written, and who has 
published it are perhaps the three main things to check.” One of the 
interviewees said that importance should be  attached to the first 
impression you get when you go to a website: “The first impression, 
i.e., how it is structured, in a purely aesthetic sense – and then I think 
I  can distinguish between an adequate source and an 
inadequate source.”

Another pre-service teacher gave an example of searching for a 
specific topic:

“I was searching for something related to Nazism and stumbled 
across a website that looked very poorly designed. It appeared to 
be  a right-wing extremist blog, and the content was sheer 
nonsense, but it looked like the kind of website where information 
is shared. This was probably an extreme example. While the 
websites with the best design, such as the Great Norwegian 
Encyclopedia (SNL) and institutional websites, each tend to have 
their own distinctive style, I notice how they are organized, since 
that’s what makes the first impression. It’s a bonus if the author’s 
name is given at the beginning of a text you’re looking at. It helps 
strengthen the reader’s confidence in the website.”

An interesting answer that one of the participants gave, and which 
shows a more advanced understanding of digital critical competence, 
concerned the use of a noncredible sources, such as sensationalist 
articles, in a news context. The pre-service teacher stated that this is 
problematic because this way of writing “pulverizes democracy.” 
According to this pre-service teacher, people who disseminate this 
type of news are not aware of their role in society. Other pre-service 
teachers found it difficult to distinguish a reliable source from an 
inadequate or false source, simply because there is so much 
information and so many people writing about the same topic, thus 
making it difficult to sort through it all. Despite this, the pre-service 
teachers stressed that they are critical of sources, that they check 
references to the original source, and that they check the academic 
competence of the author of the text. One of them said that they have 
a checklist that they run through and that this has now become so 
ingrained that they do it automatically. They check the address, among 
other things, to see if there is anyone to contact, “and then I check to 
see if it looks legit.”

Findings of the experienced pre-service teachers
We discussed the differences between reliable and an inadequate 

or false sources with the more experienced pre-service teachers as 
well, and how they go about checking this. They felt that their own 
learning process linked to this was important, primarily to be able to 
teach pupils “how we  can tell that something is not true.” Cross-
checking information and checking multiple sources were highlighted 
as important. This is an essential skill because “if you search to find 

out whether the Earth is flat, you will always find someone who says 
the Earth is flat” or, as another put it, “You will always find someone 
online to support your claim.”

They went on to describe the method as checking the origin of 
websites, checking the text to ascertain whether it is an opinion piece 
or part of a debate, finding out who the authors of the text are, and 
checking the bibliography and what references have been used. Where 
reference is made to previous research, it should be  clear which 
research is being referred to. On websites, checks include assessing the 
layout, determining whether it is a reliable source (for example, the 
BBC), or if it is a blog, and they mentioned that influencers can exert 
a strong influence through blogs or social media posts. It is a matter 
of trying to judge which interests are behind the various sources, such 
as whether there are any underlying financial or commercial interests. 
The interviewees described that it is important to be aware that many 
websites created by non-experts can look very professional and that it 
sometimes can be  difficult to tell the difference. As some of the 
pre-service teachers summed it up:

“We talked about what kind of website had posted the information, 
the purpose behind and goal of this website, and whether there 
are people or organizations behind the website who want to 
present their views on a particular topic. You must perform quite 
a thorough investigation to find out who wrote it.”

In this respect, the more experienced pre-service teachers were 
quite like the second-year pre-service teachers in how they checked 
whether information or sources are reliable or not. In addition, the 
group of pre-service teachers reflected on the “echo chamber” effect. 
According to them, people tend to frequent websites that support the 
information they have already found. In this context, they pointed out 
how various news articles, although they may use reliable sources, 
only present parts of the information to promote their own point 
of view:

“…articles published in VG [a Norwegian national daily 
newspaper] promote a specific view. So, they might have given the 
date, named the author, and provided information about them 
and all that, and there may well be some sources at the bottom that 
show where they have got their information from. Those sources 
might be a PhD thesis, but it is still not necessarily so that the 
article you are reading is credible. The person concerned may have 
only cited a few cherry-picked paragraphs from a large thesis that 
support their point of view and left out points that criticize the 
views the author wants to promote.”

Discussion: is assessing digital information 
a difficult exercise?

All of the interviewees were able to give examples of what they 
consider a reliable source and an inadequate source. However, there 
was quite wide variation in how they go about assessing whether a 
source is adequate or not. One interviewee said that they adopt a very 
thorough approach, while others seem to have a slightly vaguer 
method. This may be related to the background that the pre-service 
teachers reported they had. In the individual interviews, we got an 
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impression of the kind of prior knowledge the pre-service teachers 
had when they embarked on the teacher education programme. 
Naturally, this prior knowledge varied according to several factors, 
including age and interest in digital media in general. One of the 
interviewees had previously worked in the ICT sector, while some had 
a vocational background. However, all interviewees mentioned lower 
secondary school and upper secondary school as their most important 
arena for training related to digital media, with source criticism as the 
main area they had learned about. Several cited Wikipedia as a 
concrete example of a source they had learned to be critical towards 
at school, and they reported that their teachers often mentioned the 
Great Norwegian Encyclopedia SNL as an example of a more credible 
source. At the same time, a couple of the interviewees described how 
they had used Wikipedia as their main source of information in 
schoolwork without this being corrected. This clear distinction 
between Wikipedia as an unreliable source and the SNL as a reliable 
source can serve as an example of a rather unnuanced understanding 
of what critical digital thinking entails. Critical thinking can involve 
examining what kind of values are represented in the SNL, thereby 
raising awareness of the fact that there are multiple ways of describing 
a phenomenon. The SNL can serve as an example of one of them, and 
Wikipedia as an example of another. For instance, Brox (2012, 2016) 
shows in her studies that using Wikipedia in a learning context can 
contribute to increased critical competence. Through projects where 
pupils and students themselves contributed to articles on Wikipedia, 
they became aware of how knowledge is constructed and maintained 
(Brox, 2012, 2016).

We found that the more experienced pre-service teachers had 
acquired a more professional vocabulary when using their digital 
critical competence. They could contextualize knowledge through 
practice and experience, thus linking it to the school system, teaching 
profession, parent–home relations, pupils, and learning processes. In 
other words, they had a more advanced understanding of what critical 
digital competence entails, more akin to Hulin’s (2018) critical and 
reflexive understanding. In addition, in their development towards 
becoming a teacher they had gained some professional and academic 
pegs on which they could hang these concepts.

Even though the second year pre-service teachers’ competence 
could be  connected to a more technical understanding of digital 
critical competence, we found examples of pre-service teachers who 
had a more critical and reflexive approach, comparable to Hulin’s 
(2018). One example was the pre-service teacher who presented a 
power-critical view of the role of the media.

Towards a better teacher education?

How can we  as providers of teacher education use the 
experiences we have gained from these surveys to help pre-service 
teachers develop digital critical competence? When asking 
pre-service teachers what they miss in their education or would like 
to learn more about, several of the second-year pre-service teachers 
responded that they would like more instruction in assessing online 
sources. They want to learn how to evaluate different types of sources 
and to develop this digital skill earlier in their studies. In other 
words, they want more of the kind of formulaic procedural approach 
to critical digital competence linked to source criticism that is 
familiar to them from school. This kind of competence is important, 

especially in view of the sheer volume of the digital information flow. 
However, it is important that the pre-service teachers work on 
acquiring more reflexive critical thinking skills related to digital 
critical competence. The responses from the fourth-year pre-service 
teachers indicated that this is something that is being worked on 
during their education. These more experienced pre-service 
teachers, but also some of the less experienced pre-service teachers, 
understood that digital critical competence entails much more than 
simply running through a source criticism checklist – that it also 
requires a certain level of critical reflection. The implication for 
teacher education is that digital critical competence should have a 
space in all subjects, not just social studies. This will help improve 
the quality of education and equip the pre-service teachers for 
everyday life as critical and reflexive teachers.

Conclusion

The point of departure for this study was the question of how the 
social studies pre-service teachers in the teacher education programme 
understand and use their own digital critical competence. Our 
findings shows that the pre-service teachers’ understanding of critical 
thinking as a concept in the early stage of the education is mainly 
linked to source criticism. Pre-service teachers’ conceptual 
understanding of critical thinking evolves as they progress through 
the teacher education programme. When it comes to the concept of 
digital critical competence, most of the second-year pre-service 
teachers have a technical understanding and are concerned with 
various challenges, for example, the “enormous volume of 
information.” Within the frames of Hulin (2018), this can be classified 
as a procedural understanding of the concept. A procedural approach 
means acting without any consideration of the underlying intentions; 
it requires little thought, and cognitive operations are ignored. More 
experienced pre-service teachers can link digital critical competence 
more clearly to the teaching profession and the school context and can 
also reflect on didactic perspectives. They have a more norm-critical 
approach and question how information and knowledge are 
established. We find that they have developed a more critical and 
reflexive approach (Hulin, 2018). A critical and reflexive approach, by 
contrast, entails assessing and understanding the background for the 
action, for example, by identifying which power structures have set 
the premises for action. It is important to develop critical thinking 
within digital praxis.

It is not unexpected that pre-service teachers develop their 
competencies at different levels of their teacher education programme. 
However, our agenda has been to see and reflect on how the 
pre-service teachers themselves think about and articulate both a 
procedural and extended competence within the field of critical digital 
competence. This study can contribute towards a broader and more 
nuanced understanding of how these social studies pre-service 
teachers perceive, reflect upon, and develop their own digital 
critical competencies.
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