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Abstract Many studies have analysed the effects that design elements, such as lighting and
colour, have on students’ cognitive functions. These analyses, while providing useful informa-
tion, do not allow researchers to compare the effects of multiple design elements. The objec-
tive of the present study is to analyse the relative influence of lighting, colour and geometry on
attention and memory, the main cognitive functions that underlie learning, and on preference.
In a controlled, virtual reality (VR)-based experiment, 200 university students (100 male/100
female) performed attention, memory and preference tests in classrooms with different con-
figurations of lighting (colour temperature and illuminance), colour (saturation and hue) and
geometry (height and width). The results identified significant gender-based differences,
which demonstrates the need to segment, by gender, samples in this type of study. Lighting
had the greatest influence, significantly affecting males’ memories, females’ attention and
the preferences of both genders. Colour was also an influential element, significantly affecting
females’ attention, while geometry was the least influential. Finally, it should be highlighted
that attention was the metric most sensitive to design variations. These results may be of in-
terest to architects, interior designers and engineers who wish to create classrooms that
satisfy students’ psychological needs.
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1. Introduction

Research into human behaviour in built environments is
based on the notion that environments have a continuous
influence on people (Karakas and Yildiz, 2020). Many
studies in the field have tried to identify classroom designs
that enhance students’ behaviours (Rigolon and Alloway,
2011). Lighting, colour and geometry are among the inte-
rior design elements studied in the field of teaching‒
learning.

Lighting is among the most studied elements. It has been
found that lighting is positively related to students’ con-
centration (Sleegers et al., 2013). In examinations into
artificial lighting, two variables must be taken into account,
that is, illuminance and colour temperature (CCT). Overall,
the results of previous studies have shown that low illumi-
nance is related to lower cognitive and academic perfor-
mance (Hathaway, 1995), and that increased illuminance is
associated with better performance in attention and
memory tests (Llinares et al., 2021a; Smolders and de Kort,
2014). In a specific university environment, Marchand et al.
(2014) found that, in a space classified as “uncomfortable”
(illuminance of 2500 lx), university students achieved lower
scores in a reading comprehension test than students who
took the test in a space with an illuminance level classified
as “comfortable” (500 lx). Examinations into CCT have, as
yet, produced no conclusive results. For example, some
authors have observed that higher CCT produces higher
cognitive processing and better concentration (Keis et al.,
2014; Mills et al., 2007; Viola et al., 2008), while others
have concluded that CCT has no influence on attention
(Smolders and De Kort, 2017) or memory (Vandewalle et al.,
2007).

Colour is another frequently analysed design element.
Previous studies have shown that fewer errors are made in
text correction tasks (Kwallek et al., 1996), and that tasks
are completed quicker (Cockerill and Miller, 1983) in
chromatic spaces than in achromatic or white spaces. As to
hues, study results have shown that cool hues improve
university students’ attention and memory (Llinares et al.,
2021b) and the performance of complex tasks (Xia et al.,
2016). A longitudinal study showed that a school class-
room with green coloured walls improved results in a spe-
cific test of sustained, selective attention (Bernardo et al.,
2021). Another colour element that must be taken into
account is saturation, which, despite being of great
importance in subjective assessments of spaces, has been
very little studied, in isolation, in educational environ-
ments (Gao and Xin, 2006). In general, people prefer
classrooms with saturated colours (Cubukcu and Kahraman,
2008).

Another key classroom design element is their di-
mensions. Ahrentzen and Evans (1984) found that classroom
ceiling height was positively correlated with teacher satis-
faction. On the other hand, Readand Sugawara (1999) found
that school-age children cooperated better in classrooms
with lower ceilings. Earthman (2004) noted that classrooms
with high ceilings could negate the benefit of better light-
ing, and caused increased acoustic problems due to sound
reverberation. Llinares et al. (2021c) found that wider
classrooms resulted in lower student performance and
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lower emotional arousal. On the other hand, descriptive
studies have found that “Fat L”-shaped classrooms, in
which both legs are of nearly equal length and width,
facilitate grouping among students to perform activities,
with the result that learning is enhanced (Lippman, 2004).
Other lines of research have examined how the presence
and arrangement of furniture influence students’
interactions (Baum, 2018; Park and Choi, 2014; Ramli et al.,
2013; Wannarka and Ruhl, 2008) and experiences
(Earthman, 2002; Fisher, 2001).

In general, these analyses examined design elements in
isolation, very rarely in combination. However, to identify
their relative importance, the different design elements
should be analysed in combination. For example, if de-
signers wished to change the design of a classroom, and for
economic reasons could modify only one element, which
would be selected? Which has the greatest impact on stu-
dents’ learning processes?

From a methodological viewpoint, this issue involves a
fundamental difficulty, that is, how to modify and analyse
individual design elements without changing the remaining
elements; the use of physical spaces in this context is
problematic because of the high cost of making modifica-
tions. Virtual Reality (VR) is an ideal low-cost alternative
that allows experimenters to control variables (Latini,
2021). In this regard, Karakas and Yildiz (2020) in a
systematic review found that VR is commonly used in
subjective perception studies of architectural spaces as it
offers simulated environments which appear similar to real
environments. The validity of virtual environments has
been demonstrated in experiments in which subjects
exhibited similar physiological responses and behaviours in
both VR and real-life scenarios (Armougum et al., 2019;
Higuera-Trujillo et al., 2017; Marı́n-Morales et al., 2019); in
addition, when similar behaviours were exhibited, the
participants reported that the VR created a strong sense of
presence (Heydarian et al., 2015). In the academic field,
similarities in cognitive performance have been demon-
strated in real and in VR-based classrooms (Kalantari et al.,
2021). Coleman et al. (2019) demonstrated that working
memory training undertaken in a controlled VR environ-
ment can subsequently be applied to improve memory
function in real world environments. Furthermore, some
authors have found that VR is an effective tool for
measuring attention performance (Diaz-Orueta et al., 2013;
Iriarte et al., 2016) and working memory (Matheis et al.,
2007) in learning contexts (Rizzo et al., 2009; Areces et
al., 2018). These methodological advances have made it
possible to analyse the effects of space in learning
contexts.

It is fundamental that educational spaces should be
designed to enhance the cognitive processes involved in
student learning. Among these processes, attention and
memory should be highlighted, as they are the main
neuropsychological functions that support learning
(Bernabéu, 2017). In the academic context, classrooms
are the main focus as their design characteristics have
been shown to influence the performance of primary
(Hathaway, 1995; Tanner, 2000), secondary/high school/
senior (Shamaki, 2015) and university (Lizzio et al., 2002)
students. However, it is important to recognise that
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learning is a complex cognitive process which is influenced
not only by the physical environment in which it takes
place, but also by external factors, such as student-
instructor interactions (Lindblom-Ylänne et al., 2003)
and the socio-cultural conditions of the environment
(Eccles, 2005), and by internal factors, such as emotional
states (Hascher, 2010).

Thus, account should be taken of the cognitive functions
that teaching spaces aim to enhance. An exam may require
higher memory performance, whereas a master’s degree
class might require more attention. It is, thus, increasingly
common, to prompt desired behaviours, to base the design
of spaces not only on measures of architectural design
variables, but also on measurements taken of the responses
of experimental participants (Bullinger et al., 2010; Mavros
et al., 2021).

In most of the previously cited references, the sub-
ject’s participation is limited to answering questions
about his/her personal assessment of different environ-
ments (Nyrud et al., 2014). A subject’s stated preference
for a space is, without doubt, a metric that provides
important information about his/her subjective and
conscious perceptions (Baird et al., 1978), but this data
must be complemented by other, objective metrics that
address the cognitive processes that (s)he undergoes in
the space, particularly in the context of classrooms. It is
important to gather information about both types of var-
iables because their effects do not always coincide. Pre-
vious research has shown there is a positive relationship
between subjects’ preferences for an environment and
their performance (Cockerill and Miller, 1983; Shen et al.,
2020) and calm mood (Costa et al., 2018). However, other
research has suggested that mood is not affected by
dominant preference (Lipson-Smith et al., 2021).

Moreover, the influence of design on human learning
may not be equal for males and females. Each person has
their own specific cognition and way of interacting with
their environment. Research in this field has shown that
males and females process the information, including
interior design elements, they take in from the environ-
ment, in different ways (Picucci et al., 2011).

The objective of this study is to identify and analyse the
relative impact of individual elements of classroom design
(lighting, colour and geometry) on university students’
(segmented by gender) cognitive performance (attention
and memory), and preferences for different classroom
designs.

2. Materials and methods

A laboratory experiment was carried out to achieve the
objective. Four virtual classrooms were designed, three
with different lighting, colour and geometry, and a control
classroom. This allowed a comparison to be made between
results obtained by subjects in cognitive tests in three
modified environments and results obtained in a control
classroom. The analysis of the results was carried out in
three consecutive phases. First, the virtual simulations
carried out were validated (Phase I). Measurements
were then taken of the subjects’ memory and attention
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performance and preference for each of the virtual envi-
ronments (Phase II). Finally, the differences found were
quantified and compared based on gender (Phase III). The
experimental procedure was conducted in compliance
with the Declaration of Helsinki, and was approved by the
Review Board (Project P1_25_07_18) of the Polytechnic
University of Valencia. Figure 1 shows the general exper-
imental outline.

2.1. Sample

The experimental sample was made up 200 subjects,
gender balanced (100 male and 100 female), with an
average age of 23.34 years (standard deviation, s Z 3.73).
All fulfilled the conditions of having read and signed an
informed consent document, being students, and not
having visual acuity and field problems or, if they had,
having the corresponding optical correction using contact
lenses (it was not possible to employ subjects wearing
spectacles as this inhibits their ability to use VR devices).
In addition, their colour vision was tested using the
FarnswortheMunsell Dichotomous D-15 Test. All subjects
viewed four virtual classrooms, a control classroom, a
classroom with modified lighting, a classroom with modi-
fied colour and a classroom with modified geometry. The
order of the viewing of the four groups of classrooms fol-
lowed complete counterbalancing. The experimental
design ensured that the three groups of modified design
elements (lighting, colour and geometry) were presented
randomly and that all modifications were viewed a similar
number of times (difference of less than two viewings). In
all the virtual classrooms, the subjects had to perform, in
the following order, memory tasks and attention tasks,
and then to state their preferred virtual environment. At
the end of each experiment, the level of the subjects’
sense of presence was evaluated. The gender of the sub-
jects (male and female) and the virtual classroom types
(control, lighting, colour and geometry) combined to
create eight groups of students.

2.2. Stimuli

The stimuli were virtual reality classrooms. The control
classroom was a virtual replica of a room in the Polytechnic
University of Valencia, chosen because it is representative
of this type of space in Spain. The classroom had the
following physical characteristics: neutral white wall
colour (N5 in the Munsell colour system), height, width
and length typical of classrooms in the university
(3.80 m � 8.40 m � 16.50 m) and commonly used artificial
lighting (colour temperature of 4000 K, 300 lx of illumi-
nance, and direct flow). The three groups of modifications
were based on variations (from the control classroom) of
the parameters of the design elements: interior artificial
lighting (colour temperature and illuminance); wall colour
(saturation and hue); and geometry (heightdthe clear
height from floor to ceiling, and widthdthe distance be-
tween the longitudinal walls). The modification values
chosen were based on standard construction criteria
(Fig. 2). For lighting, the most common bulbs on the market



Fig. 1 General methodological schema.
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were chosen. For colour, the choice was to use 10 different
shades evenly distributed on the Munsell colour wheel, with
two saturations always separated by 6 chroma units, and an
intermediate constant value of 5 units. For geometry, the
choice was to use one of the modules/units frequently
employed in the manufacture of flooring and false ceiling
parts.

To ensure that other factors had no effect, the position
and direction of the lighting, the furniture and its distri-
bution, and other materials and finishes were maintained,
as was the location of the subject within the virtual reality
classroom (Fig. 3).

2.3. Virtual simulation set-ups

The virtual classrooms were created through a modelling
and rendering process. The modelling was carried out using
Rhinoceros (v.5.0), and the rendering using V-Ray Renderer
(v.3.3), running on Autodesk 3ds Max (v.2014). The renders
were configured as 360� panoramas, saved in a JPG format
with a resolution of 8000 � 4000 pixels. As aforementioned,
Fig. 2 Schema of the parameters anal
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the subject’s location (a chair in the centre of the second
row of desks) remained constant.

The renders were presented using Unity3D software
(v5.6), which allowed them to be viewed in an immersive
way. The viewing device used was the HTC Vive head-
mounted display (some details to note about this device
are: total resolution 2160 � 1200 pixels, 110� field of view
and 90 Hz refresh rate). The HTC Vive device was con-
nected to a high-performance computer (CPU, i9-10900 K,
RAM 64 GB, GPU RTX3080), which allowed the subjects to
smoothly view the virtual classrooms. To maximise the
subjects’ immersion, the laboratory lights were turned off,
and the room was soundproofed against external noise.

2.4. Procedure

The experiment was conducted in a laboratory, always in
the same time slot. The procedure consisted of 6 phases
(Fig. 4).

The total duration of the procedure was 30 min.

� In the 1st phase (preparation), the subject was
welcomed into the laboratory and the room was pre-
pared for the experiment; instructions were provided to
the subjects; the colour vision status of each subject was
assessed through the FarnswortheMunsell Dichotomous
D-15 test. Duration: around 5 min.

� In the 2nd phase (habituation) the subjects viewed a VR
space/room to get them accustomed to the system. This
space/room differed “physically” from the four stimuli
classrooms used in the experiment: it was of simple
design and neutral colours and lighting and had no
furniture nor identifying elements. Duration: until the
subject considered that (s) he was accustomed to the VR
system.

� The 3rd phase (attention and memory test) began with
the issuing of instructions followed by a 60-s break
(during which the subjects did not view any images).
Thereafter, the subjects viewed, randomly, for 60 s,
one of the virtual classrooms: the control, the lighting-
modified, the geometry-modified or the colour-
modified classroom. While the subjects were immersed
ysed: lighting, colour and geometry.



Fig. 3 Set of classrooms visualised as stimuli. The left, middle and right columns show the control classroom characteristics with
the modifications corresponding to all possible combinations of the studied parameters of lighting element, colour and geometry,
respectively.
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Fig. 4 Experimental procedure: The 6 consecutive steps taken in the research process. The 2nd, 3rd and 4th phases were un-
dertaken using virtual reality.
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in the virtual classrooms, specific tests measured their
levels of memory and attention. To ensure the results
did not suffer from response desirability the experi-
menters explained to the subjects that there were no
right or wrong answers. Duration: approximately 15 min.

� In the 4th phase (preference test) the subject was
immersed in the same classroom, but in this case a rating
scale of �4 to 4 was displayed on the classroom’s
blackboard. Using this scale, the subjects responded to a
questionnaire about the classroom in general, and its
architectural elements. This phase gathered the sub-
jects’ environmental preferences. Duration: about
2 min.

� In the 5th phase (test of sense of presence) the subjects
removed the HMDs and responded to a SUS questionnaire
(Slater et al., 1994) that assessed their level of sense
presence in the virtual classrooms. Duration: about
2 min.

� In the 6th phase (finalisation) the subjects completed a
demographic questionnaire, and the experimental ses-
sion ended. Duration: about 4 min.

2.5. Metrics

Test of sense of presence. A SUS questionnaire was used to
quantify the level of sense of presence of the subjects
(Slater et al., 1994). This questionnaire, which employs a 6-
point Likert scale (1e7), is a measure widely used to
quantify and understand subjects’ degree of sense of
presence in virtual environments. Low scores (closer to 0)
indicate that subjects perceive the environments as artifi-
cial, while high scores (closer to the maximum of 42, that
is, 7 points � 6 Items) indicate they perceive a high sense of
presence in the VR environment. Based on the results of
previous research, it was estimated that scores of 24 or
above represented an optimal sense of presence (Slater and
Steed, 2000).

Attention test. The subjects’ attention performance was
measured in a psychological task in which they had to react
as quickly as possible to specific auditory stimuli. The
subjects listened to 4 different sounds/stimuli, having been
previously told that only one was the target stimulus, and
that the remaining three were distractors. The subjects
then listened to 40 sounds, of which 8 were target stimuli,
randomly presented. They were asked to click a mouse only
when they heard the target stimuli. This process was car-
ried out 3 times, meaning the subjects listened to 24 target
sounds and 96 distractors. The task is similar to those
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undertaken in continuous auditory performance tests
(Seidman et al., 1998) which calculate reaction times. The
presentation and randomisation of the sounds in the
attention test were specifically developed for this experi-
ment. This overall process provided the sustained attention
metric.

Memory test. The subjects’ memory performance was
measured in a psychological task in which they had to
memorise a list of words broadcast by a recording device.
Following Alonso et al. (2004), they were presented with 3
lists of 15 words each, randomised from a total of 15 lists.
The lists were presented at 15 s intervals. Immediately
after the presentation of each list, the subjects were asked
to repeat the words they remembered, in any order. To
avoid collecting erroneous data based on any lapses made
by the researchers, the subjects’ responses were recorded.
The number of total correct answers was calculated
following the DRM paradigm (Beato and Dı́ez, 2001). The
words were presented by Loquendo TTS 7, reproduced
through Windows Media Player. Thus, the working memory
metric was obtained.

Environmental preferences. To measure their level of
classroom preference the subjects were posed a question,
specifically designed for the present study, about their
perceptions of the environment they had viewed. The
subjects were asked to respond based on a Likert scale of
�4 to 4 presented in the virtual classroom, where it was
viewed in real time. They were asked to “rate from �4 to 4
the extent to which you agree with the following state-
ment: in general, I like this classroom”. Choosing �4 indi-
cated the subjects completely disagreed with the
statement, and þ4 indicated total agreement with the
statement. Thus, their levels of personal preference for,
and their degree of “I like” of, the classrooms were
assessed, and the preference metric of the environment
was obtained.

2.6. Statistical analysis

The data were analysed using SPSS v. 26.0. The normality of
the data was checked by the Kolmogorov-Smirnov test, with
the Lilliefors significance correction. The test showed that
the data were normally distributed. On this basis, an analysis
of variance (ANOVA) was applied. In addition, a descriptive
analysis ofmeanswas performed to validate the stimuli. All p
values < 0.05 were considered statistically significant. Ac-
cording to Lakens (2013), the effect sizes were reportedwith
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partial eta squared (h2p). Table 1 shows the analyses per-
formed to address the relevant issues.

3. Results

The effects of the design were analysed at the level of each
element (the changes in all three parameters, lighting,
colour and geometry, being grouped together). This pro-
vided three groups, lighting, colour and geometry (in
addition to the control classroom). Their means were nor-
malised so that they could be represented on the same
axis. The statistical analysis of the data produced the
following results.

3.1. Phase I: analysis of sense of presence

Measures were made of the subjects’ average levels of
sense of presence for the four classrooms. The results
showed values higher than 28, with the mean level of
sense of presence in females being higher than in males
(31.98 versus 29.06). Based on the results obtained by
Slater and Steed (2000), who used the SUS questionnaire
with the SUS-total metric, it is reasonable to conclude
that the levels of sense of presence obtained were satis-
factory. Fig. 5 depicts the average levels of sense of
presence for the four scenarios.

3.2. Phase II: analysis of the impact of design
elements on the variables students’ memory,
attention and preferences

Following the validation of the VR environment, statistical
techniques were used to compare the responses to the
different design elements, lighting, colour and geometry,
with responses to the control room. Given the normality of
the variables, an ANOVA test was applied. The results are
shown in Fig. 6.

� Working memory metric. The control classroom
returned the poorest results. Modified lighting signifi-
cantly improved the results (F(1,682) Z 6.304,
p Z 0.012, h2p Z 0.009). While geometry and colour
modifications did improve performance in the memory
test, the results were not significant (p > 0.05).

� Sustained attention metric. Again, the worst results
were obtained in the control classroom, where reaction
times were the longest, thus attention paid was the
poorest. Reaction time was significantly reduced, that
is, improved, by classroom interventions in lighting
(F(1,613) Z 5.230, p Z 0.021,h2p Z 0.009), colour
(F(1,562) Z 3.434, p Z 0.027, h2p Z 0.006) and geometry
(F(1,835) Z 4.898, p Z 0.023, h2p Z 0.006), which
demonstrates the sensitivity of the cognitive function
attention to classroom design.

� Environmental preference metric. Again, the worst
results were obtained in the control classroom. As with
memory, interventions in colour and geometry did not
significantly improve the results (p > 0.05). Lighting
modifications, however, significantly (F(1,679) Z 16.68,
p < 0, h2p Z 0.024) improved the results.
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Fig. 5 Average level of sense of presence in each simulated
classroom type.

Fig. 6 Relationship between subjects’ psychological metrics
and classroom design elements. The asterisks indicate signifi-
cance levels (*p < 0.05, **p < 0.01).

M.L. Nolé Fajardo, J.L. Higuera-Trujillo and C. Llinares
Therefore, in general, lighting was shown to be the design
element with the most influence, as it affects not only
preference, but also the cognitive functions attention and
memory. Nonetheless, attentionmust be drawn to the effect
of design on the sustained attentionmetric,whichwas shown
to be the most sensitive to design variations.

3.3. Phase III: analysis of the impact of design
elements on the variables students’ memory,
attention and preferences, as a function of gender

To analyse differences due to gender, the same analysis as
carried out in Phase II was conducted, but this time seg-
menting the responses between males and females.
Figure 7 shows the results obtained.

� Working memory metric. Lighting improved the test re-
sults, as was the case in Phase II, but the improvement
was only significant (F(1,310) Z 6.06, p Z 0.014,
h2p Z 0.019) in the male group.

� Sustained attention metric. While design interventions
did improve results in the male group, the enhancements
were not significant (p > 0.05). However, for the female
group, changes in lighting and colour significantly reduced
reaction times (F(1,301) Z 5.507, p Z 0.020, h2p Z 0.018;
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F(1,259) Z 4.254, p Z 0.040, h2p Z 0.016, respectively).
While geometry was not shown to be significant, it was
close to significant (p < 0.075) for both genders.

� Environmental preference metric. For both genders,
lighting significantly improved (F(1,310) Z 5.085,
p Z 0.025, h2p Z 0.016 for males; F(1,325) Z 12.379,
p < 0, h2p Z 0.037 for females) the ratings.

In general, the results showed that gender must be
taken into account in this type of analysis, given that the
differences between the groups were significant. In detail,
it was observed that only lighting had a significant effect on
environmental preferences for both groups, and that it
affected memory among males and attention among fe-
males. The same was the case with attention, which was
seen to have the greatest effects among the design
changes, but only for females. This analysis allows us,
therefore, to present the results in a specific fashion.

4. Discussion

The present study analyses the relative impact that light-
ing, colour and geometry have on the memory, attention
and preferences of university students, segmented by
gender. The fundamental contributions of the study are the
comparison of the effects of the different design elements
and its segmentation of the results by gender.

Following this line of argument, the discussion of the
results is now presented in two main sections: First, the
effects of each of the design elements on the psychological
variables and, second, the mediating effects of gender on
these relationships. Finally, we discuss the limitations of
the study.

As to the relative impact of changes to the design ele-
ments, the results showed that lighting (i.e., changes in
illuminance and colour temperature) had the greatest in-
fluence on preference and performance in attention and
memory tests. These results are consistent with previous
studies that analysed the influence of lighting on cognitive
performance (Hygge and Knez, 2001; Keis et al., 2014; Knez
and Kers, 2000). The relative importance of the effect of
lighting on learning in comparison to other design elements
may be related to the direct involvement of light in many
internal biological processes, such as circadian rhythms
(Rea et al., 2002), and levels of cortisol, a hormone related
to activation and improvement in cognitive performance
(Gabel et al., 2013), and to psychological processes, such as
attention (Studer et al., 2019). In any case, that light levels
determine, to some extent, activity in human beings, sug-
gests that lighting-related nuances are easier to perceive,
which would explain the differences between the levels of
stated preferences for classrooms with different lighting
(Huang et al., 2020). Segmented by gender, it was observed
that lighting changes affected males’ memories and fe-
males’ attention levels. Previous studies have shown that
males and females respond differently to colour tempera-
ture changes (Lu et al., 2019).

Colour was the next most influential element. Colour
changes in the classrooms (different hues and saturations)
significantly affected attention levels among the females.
Earlier VR-based research also established the existence



Fig. 7 Relationships between the subjects’ psychological
variables (M: male and F: female) and the design elements of
the classrooms. The asterisks indicate the significance levels
(*p < 0.05, **p < 0.01).
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of significant gender-based differences; specifically, fe-
males have been seen to make more errors than males in
single-choice tests when using computer screens with
yellow backgrounds, but fewer mistakes when using
screens with orange backgrounds (Xia et al., 2022). In this
sense, females are more able to distinguish darker colours
than are males, especially at ages characterised by oes-
trogen hormonal changes (Correa et al., 2007). These
gender-based differences in the perception of (Hurlbert
and Ling, 2012), and preference for (Jalil et al., 2013),
colours have been extensively examined in various set-
tings, with different experimental aims (Funk and Ndubisi,
2006; Huang et al., 2019), which supports the universality
of the phenomenon.

Finally, geometry (classroom ceiling height/width) was
shown to be the least influential element in students’
cognition. In general, geometry has been little analysed in
the scientific literature, although previous research has
found a link between classroom width and cognitive per-
formance (Llinares et al., 2021c). In the present study,
significant improvements in the reaction times in the
attention test were observed when interventions were
made in the height/width of the classrooms. A very near to
significant gender-based difference was also observed in
the attention test.

In short, the results showed, as other authors have
observed (Barrett et al., 2015), that a direct relationship
exists between the design elements lighting, colour and ge-
ometry and students’ learning and preferences. The results
also showed that, of the three metrics examined (working
memory, sustained attention and environmental prefer-
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ences), sustained attention was the most sensitive to class-
roomdesign interventions. An explanation for this resultmay
be that the simultaneous activation of external attention (to
the VR-based stimuli) and internal attention (to the tasks)
overwhelmed the overall system.While both attention types
have distinct neural networks, they share connections that
can, based on certain circumstances, interfere negatively
with their operations (Maillet et al., 2019). Thus, the envi-
ronment couldbeexerting adistracting functiononattention
(Rodrigues and Pandeirada, 2015). In addition, while it was
shown that all changes to the design elements of the envi-
ronment affected attention levels, preference was particu-
larly sensitive to changes in lighting. That changes in lighting
levels are particularly perceptible may be due to an adap-
tation and survival mechanism. Lighting has been shown to
have an important role in human physiology (Pilorz et al.,
2018) and, in particular, it is very involved in the operation
of biological mechanisms, such as circadian rhythms
(Tähkämö et al., 2019).

The results showed that design elements produce sig-
nificant gender-based differences, as found in previous
studies (Lu et al., 2019; Nolé et al., 2021; Xia et al., 2022).
This is consistent with the notion that spatial orientation in
males and females develops in different ways (Bosco et al.,
2004; Coluccia and Louse, 2004), which implies that males
and females perceive space differently.

The results may also have been affected by psychologi-
cal factors, such as emotional state, which has been shown
to influence cognitive processing (Hascher, 2010). It should
be noted, also, that the VR scenarios could be exerting an
effect on the resultsdit is known that males and females
use technologies in different ways (Miola et al., 2021).
Thus, future research should address these possible limi-
tations by complementing the analysis, for example, of
sense of presence, by using spatial orientation tests (seg-
menting by gender) in VR environments (Allahyar and Hunt,
2003), and by assessing the emotions generated by the
spaces.

Finally, focusing the research on a classroom with a
specific design (layout, furniture, .) may be a limitation.
However, it was considered important to modify only the
variables under study, keeping the rest constant. For this
reason, a control classroom that could accommodate the
proposed changes, and that was representative of Spanish
universities, was chosen. Future work might replicate the
analysis in a classroom with other characteristics, in terms
of layout/furniture.
5. Conclusions

This study compares the effects that classroom lighting,
colour and geometry exert on the attention, memory and
preferences of university students, segmenting by gender.
The analysis identified that design elements affect indi-
vidual variables in distinct ways and have different effects
on females and males. Specifically, lighting was shown to be
the most influential design element; it affected males’
memories, females’ attention and the preferences of both.
Colour was the next most influential design element; it
produced a notable effect on females’ attention. Geometry
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was shown to have the least impact on students’ cognition.
Finally, it is important to highlight the sensitivity of
attention to overall classroom design. The evidence
presented in this study has considerable implications for
education and educators; based on it, practical modifica-
tions can be proposed to improve classroom design.

Existing classrooms could be modified to increase stu-
dents’ performances in specific situations (e.g., increased
recall at exam time). Lighting modifications should be pri-
oritised because they most affect learning, and can be
made without undertaking construction works (they involve
only changing light bulbs), and the currently available
lighting solutions would allow immediate modifications to
be made to the parameters studied (illuminance and colour
temperature). The findings of the present study allow us to
propose new principles for the design of educational envi-
ronments. Putting these principles into effect might
enhance teachers’ and students’ perceptions of the value
of classroom design. This, in turn, may prompt them to
become more involved in the design of interior projects.
These results may be of interest to architects, interior
designers and engineers who wish to create classrooms that
satisfy the psychological needs of their students.
Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

Grant BIA 2017-86157-R was funded by MCIN/AEI/10.13039/
501100011033 and by ERDF, “A way of making Europe”. The
first author is supported by the Ministry of Science, Inno-
vation and Universities of Spain (FPU19/03531). The second
author (postdoctoral fellow “Margarita Salas”) is supported
by funding from the Spanish Ministry of Universities and by
the European Union NextGenerationEU.

References

Ahrentzen, S., Evans, G.W., 1984. Distraction, privacy, and class-
room design. Environ. Behav. 16 (4), 437e454. https:
//doi.org/10.1177/0013916584164002.

Allahyar, M., Hunt, E., 2003. The assessment of spatial orientation
using virtual reality techniques. Int. J. Test. 3 (3), 263e275.
https://doi.org/10.1207/S15327574IJT0303_5.

Areces, D., Dockrell, J., Garcı́a, T., González-Castro, P.,
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Picucci, L., Caffò, A.O., Bosco, A., 2011. Besides navigation accu-
racy: gender differences in strategy selection and level of
spatial confidence. J. Environ. Psychol. 31 (4), 430e438. https:
//doi.org/10.1016/j.jenvp.2011.01.005.

Pilorz, V., Helfrich-Forster, C., Oster, H., 2018. The role of the
circadian clock system in physiology. Pflügers Archiv 470 (2),
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