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Experimental study on the impact 
of indoor air quality on creativity 
by Serious Brick Play method
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Bing Feng Ng 3*

Companies are increasingly asking their employees to find creative solutions to their problems. 
However, the office environment may reduce an employee’s creative potential. In this study, the 
role of indoor air quality parameters  (PM2.5, TVOC, and  CO2) in maintaining a creative environment 
(involving lateral thinking ability) was evaluated by Serious Brick Play (SBP), an adaptation of the 
LEGO Serious Play (LSP) framework. This study was conducted in a simulated office space with 
92 participants over a period of 6 weeks. The SBP required participants to address a challenge by 
building using Lego bricks, and then describe the solution within a given timeframe. The creations 
and descriptions were then graded in terms of originality, fluency, and build. The results indicated 
that higher TVOC levels were significantly associated with lower-rated creative solutions. A 71.9% 
reduction in TVOC (from 1000 ppb), improves an individual’s full creative potential by 11.5%. Thus, 
maintaining a low TVOC level will critically enhance creativity in offices.

Creativity is involved in everyday thinking through one’s ability to restructure and use knowledge in an uncon-
ventional way, such as gardening in the backyard or conducting a complicated task. A common framework for 
categorising parameters that affect people’s creativity is the Four P’s model (Person, Process, Press, and Product)1. 
‘Person’ is the individual who is creating, as some people can be more creative than  others2. ‘Process’ is the pro-
cedure used by a Person to develop the Product, and different Processes (such as differing assessment methods) 
can lead to different  outcomes3. ‘Product’ is built by the Person and is a result of the Process. ‘Press’ refers to 
the environment where a Person builds their Product, and this Press refers to conditions that may facilitate or 
impede the creative  process4.

Bronfenbrenner’s ecological systems theory characterises different levels of the environment. The theory 
defines that humans develop through the processes of continuously more complex interactions between individu-
als and the people, objects, and symbols in their immediate external  environment5.  Reference6 investigated the 
role of physical environment interactions in an individual’s creative potential. The study concluded that a natural 
environment was rated as relatively higher in creative potential than an artificial environment and ratings of a 
space’s creative potential predicted creative performance of an independent sample of participants in that space. 
However, the study mentioned that non-photographable properties such as noise, odour levels, ventilation, and 
temperature were not taken into consideration in the analysis. Previous research on how the environment could 
affect creativity focused on the physical attributes, e.g., how individuals use objects present in the environment 
to solve a  problem7, rather than the quality of the environment. Indoor environment quality (IEQ) refers to the 
building’s performance in terms of quality of acoustics, thermal and visual comfort, and indoor air quality (IAQ). 
While some studies have assessed the influence of  noise8,9,  temperature10, and  lighting11 on creativity, the effect 
of IAQ on creativity is still largely unknown.

IAQ parameters include levels of gases (e.g., carbon monoxide, carbon dioxide, volatile organic compounds, 
or formaldehyde), airborne particulate matter (e.g.,  PM10,  PM2.5), and airborne microbial contaminants (e.g., 
fungi, bacteria) together with environmental condition parameters (e.g., air temperature, relative humidity, and 
air movement). Excessive exposure to these air pollutants or abnormal environmental conditions can cause 
adverse health and psychological effects such as low productivity, sick-building syndrome, and impaired cogni-
tive  abilities12–15. However, little is known about the effects on an individual’s creative potential. As creativity is 
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a complex ability that involves multiple cognitive processes, it leads to the hypothesis that there could also be an 
association between IAQ and creativity.

As such, this study seeks to understand how improving IAQ through reduction in TVOC,  PM2.5 and increase 
in ventilation rate (changing the “Press” in the 4 P’s model) could affect creativity. To ensure that there are no 
confounding effects of other environmental parameters, a controlled environment chamber simulating a typi-
cal office environment is adopted. In the chamber, IAQ was systematically manipulated for levels of TVOC and 
 PM2.5 (through the use of filters) and ventilation rate (by changing the fresh air intake). In addition, to ensure 
there are no confounding effects of inter-individual differences (the “Person” in the 4 P’s model), the study was a 
within-participants design, so that all participants experienced all levels of IAQ. Finally, to ensure the creativity 
task is repeatable and quantifiable (“Process” and “Product” in the 4 P’s model), a new methodology, Serious 
Brick Play (SBP), is adopted from the Lego Serious Play framework. In the following sections, the development 
of creativity assessments is discussed in “Development of creativity assessments” section, and the experiment 
methods used in this study are described in “Methods” section including the chamber, experimental conditions, 
study population, activity and the statistical analysis approach. In “Results” section, the results are presented 
followed by discussion and conclusions. This study aims to shed light on the importance of maintaining good 
IAQ in enhancing the full creative potential of occupants.

Development of creativity assessments
Existing creativity tests. According to Ref.16, everyday thinking comprises of two creative processes, 
divergent thinking and convergent thinking. Divergent thinking allows idea generation, where the selection 
criteria are vague with many possible  solutions17. In contrast, convergent thinking uses persistence and focus 
on a well-defined problem to find a single  solution18. Convergent and divergent thinking can be combined (also 
known as lateral thinking, which is less discussed and more complex) to allow a set of approaches and tech-
niques to find radically novel approaches to solve  problems19,20. Lateral thinking ability represents the full crea-
tive potential of an individual. However, previous creativity studies use divergent thinking to test creativity with 
open-ended problems rather than tapping onto lateral thinking ability to test  creativity21,22.

Reference16 employed the Alternative Uses Test (AUT), which requires the participant to think of as many 
use cases as possible for a simple object as a test of divergent thinking. AUT creativity is measured based on 
the number of use cases generated and how well the participant performs across sub-categories (e.g., fluency, 
originality, flexibility, and elaboration). The test requires participants to have prior knowledge of different use 
cases which are influenced by different lifestyles and cultural experiences, and therefore has questionable psycho-
metric quality. In particular, the requirement of prior knowledge introduces bias in generating the list of  uses23. 
In addition, having a large sample size penalises the uniqueness of each response compared to a small sample 
 size24. As an alternative, the Torrance Tests of Creative Thinking (TTCT) is popularly used to measure divergent 
thinking, subdivided into verbal and figural  components2. TTCT involves guessing of drawings as part of verbal 
TTCT and completing a picture as part of figural TTCT. However, the TTCT test fails to measure the utility of 
ideation creativity, such as the important cognitive process of insight where the moment of comprehension is 
used to solve  problems23,25. The AUT and TTCT are based on the concept that creative thinking is stimulated by 
restructuring and using prior knowledge to generate creative solutions. These conventional tests are designed 
around divergent thinking but are limited in testing lateral thinking ability. This can be especially problematic, 
as the outcomes of divergent thinking tests are often overgeneralised as representing all aspects of  creativity23.

Lateral thinking involves both divergent and convergent thinking.  Reference26 suggested the principle of 
knowledge and playfulness, or the imaginative use of knowledge to trigger divergent thinking as the essential 
component to simulate creativity. A study that tested participants ability to solve a mathematics problem while 
remembering a list of words showed that they could remember more if they use hand gestures for  explanation27. 
Another study showed that hand gesturing led to better  learning28. It is suggested that using hands to manipu-
late and construct is a primal way for the brain to use and construct its knowledge of the  world29. Thus, using 
hands to gesture and aid in a playful way could potentially unleash creative thinking. Considering the possible 
link between using hands and creativity, Ref.30 described the LEGO SERIOUS PLAY (LSP) method to unleash 
creativity through a hands-on building process.

LEGO® SERIOUS PLAY® (LSP). LSP involves a group of people expressing their thoughts and ideas by 
building three-dimensional models individually with the LEGO bricks provided. Subsequently, they described 
the significance of their build to other members of the group. LSP is famous for team building, working out the 
best solution to a shared challenge, strategy development, and unleashing creative thinking. LSP is an open-
source methodology that is made available by LEGO® Group under a Creative Commons licence. It is used 
as a facilitation methodology involving imagination, discoveries, and design opportunities to address enter-
prise, team, or personal development problems and is designed to unlock new knowledge and break habitual 
 thinking30, providing a new way to trigger lateral thinking and assess creativity.

The method involves four steps: challenge, construction, sharing, and reflection. For instance, in a typical LSP 
session, the facilitator introduces the challenge through related questions. In the construction step, members 
of the group would individually build a model using LEGO bricks for a specific duration. In the sharing step, 
members in the group describe their build’s significance on how it addresses the challenge (step 1) with other 
members in the association. In the final step, reflection, the facilitator and other members in the group would 
reflect on the shared model (step 2) by asking questions, sharing insights, and identifying patterns together with 
the builder. LSP as a method of eliciting creativity has the advantages of requiring illustrative explanations and 
allowing a range of solutions to a challenge. However, while LSP has been used extensively for teambuilding 



3

Vol.:(0123456789)

Scientific Reports |        (2023) 13:15488  | https://doi.org/10.1038/s41598-023-42355-z

www.nature.com/scientificreports/

group exercises, the method does not have a quantitative assessment component and cannot systematically 
assess creativity.

There are numerous methods available to quantify creativity. However, the quantification method used should 
adapt and be feasible to the individual unique construct of the creativity  test3,31–34. Based on the Four P’s model of 
 creativity1, an assessment of a ‘‘product’’ (such as the built outcome of LSP) can be performed using three grad-
ing systems, namely, Creative Solution Diagnosis Scale (CSDS)35, Consensual Assessment Technique (CAT)36 
and Creative Product Analysis Matrix (CPAM)37, giving a quantifiable score for the output of the LSP test for 
creativity. Among the three, CPAM is a cost-effective method with an easy-to-follow guideline for non-expert 
judges without compromising the structure of the quantification process (see “Statistical procedures” section).

Methods
This study was approved by the Institutional Review Board of Nanyang Technological University, IRB-2017-
06-014, and all methods were performed in accordance with the relevant guidelines and regulations per the 
Declaration of Helsinki. Written informed consent was obtained from all subjects to take part in the study.

A single-blind experiment was adopted for this study. It included repeated measurements of creativity on the 
same participant while switching the environmental chamber between six pre-defined sets of IAQ conditions 
to which each participant was exposed. The participants ran through an experimental round of 7 weeks, spend-
ing 1 day per week in the chamber. The first week (week 0) was to train the participants to be familiar with the 
experimental protocol, whereas the following 6 weeks were examinable weeks during which the participants 
were exposed to one set of IAQ conditions per week and examined for creativity.

Environmental chamber. The environmental chamber used in this study is shown in Fig. 1 with internal 
dimensions of 9 m (L) × 3 m (W) × 2.4 m (H) and located in the basement of a laboratory building at Nanyang 
Technological University, Singapore. The chamber’s side walls are constructed with 12 mm-thick calcium silicate 
boards with rock wool insulation sandwiched in-between. The surfaces of the wall were painted in white colour 
(emulsion paint) and the concrete flooring was covered with nylon carpet tiles. The ceiling was fully covered by 
dimmable LED lighting fixtures. One of the longer sides of the chamber had two flat-screen LCD TVs covered 

Figure 1.  Schematics of the environmental chamber. Participants were allowed to choose any of the numbered 
desk (green) on the first day and that was assigned to them for 6 weeks. The illusion of windows is indicated as 
(I). The IAQ indicators were measured on a cart at a raised height of 1.5 m from the ground in the middle of 
the room located at (II), 1 m away from the participants. The fan runs at 300 L/s and FCU indicate fan coil unit 
operates at 150 L/s. The filter box was designed with hidden slots dedicated to Carbon and PM filters and the 
adjustable fresh air intake allows for variation in the ventilation rate.
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with roller window blinds with a spring chain system to mimic windows to reduce the feeling of  confinement38,39. 
The internal space of the chamber was furnished to resemble a typical office environment with six working desks. 
Each desk was furnished with a desktop computer and a set of LEGO bricks for the creativity test.

The configuration of the chamber is symmetrical in length. The chamber utilised two individual air-condition-
ing and mechanical ventilation (ACMV) systems as shown in Fig. 1. On each half of the chamber, conditioned 
air was provided by a fan coil unit (FCU) having a cooling capacity of 1.5 kW and a constant volumetric flow 
rate of 150 L/s. The conditioned air passes through an air diffuser into the chamber and is returned through a 
return air grill on the shorter side wall. The air in the chamber was circulated by a circulating air loop driven by 
a fan with a volumetric capacity of 1000 L/s controlled by a variable speed drive. Each of the circulating air loops 
had a fresh air intake with an adjustable dampener to allow for ventilation rate adjustment and a filter box with 
three filter slots to allow for a maximum of two PM filters and a carbon (TVOC) filter to be fitted in. By fitting 
different combinations of filters into the filter box, PM and TVOC levels in the chamber could be varied. The 
fan speed was varied to compensate for the different pressure drops due to the insertion of filters such that the 
circulation rate remained constant at 300 L/s for all tests.

During the experiment, the air temperature in the environmental chamber was maintained at 24–25 °C with 
a relative humidity of 50–60%. The light intensity at the desktop level was maintained at 500 lx, in line  with40 
(300–500 lx), and the noise level was maintained at 54.8 dBA (8-h average) in line  with41 (90 dBA, 8-h day expo-
sure). The floor carpet was vacuum cleaned before the start of each round (without using any cleaning agent).

Experimental conditions. The experimental conditions of the 7 weeks for each round are summarised in 
Table 1. Week 0 was the training week during which no filter was inserted into the filter box. In the following 
6 weeks, IAQ conditions were varied by 3 methods: The baseline condition consisted of a low ventilation rate of 
0.5 air changes per hour (ACH), or 9 L/s, (LV in Table 1). This condition was repeated twice in each round so that 
any learning effect (participant increasing in proficiency in the task over time) could be detected and be offset 
from the effects of changing the IAQ conditions in subsequent data analysis. An increased ventilation rate of 1 air 
change per hour (ACH) or 18 L/s, denoted as ‘HV’ in Table 1 was used in the other conditions. This ventilation 
rate corresponds to the minimum fresh air supply rate of 0.6 L/s-m2 for offices recommended by the Ref.42. Pol-
lutants were reduced by inserting PM filters (denoted as ‘PM’ in Table 1) and inserting carbon filters (denoted as 
‘C’ in Table 1) or inserting both filters (denoted as ‘PM-C’ in Table 1). The PM filter used was a combination of 
G4 (CAMFIL 30/30 Panel Filters) and F8 (CAMFIL EcoPleat G 3GPPS-12244-F8) particulate filter, which has a 
rating of ePM1 at 70%43,44. The carbon filter used was a CAMFIL Gigapleat NXPC  C345,46 for TVOC reduction. 
The ventilation rate was measured by the tracer gas decay method using  CO2 as the tracer gas.

Study population. The study population consisted of 92 university students (undergraduate and postgrad-
uate) of diverse backgrounds. The population comprised an equal number of males and females, aged between 
21 and 30 years, from different academic disciplines. Participants were screened for eligibility using a pre-test 
questionnaire. Eligible participants were healthy individuals without any allergies, chronic diseases, claustro-
phobia, learning disorders, or neurological disorders. Individuals who were taking psychoactive medication and 
current or social smokers were also excluded from the study.

The participants were divided into three rounds of study following the same protocol. For each round, par-
ticipants attended a training session (Week 0) on the first week to get familiarised with the experimental protocol 
and dampen any potential learning  effects47. Participants in each round were rotated weekly. The weekly rotation 
requires participants to report to the chamber on the same day of each week, i.e., Monday participants participate 
in the study on each Monday of the 7 weeks. Out of the 92 selected participants, 2 dropped out before completing 

Table 1.  The sequence of given challenges and varying IAQ condition settings. # IAQ condition setting: LV low 
ventilation baseline (0.5 ACH), HV high ventilation (1 ACH), PM PM filter inserted, C carbon filter inserted. 
*Repeated condition.
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all 7 weeks of experiments. Data points from 3 participants were removed from the dataset due to minor technical 
issues that occurred during the experiments. Data collected from 87 participants (522 data points) were used 
in the subsequent data analysis. The results from the training week (Week 0) were not included in the analysis.

Instrumentation. IAQ parameters were monitored continuously in the chamber during the experiment, 
using the instruments summarised in Table A-1. Monitored IAQ parameters include airborne bacteria level (cfu/
m3) and airborne fungi level (cfu/m3), carbon dioxide  (CO2, ppm), carbon monoxide (CO, ppm), formaldehyde 
(HCHO, µg/m3), ozone  (O3, ppm), airborne particulate matter  (PM2.5, µg/m3), relative humidity (RH, %), the 
total volatile organic compound (TVOC, ppb) and air temperature (T, °C). The daily 8-h average exposure, 
according to the Ref.48, presented in Table 2 was used for analysis.

Serious Brick Play (SBP) design. Each participant was given a bag of an equal amount of LEGO® CLAS-
SIC bricks with colour variations. The compositions of bricks in all bags were similar in terms of numbers for 
each specific size and specialised pieces (e.g., doors, windows, wheels). The bags of LEGO bricks assigned to the 
participants were rotated for each week’s study to ensure that participants were exposed to random selections of 
bricks to reduce brick familiarity.

Due to the shortcomings of the current assessments, we propose the SBP method, built upon the LSP meth-
odology, as a way of quantifiably assessing lateral creative thinking. Each of the four core steps of LSP was modi-
fied to fit into a quantitative assessed framework, where the participants would complete three core steps: read, 
build, and describe. The fourth core step, reflection was replaced with a post-test assessment. The key differences 
and similarities between the two methods are summarised in Table A-2.

The first step, challenge, requires a universal problem that caters to the diverse expertise of the participants 
while not requiring any specialised knowledge to fulfil the task. Global issues of broad emphasis (e.g., climate 
change) were identified as a suitable theme. However, it is unlikely for all participants to have the same expertise/
experience on the topic. Hence to reduce bias caused by different levels of expertise/experience, participants were 
required to read a document with a comprehensive background summary on the topic. The background informa-
tion was sourced from various channels, including the United Nations Foundation, Worldwide Fund for Nature, 
National Aeronautics and Space Administration, local newspapers, World Health Organisation Public Health, 
the Mental Health Foundation, and Nature Communications. After reading the challenge carefully, participants 
were instructed to build their models to express a solution to the challenge (see Supplementary Appendix B).

In the second step of construction, participants built the model(s) to express their ideas about the solution to 
the given challenge. For each of the 6 test weeks, a different challenge was presented (climate change, poverty, 
mental health, ageing population, air pollution, and biodiversity, see Table 1). Participants were instructed not 
to search for any information or solution online as they build the model.

In the third step, sharing, participants described their model(s) by explaining the choice of colour (if any) 
and how it was related to the given challenge. Since the nature of SBP was to test creativity within individuals 
rather than a collective group effort, individual participants were asked to document the description in writing 

Table 2.  Levels of IAQ parameters in the environmental chamber under different IAQ condition settings. 
All 3 rounds are combined accordingly to the IAQ condition settings. The maximum and minimum values 
are obtained from the combined data of the 3 rounds. Bacteria and fungi levels are based on the average from 
the morning and afternoon sampling per study day. Data from  PM2.5 was calibrated to the dust present in 
the environmental chamber before the start of the study. Data from TVOC are based on Toluene standard. 
Outdoor  CO2 level is approximately 450 ppm. SS 554 limit indicates the reference IAQ levels used in the study 
and WHO indicates the international reference levels. 1 Reference48. 2 Reference49 and TWA  time weighted 
average.

LV HV-C HV-PM HV-PM-C HV LV* SS 554 (2016)1 WHO (2016)2

IAQ parameters

  PM2.5 (µg/m3)

8 h TWA 15.5 10.0 2.4 4.0 12.2 10.7

37.5 25Max 35.5 21.7 2.8 10.1 29.3 16.1

Min 14.8 10.6 1.2 1.2 6.3 6.7

 TVOC (ppb)

8 h TWA 668.5 280.8 535.3 342 578.3 565.7

1000 –Max 735.3 312.9 719.8 403.3 831.8 669.9

Min 533.6 241.4 538.9 298.7 333.8 579.8

  CO2 (ppm)

8 h TWA 801.9 700.1 755.5 742.1 695.4 748.1

700 above outdoor 300Max 965.0 810.3 913.6 914.9 805.9 963.0

Min 768.4 694.7 756.1 741.6 740.1 764.4

Other parameters

 Formaldehyde (ppb) 8 h TWA 9.0 9.5 9.4 9.6 9.8 8.9 81.0 81.0

 Carbon monoxide (ppm) 8 h TWA 2.4 2.3 2.5 2.4 2.4 2.5 9.0 9.0

Bacteria level (cfu/m3) Ave 79.5 105.6 185.7 150.0 184.1 150.5 1000.0 –

 Fungi level (cfu/m3) Ave 162.3 56.2 134.8 28.1 129.8 132.0 – –
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instead of presenting it to a group of people. This step allows within-individual convergent thinking, choosing 
and describing the way that their solution is the best way to answer the challenge. Steps 1 to 3 took 40 min to 
complete (compared to LSP, where a minimum of two hours would be needed). This marked the end of partici-
pants’ involvement in the SBP design. Besides the written description, photographs of the built models were taken 
from different views (front, side, back, and isometric view) by the experiment moderator. The photographs were 
attached to the written descriptions for grading in the next step. The final step, reflection is a post-test assess-
ment. The post-test assessment involved a panel of randomly picked graders to score the models built and the 
descriptions given by the participants.

Statistical procedures. Selection of grading model. Creative product analysis matrix (CPAM) is a three-
factor model (Novelty, Resolution, and Elaboration & Synthesis) of  creativity50. The 3 factors are expanded to 
nine facets (Originality, Surprise, Logical, Useful, Valuable, Understandable, Organic, Well-crafted, and Elegant) 
used to grade creativity. The method was validated by Ref.37 showing strong construct validity when assisted 
untrained judges make informed judgments following CPAM. However, the CPAM is a framework, and not a 
scale. Previous scales have been proposed, for example CPSS has 55  questions51. The revised version in Besemer 
and O’Quin37 has 43 items. The disadvantage of this scale is that it is very time consuming for the judges to rate 
each product. As our study involved a large number of participants completing six trials each, we endeavoured 
to formulate a short-form scale that would not have the pitfalls of the AUT, TTCT, or the CPSS.

Grading guidelines formulation and grading panel reliability. The grading guidelines were formulated based on 
the CPAM guidelines but catered more toward SBP’s methodology. Each factor (novelty, resolution and elabora-
tion and synthesis) in CPAM was translated into a term related to SBP. For example, ‘Novelty’ from CPAM was 
translated to ‘Originality’ in the grading guidelines used in this study (see Fig. 2). Originality was divided into 
usual solutions (scoring one point) or unusual solutions (scoring two points). Disagreement about what was 
considered usual and unusual led the panellists to develop a comprehensive list of usual solutions/ideas for each 
challenge (see Supplementary Appendix C). A solution was considered unusual when the item could not be 
categorised in the list. ‘Fluency’ was divided into elaboration (scoring one point) and no elaboration (scoring no 
points). If participants had fulfilled all sub-points under the specified indicator, they would receive a score for 
elaboration (see Supplementary Appendix C). As the most important part of the Lego process, ‘Build’ was split 
into three levels: sophisticated, normal and no build (i.e., a low effort build). There was no strict definition for 
the three levels. Instead, it was left to the graders’ discretion since the activity aimed to quantify the participants 
for their creativity. However, in a dilemma, the graders could refer to the brief guide provided for reference (see 

Figure 2.  Details on how CPAM was adapted to Serious Brick Play (SBP) methodology to establish a set of 
grading guidelines. Each of the criterion’s facets of CPAM is summarised into a factor applicable to SBP that is 
further broken down into gradable indicators. Supplementary Appendix D indicates what the grading panel 
considers usual and unusual uses.
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Supplementary Appendix D). With this set of grading guidelines (Fig. 2), graders could independently grade 
each item with a minimum of 1 and a maximum of 5 points.

The grading panel was made up of 7 randomly selected adults who had no prior knowledge of SBP. Struc-
tured training was given to the panel to familiarise themselves with SBP and the grading guidelines. The grading 
panel was kept blind to the overall experimental design and participant protocols to prevent biased scoring. The 
best-scored build and the worst-scored build averaged across the grading panel, are shown in Fig. 3. The robust-
ness of the grading guidelines was tested with 20 trial samples (from week 0) from the same population for the 
panel to score. The validity of the grading guideline was determined by testing the inter-rater reliability using 
Intra-Class Correlation (ICC). ICC is an index that reflects the degree of correlation and agreement between 
 measurements52. The assessment was done with the total scores obtained from each grader. ICC is determined 
using Eq. (1) (Hallgren  201253).

where Xij is the rating provided to participant i by grader j, µ represents the mean of the true score for variable 
X,  ri is the deviation of the reuse score from the mean for participant i and  eij is the measurement of error.

The ICC model used is a two-way model with type as consistency. The interpretation of the ICC estimate is 
based on the lower bound, 95% confidence interval; values of < 0.50, > 0.50 and < 0.75, > 0.75 and < 0.90 or > 
0.90 were classified as poor, moderate, good, and excellent reliability,  respectively52. This indicates the degree of 
agreement among the graders.

Analysis. Although the IAQ in the chamber was controlled using filters and manipulation of fresh air ventila-
tion rate, pollutant levels can fluctuate based on the occupants of the room and outdoor air quality. To account 
for this, the analysis of IAQ effects on creativity score was performed in two parts. We first tested the effects of 
IAQ condition (HV, HV-C, HV-PM, HV-PM-C, LV, LV*) on the average creativity score using a linear mixed 
effects model. The linear mixed effect model uses restricted maximum likelihood and a non-linear optimiser to 
predict the effects. Comparisons between conditions were performed using post-hoc contrasts with Dunnett’s 
correction for multiple comparisons. p-values < 0.05 are considered statistically significant.

We then tested the effects of individual IAQ parameters (TVOC,  PM2.5, and  CO2) on the average creativity 
scores with linear mixed regression models. The regression models adopt a hierarchical model structure: base 
model built on covariates (Model 0: formaldehyde, carbon monoxide, bacteria count, and fungi count, participant 
ID as the random intercept, and week (scaled and centred) as the random slopes). Models 1, 2, and 3 each were 
built on IAQ parameters:  PM2.5 + Model 0, TVOC + Model 0, and  CO2 + Model 0, respectively. The best-fitted 
model was determined by using Akaike Information Criterion (AIC). AIC compares similar competing models 
to determine the maximised model’s log-likelihood. It is considered maximised when a model is more than two 
AIC units lower than another  model54. AIC cumulative weight expresses the percentage proportion of the total 
predictive power to the model compared to all other  models54. The lowest AIC value and the highest cumulative 
weight conclude the best fit linear mixed regression model with the highest quality (least amount of informa-
tion lost by a given model). It is to be noted that models that satisfy the AIC criteria suggest a strong association 
between creativity score and the IAQ parameter.

(1)Xij = µ+ ri + eij ,

Figure 3.  Example builds scored the highest and lowest points in accordance with the SBP guidelines. 
The builds were randomly selected. The score represents the rounded average across seven graders. See 
Supplementary Appendix E for the participant description of the models.
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Results
The convergent and discriminant validity of the SBP was tested against the AUT with a subset of participants 
and showed that the SBP measures a distinct creativity construct (see Supplementary Materials, Tables A-6, 
A-7, and Supplementary Information A-8). The ICC coefficients were estimated separately for each of the three 
experimental rounds to assess inter-rater reliability. ICC allows the measurement of the strength of inter-rater 
agreement for ordinal scales. Thus, a high ICC indicates high similarity between panellists. The psych::ICC() 
function in R (version 4) was used to compute ICC estimates and their 95% confidence interval (CI) based on a 
mean rating (k = 7), absolute agreement, and the two-way random-effects model. Based on the lower bounds of 
95% CI, as summarised in Tables A-3, the level of reliability of the three rounds of experiments ranges between 
“moderate” to “good”  reliability52. Accordingly, we took the mean score across the 7 graders as the final creativity 
score per participant per condition.

By-condition analysis. The results of by-condition analysis are shown in Fig. 4. The raincloud plot shows 
HV-C as the highest mean creativity scores among other conditions tested, although the combined HV-PM-C 
condition had the widest range and included some of the highest individual creativity scores. The linear mixed 
model included IAQ condition as a fixed factor and participant ID as a random intercept. Since the low ventila-
tion baseline condition (LV) was repeated as LV*, they were combined as  LV2. There was a significant main effect 
of condition, F(4, 431.22) = 4.18, p = 0.002. Post-hoc contrasts were performed to explore this effect.

The post-hoc contrasts examine the differences between the various conditions with the baseline low ventila-
tion condition  (LV2), reported in Table 3. The carbon filter (HV-C) condition showed a significantly higher mean 
creativity score than the LV condition (HV-C β = 0.266, p < 0.001). No other conditions showed significant differ-
ences from the LV baseline condition. It is unclear what specific changes in the IAQ cause the HV-C condition 
to give significantly higher creativity scores than the baseline condition, considering the HV-PM-C condition 
(which combines both carbon and PM filters) did not show a significant improvement in creativity. When the fil-
ters are changed, there are multiple effects, including changes in TVOC,  CO2, or  PM2.5. These changes could also 
be caused by outside environmental changes. Therefore, more complex regression models of our data were tested.

Figure 4.  Raincloud plot displaying the linear mixed effects model of creativity score versus IAQ condition 
settings. The plot consists of a probability density plot, boxplot, data points and the error bar in red. In the 
boxplot, the line dividing the box represents the median of the data, the ends of the box represent the lower and 
upper quartiles, and the extreme lines attached to the box represents lowest and highest values among the data 
points excluding the outliers. The raw data points are the mean scores of 7 raters for each condition. The error 
bar represents mean (red dot) and standard error of mean (± SEM). Participant ID was treated as a random 
intercept.
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Hierarchical regression model. The hierarchical linear mixed regression model analysis was performed 
in the open-source statistical package R (version 4) using the function lme4::lmer(). The residuals are normally 
distributed and homoscedastic for all linear mixed regression models. Effect sizes based on F tests were calcu-
lated from partial eta-squared using Ref.55  f: f = 0.10 is a small effect, f = 0.25 is a medium effect, and f = 0.40 is a 
large effect.

By comparing the AIC of models 0, 1, 2, and 3, the best-fitted model was determined as Model 2, with an 
AIC value of 919.7 (the lowest among all models), carrying 100% of the cumulative weight (highest possible AIC 
weightage), and the only model that was significantly different to the base model 0, χ2 = 16.96, p < 0.0001. This 
was used for further interpretation (refer to Table A-4, Fig. 5c).

Further examination of Model 2 showed a significant negative effect of TVOC on creativity scores with a 
small effect size (standardised beta =  − 0.16, p < 0.001, f = 0.20). A sensitivity analysis was conducted to check 
the robustness of this finding (Fig. A-5 in the Supplementary Materials), which showed that the effects of TVOC 
remained when controlling for  PM2.5 and  CO2. The linear relationship between creativity and TVOC is depicted 
in Fig. 5a, where a 10% decrease in TVOC levels is associated with an improved creativity score of 1.6% (obtained 
from the statistical estimate). Predicted percentage changes in creativity scores were calculated for TVOC values 
from the maximum of 1000 ppb (reference level of SS554) for each of our conditions (Fig. 5b). These predicted 
values suggest a potential improvement in creativity scores of approximately 12% if a building’s IAQ is improved 
from the acceptable maximum TVOC to the levels achieved in our study using commercially available filters.

Discussion
Creativity is an essential cognitive ability that affects one’s daily lifestyle choices and economic progression. 
Among the factors that affect creativity, it is also important to note that the environment where creativity is 
undertaken plays a key role. Previous studies have discussed the optimum physical attributes of an ideal creative 
environment but have lacked an examination of IAQ and the effects on an individual’s full creative  potential6,56,57. 
The data from our study suggests that relatively low concentrations of TVOC in the environment (within inter-
national standards) can impact an individual’s creative potential. For example, a 50% decrease in TVOC (from 
1000 to 500 ppb) concentration levels due to removing common sources, like perfume, air freshener, and aroma 
diffusers, would bring about a 7% improvement in creativity as shown in Fig. 5b.

Reference58 highlighted the notion of Henri Poincaré (1854–1912), a French mathematician, who went into 
the forest for creative motivation to find solutions to his mathematical problems as an illustration of the envi-
ronment influencing creativity. Similarly, the results from this study show that one underlying aspect of an 
environment that can affect creativity is the chemical concentration of the pollutants in the room. Instead of 
changing the physical attributes of the environment, improving the air quality could be an economical solution 
to improve occupants’ creativity. These results build upon the existing work by Allen et al.12, where low TVOC 
and CO2 were reported to affect occupants’ cognitive functions in an enclosed environment.

The study examined undergraduate and postgraduate students only, thus the outcome is skewed towards a 
young, educated population. Further work could be extended to different age groups, such as the elderly and 
children. However, the building challenge might need to be modified for these age groups. The key component 
of SBP is for the participants to understand the content presented in the building challenges. Hence, participants 
below the age of 15 might have difficulty comprehending the building challenges. If studies were to adopt SBP 
for participants below the age of 15, simplification of the building challenges is required. It is vital to choose 
a challenge in line with the participants’ competence (neither too easy nor too difficult). In addition, the IAQ 
data from this study is limited to concentrations that are found in typical clean office environments and did not 
achieve concentrations close to standard limits. Hence the delta between the “clean-air” (PM and Carbon filter) 
conditions and “poor-air” (low ventilation 0.5 ACH) conditions is not large. This could have masked the poten-
tial effects of  PM2.5 and may have limited the effects of TVOC. Variations in outdoor pollutant concentrations 
may have also had an effect. For example, the mean TVOC level seen in the HV-PM-C condition (where both 
PM and carbon filters were used) was 22% higher than in the HV-C condition (where only the carbon filter was 
used). Further work could artificially increase the pollutant levels in the room to better control for this possibility.

Previous studies have utilised tests dedicated to stimulating divergent thinking to understand the mecha-
nisms of creative thinking. However, the main disadvantage of divergent thinking creativity tests is using prior 
knowledge, which has a biasing effect over diverse cultures and experiences across different individuals. This 
bias can hinder the accuracy of assessing the divergent thinking ability of an individual. Therefore, this study 
established a new method of assessing creativity through the implementation of SBP through three core steps 

Table 3.  Least-square means model was used to compare the IAQ condition settings mean to the baseline 
HV condition setting. The p-value < 0.05* is considered statistically significant after performing the Dunnett 
correction.

Contrast Estimate Standard error p-value

(HV-C)-LV2 0.266 0.07  < 0.001*

(HV-PM)-LV2 0.046 0.07 0.847

(HV-PM-C)-LV2 0.113 0.07 0.252

HV-LV2 0.064 0.07 0.694
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(Read, Build, and Describe). This method attempts to remove bias observed in previous creativity tests by provid-
ing participants with the same background information and insights into the building challenge from a global 
to a local perspective. Hence, SBP coupled with a robust grading system allows for the assessment of creativity 
in a reproducible way.

Part of the SBP methodology involves rotating the set of bricks across participants for each building challenge, 
such that participants would receive a different set of bricks each week. Each set of bricks contained similar items 
to the other sets but could vary in colour, size, and shape. This was to minimise the chance of repeatability of 
structures and familiarity with the brick set. However, the different variations of bricks between the sets could 
affect participants’ ideas on the challenges. Therefore, to improve the SBP protocol, each participant could be 
assigned to a unique building challenge (instead of the same building challenge across all participants weekly) 
along with the set of bricks that would be rotated over the weeks instead. Alternatively, a more extensive stand-
ardised set of bricks could be used throughout the different conditions. For example, the LSP methodology 
has a recommended starter set of 214 bricks and numerous standardised add-on sets to allow matching across 
participants.

The qualitative output (built photos and description) of SBP was graded with seven random graders, with 
a guideline modified from CPAM to suit SBP’s core steps. The modification of CPAM was required because 
creativity is not a unitary measure, and the quantification should match the methodology and theoretical aims 
of research that are unique to the  study59. The guideline went through a few iterations to ensure its robustness to 
cater to different building challenges. The generalisability of the results is limited somewhat by the repeatability 

Figure 5.  (a) Linear mixed regression model estimates of TVOC on creativity scores. The shaded band 
represents a 95% confidence interval testing levels of TVOC on creativity scores. The triangles represent that 
data points. (b) Impact of different TVOC levels on an individual’s creative potential. Each of the reduced 
TVOC levels with reference to SS554, Singapore Standard  Council48 indicates the percentage increase in the 
creative potential of an individual. For example, a reduction of 719 ppb from SS554 level indicated HV-C 
IAQ condition setting relates to an increase in 11.5% of creative potential in an individual. (c) Forest plot of 
Standardised Estimates of model 2 indicating TVOC has a significant negative effect on creativity scores.
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of the building challenge provided. The building challenges were based on popular global issues to establish 
neutrality for participants from different backgrounds and experiences. Hence the building challenge could be 
used across different groups of people. However, the repeatability of the building challenge to the same group 
of people is highly discouraged due to familiarity with the challenges. This means that test–retest reliability 
statistics could not be computed. While our scoring showed moderate to good reliability across scorers, future 
studies should attempt to replicate this technique to allow measurement of other reliability and validity metrics.

Conclusions
Creativity, a complex set of idea-generating or imagining behaviours encompassing numerous sub-processes of 
the brain, is typically tested by examining an individual’s divergent thinking ability. By modifying the LSP para-
digm, SBP examines a more general measure of creative ability with hands-on learning through LEGO bricks. 
The physical outcome (build) and written description can then be graded to quantify participants’ creative ability. 
Within this study, the SBP method was used to test the impact of IAQ on creativity, where reducing the TVOC 
concentration showed an increase in creativity score. However, reducing PM2.5 and increasing ventilation rate 
did not show robust effects.

Since this paper is the first of its kind correlating IAQ pollutants with creativity, there is more scope for future 
research. The method used to study creativity among participants was interactive and hands-on; it did not allow 
for individual cognitive processes to be studied. Further study is needed to determine the specific mechanism 
linking pollutants and creativity. The work of creative cognition is still a new field and using non-invasive aids 
such as electroencephalography to study the brain responses while participants are engaged in SBP could help 
researchers understand how hands-on, playful tests stimulate creativity.

Data availability
The authors confirm that the data supporting the findings of this study are available within the article.

Received: 1 September 2023; Accepted: 8 September 2023

References
 1. Rhodes, M. An analysis of creativity on JSTOR. Phi Delta Kappa Int. 42(7), 305–310 (1961).
 2. Baer, J. Why you are probably more creative (and less creative) than you think. In The Creative Self: Effect of Beliefs, Self-Efficacy, 

Mindset, and Identity (eds Karwowski, M. & Kaufman, J. C.) (Academic Press, 2017).
 3. Hornberg, J. & Reiter-Palmon, R. Creativity and the big five personality traits. In The Cambridge Handbook of Creativity and 

Personality Research (eds Feist, G. J. et al.) 275–293 (Cambridge University Press, 2017).
 4. Martens, Y. Creative workplace: Instrumental and symbolic support for creativity. Facilities 29(1/2), 63–79. https:// doi. org/ 10. 

1108/ 02632 77111 11013 31 (2011).
 5. Bronfenbrenner, U. & Morris, P. A. The bioecological model of human development. In Handbook of Child Psychology (eds Bron-

fenbrenner, U. & Morris, P. A.) (Wiley, 2007).
 6. McCoy, J. M. & Evans, G. W. The potential role of the physical environment in fostering creativity. Creat. Res. J. 14(3–4), 409–426. 

https:// doi. org/ 10. 1207/ S1532 6934C RJ1434_ 11 (2002).
 7. Ma, X. et al. The effect of intrinsic motivation and environmental cues on social creativity. Interact. Learn. Environ. https:// doi. 

org/ 10. 1080/ 10494 820. 2021. 18744 23 (2021).
 8. Furnham, A. & Strbac, L. Music is as distracting as noise: The differential distraction of background music and noise on the cogni-

tive test performance of introverts and extraverts. Ergonomics 45(3), 203–217. https:// doi. org/ 10. 1080/ 00140 13021 01219 32 (2002).
 9. Meng, Q., An, Y. & Yang, D. Effects of acoustic environment on design work performance based on multitask visual cognitive 

performance in office space. Build. Environ. 205, 108296. https:// doi. org/ 10. 1016/j. build env. 2021. 108296 (2021).
 10. Martens, Y. Creative workplace: Instrumental and symbolic support for creativity. Facilities 29(1), 63–79. https:// doi. org/ 10. 1108/ 

02632 77111 11013 31 (2011).
 11. Lan, L., Hadji, S., Xia, L. & Lian, Z. The effects of light illuminance and correlated color temperature on mood and creativity. Build. 

Simul. 14(3), 463–475. https:// doi. org/ 10. 1007/ s12273- 020- 0652-z (2021).
 12. Allen, J. G. et al. Associations of cognitive function scores with carbon dioxide, ventilation, and volatile organic compound expo-

sures in office workers: A controlled exposure study of green and conventional office environments. Environ. Health Perspect. 
124(6), 805–812. https:// doi. org/ 10. 1289/ ehp. 15100 37 (2016).

 13. Gupta, R., O’Brien, J., Alastair, H. & Tom, C. Improving Productivity in the Workplace. Lessons Learnt and Insights from the Whole 
Life Performance Plus Project (British Council for Offices, 2018).

 14. MacNaughton, P. et al. The impact of working in a green certified building on cognitive function and health. Build. Environ. 114, 
178–186. https:// doi. org/ 10. 1016/j. build env. 2016. 11. 041 (2017).

 15. Wargocki, P. The effects of outdoor air supply rate in an office on perceived air quality, sick building syndrome (SBS) symptoms 
and productivity. Indoor Air 10(4), 222–236. https:// doi. org/ 10. 1034/j. 1600- 0668. 2000. 01000 4222.x (2000).

 16. Carroll, J. B. & Guilford, J. P. The nature of human intelligence. Am. Educ. Res. J. 5(2), 249. https:// doi. org/ 10. 2307/ 11618 20 (1968).
 17. Runco, M. A. Divergent thinking, creativity, and ideation. In The Cambridge Handbook of Creativity (ed. Runco, M. A.) 413–446 

(Cambridge University Press, 2012).
 18. Zhang, W., Sjoerds, Z. & Hommel, B. Metacontrol of human creativity: The neurocognitive mechanisms of convergent and divergent 

thinking. NeuroImage 210, 116572. https:// doi. org/ 10. 1016/j. neuro image. 2020. 116572 (2020).
 19. De Bono, E. & Zimbalist, E. Lateral Thinking (1970).
 20. Sloane, P. The Leader’s Guide to Lateral Thinking Skills: Unlock the Creativity and ...—Paul Sloane—Google Libros, Vol. 1 (2017).
 21. Benedek, M., Christensen, A. P., Fink, A. & Beaty, R. E. Creativity assessment in neuroscience research. Psychol. Aesthet. Creat. 

Arts 13(2), 218–226. https:// doi. org/ 10. 1037/ aca00 00215 (2019).
 22. Plucker, J. A. & Runco, M. A. The death of creativity measurement has been greatly exaggerated: Current issues, recent advances, 

and future directions in creativity assessment. Roeper Rev. 21(1), 36–39. https:// doi. org/ 10. 1080/ 02783 19980 95539 24 (1998).
 23. Kaufman, J. C., Plucker, J. A. & Baer, J. Essentials of creativity assessment. In Essentials of Psychological Assessment Series (eds 

Kaufman, J. C. et al.) (Wiley, 2008).
 24. Silvia, P. J. et al. Assessing creativity with divergent thinking tasks: Exploring the reliability and validity of new subjective scoring 

methods. Psychol. Aesthet. Creat. Arts 2(2), 68–85. https:// doi. org/ 10. 1037/ 1931- 3896.2. 2. 68 (2008).

https://doi.org/10.1108/02632771111101331
https://doi.org/10.1108/02632771111101331
https://doi.org/10.1207/S15326934CRJ1434_11
https://doi.org/10.1080/10494820.2021.1874423
https://doi.org/10.1080/10494820.2021.1874423
https://doi.org/10.1080/00140130210121932
https://doi.org/10.1016/j.buildenv.2021.108296
https://doi.org/10.1108/02632771111101331
https://doi.org/10.1108/02632771111101331
https://doi.org/10.1007/s12273-020-0652-z
https://doi.org/10.1289/ehp.1510037
https://doi.org/10.1016/j.buildenv.2016.11.041
https://doi.org/10.1034/j.1600-0668.2000.010004222.x
https://doi.org/10.2307/1161820
https://doi.org/10.1016/j.neuroimage.2020.116572
https://doi.org/10.1037/aca0000215
https://doi.org/10.1080/02783199809553924
https://doi.org/10.1037/1931-3896.2.2.68


12

Vol:.(1234567890)

Scientific Reports |        (2023) 13:15488  | https://doi.org/10.1038/s41598-023-42355-z

www.nature.com/scientificreports/

 25. Pretz, J. E. & Totz, K. S. Measuring individual differences in affective, heuristic, and holistic intuition. Person. Individ. Differ. 43(5), 
1247–1257. https:// doi. org/ 10. 1016/j. paid. 2007. 03. 015 (2007).

 26. Smith, S. M., Ward, T. B. & Finke, R. A. Cognitive processes in creative contexts. The Creative Cognition Approach 1–5 (1995).
 27. Goldin-Meadow, S. Hearing gesture: How our hands help us think. Choice Rev. Online 41(08), 4463. https:// doi. org/ 10. 5860/ choice. 

41- 4463 (2003).
 28. Wagner Cook, S. & Goldin-Meadow, S. The role of gesture in learning: Do children use their hands to change their minds? J. Cogn. 

Dev. 7(2), 211–232. https:// doi. org/ 10. 1207/ s1532 7647j cd0702_4 (2006).
 29. Jabr, F. The reading brain in the digital age: The science of paper versus screens. Sci. Am. 11, 1–5 (2013).
 30. Kristiansen, P. & Rasmussen, R. Build a Better Business with the LEGO® SERIOUS PLAY® (Wiley, 2014).
 31. Barbot, B., Hass, R. W. & Reiter-Palmon, R. Creativity assessment in psychological research: (Re)setting the standards. Psychol. 

Aesthet. Creat. Arts 13(2), 233–240. https:// doi. org/ 10. 1037/ aca00 00233 (2019).
 32. Glăveanu, V. P. Measuring creativity across cultures: Epistemological and methodological considerations. Psychol. Aesthet. Creat. 

Arts 13(2), 227–232. https:// doi. org/ 10. 1037/ aca00 00216 (2019).
 33. Sternberg, R. J. What’s wrong with creativity testing? J. Creat. Behav. 54(1), 20–36. https:// doi. org/ 10. 1002/ jocb. 237 (2020).
 34. Smith, S. M. & Ward, T. B. The Creative Cognition Approach (MIT Press, 2020).
 35. Cropley, D. H. & Kaufman, J. C. Measuring functional creativity: Non-expert raters and the creative solution diagnosis scale. J. 

Creat. Behav. 46(2), 119–137. https:// doi. org/ 10. 1002/ jocb.9 (2012).
 36. Hennessey, B., Amabile, T. M. & Mueller, J. S. Consensual assessment. In Encyclopedia of Creativity (eds Hennessey, B. et al.) 

253–260 (Academic Press, 2011).
 37. Besemer, S. P. & O’Quin, K. Confirming the three-factor creative product analysis matrix model in an American sample. Creat. 

Res. J. 12(4), 287–296. https:// doi. org/ 10. 1207/ s1532 6934c rj1204_6 (1999).
 38. Jiang, Y., Li, N., Yongga, A. & Yan, W. Short-term effects of natural view and daylight from windows on thermal perception, health, 

and energy-saving potential. Build. Environ. 208, 108575. https:// doi. org/ 10. 1016/j. build env. 2021. 108575 (2022).
 39. Ko, W. H. et al. The impact of a view from a window on thermal comfort, emotion, and cognitive performance. Build. Environ. 

175, 106779. https:// doi. org/ 10. 1016/j. build env. 2020. 106779 (2020).
 40. Singapore Standard Council. Singapore Standard SS 531: Code of Practice for Lighting of Work Places—Part 1: Indoor (Singapore 

Standard, 2013).
 41. OSHA. Occupational noise exposure—Health effects. Occup. Saf. Health Adm. 01(01), 1689–1699 (2016).
 42. Singapore Standard Council. Singapore Standard SS 533: Code of Practice for Air-Conditioning and Mechanical Ventilation in Build-

ings 60 (Singapore Standard, 2009).
 43. Standards, E. Standards EN 1822 and EN ISO 29463—EPA, HEPA and ULPA Filters—European Standards (European Standards 

Agency, 2019).
 44. Wei, G. et al. A review and comparison of the indoor air quality requirements in selected building standards and certifications. 

Build. Environ. 226, 109709. https:// doi. org/ 10. 1016/j. build env. 2022. 109709 (2022).
 45. ASHRAE. Standard No. 145.2-2016: Laboratory Test Method for Assessing the Performance of Gas-Phase Air-Cleaning Systems: 

Air-Cleaning Devices (2016).
 46. International Standards. ISO 10121-1-2010, Test Method for Assessing the Performance of Gas-Phase Air Cleaning Media and Devices 

for General Ventilation—Part 1: Gas-Phase Air Cleaning Media (2014).
 47. Newell, A. & Rosenbloom, P. S. Mechanisms of skill acquisition and the law of practice. Cogn. Skills Acquis. 1(1981), 1–55 (1981).
 48. Singapore Standard Council. Singapore Standard SS 554: Code of Practice for Indoor Air Quality for Air-Conditioned Buildings 

(Singapore Standard, 2016).
 49. World Health Organization. Ambient air pollution: A global assessment of exposure and burden of disease. Clean Air J. 26(2), 6 

(2016).
 50. Treffinger, D. J. Analysis of creative products: Review and synthesis. J. Creat. Behav. 15(3), 158–178. https:// doi. org/ 10. 1002/j. 

2162- 6057. 1981. tb002 87.x (1981).
 51. Besemer, S. & O’Quin, K. Analyzing creative products: Refinement and test of a judging instrument. J. Creat. Behav. 20(2), 115–126. 

https:// doi. org/ 10. 1002/j. 2162- 6057. 1986. tb004 26.x (1986).
 52. Koo, T. K. & Li, M. Y. A guideline of selecting and reporting intraclass correlation coefficients for reliability research. J. Chiropr. 

Med. 15(2), 155–163. https:// doi. org/ 10. 1016/j. jcm. 2016. 02. 012 (2016).
 53. Hallgren, K. A. Computing inter-rater reliability for observational data: an overview and tutorial. Tutor. Quant. Methods Psychol., 

8(1), 23 (2012).
 54. Posada, D. & Buckley, T. R. Model selection and model averaging in phylogenetics: Advantages of Akaike information criterion 

and Bayesian approaches over likelihood ratio tests. Syst. Biol. 53(5), 793–808 (2004).
 55. Cohen, J. Statistical Power Analysis for the Behavioral Sciences (Academic Press, 1988).
 56. Kwallek, N. & Lewis, C. M. Effects of environmental colour on males and females: A red or white or green office. Appl. Ergon. 

21(4), 275–278. https:// doi. org/ 10. 1016/ 0003- 6870(90) 90197-6 (1990).
 57. Shalley, C. E. & Gilson, L. L. What leaders need to know: A review of social and contextual factors that can foster or hinder creativ-

ity. Leadersh. Q. 15(1), 33–53. https:// doi. org/ 10. 1016/j. leaqua. 2003. 12. 004 (2004).
 58. Choi, H. H., van Merriënboer, J. J. G. & Paas, F. Effects of the physical environment on cognitive load and learning: Towards a new 

model of cognitive load. Educ. Psychol. Rev. https:// doi. org/ 10. 1007/ s10648- 014- 9262-6 (2014).
 59. Glăveanu, V. P. Creativity and wonder. J. Creat. Behav. 53(2), 171–177. https:// doi. org/ 10. 1002/ jocb. 225 (2019).

Acknowledgements
This research is jointly supported by CAMFIL (Singapore) Pte. Ltd. and Energy Research Institute at Nanyang 
Technological University of Singapore (ERI@N).

Author contributions
W.M.P., N.B.F. performed the conceptualization; W.M.P., N.B.F., S.A., A.C.R. performed the methodology; S.A., 
A.C.R., L.W.S. undertook the experiments, collected data and performed data analysis; S.A., A.C.R. wrote the 
main manuscript text; W.M.P., N.B.F. performed the funding acquisition. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 42355-z.

https://doi.org/10.1016/j.paid.2007.03.015
https://doi.org/10.5860/choice.41-4463
https://doi.org/10.5860/choice.41-4463
https://doi.org/10.1207/s15327647jcd0702_4
https://doi.org/10.1037/aca0000233
https://doi.org/10.1037/aca0000216
https://doi.org/10.1002/jocb.237
https://doi.org/10.1002/jocb.9
https://doi.org/10.1207/s15326934crj1204_6
https://doi.org/10.1016/j.buildenv.2021.108575
https://doi.org/10.1016/j.buildenv.2020.106779
https://doi.org/10.1016/j.buildenv.2022.109709
https://doi.org/10.1002/j.2162-6057.1981.tb00287.x
https://doi.org/10.1002/j.2162-6057.1981.tb00287.x
https://doi.org/10.1002/j.2162-6057.1986.tb00426.x
https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.1016/0003-6870(90)90197-6
https://doi.org/10.1016/j.leaqua.2003.12.004
https://doi.org/10.1007/s10648-014-9262-6
https://doi.org/10.1002/jocb.225
https://doi.org/10.1038/s41598-023-42355-z
https://doi.org/10.1038/s41598-023-42355-z


13

Vol.:(0123456789)

Scientific Reports |        (2023) 13:15488  | https://doi.org/10.1038/s41598-023-42355-z

www.nature.com/scientificreports/

Correspondence and requests for materials should be addressed to B.F.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Experimental study on the impact of indoor air quality on creativity by Serious Brick Play method
	Development of creativity assessments
	Existing creativity tests. 
	LEGO® SERIOUS PLAY® (LSP). 

	Methods
	Environmental chamber. 
	Experimental conditions. 
	Study population. 
	Instrumentation. 
	Serious Brick Play (SBP) design. 
	Statistical procedures. 
	Selection of grading model. 
	Grading guidelines formulation and grading panel reliability. 
	Analysis. 


	Results
	By-condition analysis. 
	Hierarchical regression model. 

	Discussion
	Conclusions
	References
	Acknowledgements


