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Abstract: The hygiene area is one of the most important facilities in a space station. If its environ-
mental lighting is appropriately designed, it can significantly reduce the psychological pressure on
astronauts. This study investigates the effect of correlated colour temperature (CCT) on heart rate,
galvanic skin response, emotion and satisfaction in the hygiene area of a space station. Forty subjects
participated in experiments in a hygiene area simulator with a controlled lighting environment. The
lighting conditions included 2700 K, 3300 K, 3600 K, 5000 K and 6300 K; physiological responses
(heart rate, galvanic skin response), as well as emotion and satisfaction, were recorded. The results
showed that CCT significantly influenced the participants’ physiological and subjective responses
in the space station hygiene area. 6300 K led to the best emotion and satisfaction levels, the highest
galvanic skin response and the lowest heart rate. The opposite was true for 2700 K.

Keywords: correlated colour temperature; physiological responses; emotion; space station
hygiene area

1. Introduction

In long-term manned space missions, astronauts may suffer unstable physiological
and psychological states in confined, narrow, isolated environments, which brings un-
precedented challenges to space mission support and manned space engineering [1–3].
As an important measure for ensuring the success of manned space missions, habitability
research needs to consider the harmony of the astronauts’ body mechanics, but also their
psychological and physical health [4,5]. Many NASA reports indicate that habitability
is highly related to human factors, behavioural health, environmental interaction and
human-computer interaction [6]. The goal of habitability is to provide astronauts with
physical, psychological, social and spiritual support. As early as 1985, NASA’s habitability
requirements for long-term manned spacecraft included not only operational requirements,
but also requirements related to long-term sustainable living [7–9]. Besides, for spacecraft
designers, the space, layout, lighting, colour, air circulation and smell of the environment
have an important impact on the level of habitability. Environmental factors such as lighting
and colour directly affect human visual functions and are listed as the focus of habitabil-
ity [10,11]. Therefore, lighting, and particularly the correlated colour temperature (CCT) of
lighting, can play a significant role in emotional regulation [6,11] and potentially affects
the habitability level of a space station [12]. A number of studies have been conducted to
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quantify the relationship between different CCT lighting conditions in space stations and
their effects on human psychological and physiological responses [13,14].

Light has been shown to have strong non-visual effects on a range of biological func-
tions, such as the regulation of human emotion and the circadian system [15]. CCT is a key
factor of light and has been shown to affect human physiology as well as psychology [16].
In manned spacecraft, most lighting uses fluorescent or LED technology. Currently, the
International Space Station (ISS) uses solid-state lighting assemblies (SSLA) equipped with
solid-state light emitting diodes (LEDs) to illuminate the astronauts’ working and living
environments [17]. This new lighting system offers a wide range of colour temperature
adjustments that can aid astronauts’ vision and may be used as a lighting countermeasure
against the emotional stress and performance degradation caused by isolation, confinement
and lack of social support on board the ISS [18]. Several studies have tested SSLA in space
and found that the system could be used to aid astronauts’ vision and as an in-flight coun-
termeasure to circadian rhythm disruption, sleep disruption and cognitive performance
deficits on the ISS, thereby improving the habitability of the ISS [19].

In ground environments, some literature suggests that colour temperature has an
important effect on human cognitive abilities and emotion. Higher colour temperatures
(≥4000 K) approximate blue-white light and are often referred to as cool colours, while
lower colour temperatures (≤3000 K) approximate red light and are referred to as warm
colours [20,21]. Several studies have shown that warm colours (3000 K) significantly
induce negative emotions when humans are engaged in cognitive tasks, compared to cool
fluorescent lights (4000 K) [21,22]. Besides, two studies comparing the effects of fluorescent
and LED light sources of different colour temperatures showed that LED light sources
significantly reduced participants’ fatigue and enhanced cognitive performance, especially
at higher colour temperatures [23,24]. Furthermore, other studies have found an effect
of colour temperature on physiological performance and subjective emotion [21,25,26].
Extensive studies have found that CCT affects human thermal comfort, particularly in
enclosures similar to spacecraft, and some studies have shown that people feel warmer and
more comfortable under yellow light than under blue light. This effect of CCT is small but
significant [6].

Comfortable CCT can increase satisfaction and happiness. Veitch (2001) found that
office lighting conditions affect positive mood and happiness [27]. People working in
offices with higher-quality lighting found the space more attractive, were in a happier
mood and showed a significant sense of well-being. In addition to subjective emotional
responses, a range of physiological responses have also been associated with the CCT char-
acteristics of lighting. These include, e.g., core body temperature, heart rate, brain waves,
galvanic skin response (GSR) [28–30], rectal temperature [31] and melatonin suppression.
Previous studies have demonstrated that short-wavelength light has a greater effect on
core body temperature and heart rate than long-wavelength light [32]. The reason for this
phenomenon is that CCT can influence hypothalamic activity, which regulates and controls
body temperature through the secretion of melatonin [33].

Some studies have suggested that the CCT of lighting in a ground environment
has a significant impact on how people feel when they use bathrooms or toilets, with
lower colour temperatures of around 3000 K usually giving a greater sense of comfort and
people preferring warm colours in bathroom lighting environments. As a result, some
hotels or luxury flats have warm colour lighting in bathrooms to provide a good visual
perception and experience for their guests [34–36]. However, the characteristics of the space
station environment are quite different from those of ground environments, as its primary
objective is to ensure crew safety and operational reliability in a confined, isolated and
extreme environment. A separate but essential element of the crew’s daily life is the space
station’s hygiene area, which, in addition to the normal collection of crew excrement and
waste, also recycles the crew’s urine to generate drinking water. Although the literature
is sparse, what is known and what has recently been reported by crew members of the
International Space Station (ISS) and the Chinese Space Station suggests that the small,
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enclosed environment of the hygiene area has a negative impact on the crew’s ability to
operate and defecate. Secondly, the environment has many stressors, such as noise from
the urination and defecation units, unpleasant odours and the microgravity environment,
which can cause operational difficulties. In addition, due to the complexity of the equipment
in the hygiene area environment, crew members need to follow strict equipment guidelines
when performing defecation, which results in the basic defecation process or wash-up
process often taking longer to complete than on the ground. As a result, the hygiene area’s
lighting environment is likely to affect their physiological needs, information acquisition
and judgement, and emotional experience [37–40]. Based on previous findings, we expected
CCT to have an impact on physiological responses and mood. Therefore, the aim of this
study was to explore the effects of five different CCTs on participants’ heart rate (HR),
galvanic skin response (GSR), emotion and satisfaction while using a urine/stool collector
in a simulated space station hygiene area.

2. Materials and Methods
2.1. Participants

A total of 40 healthy Chinese participants (12 female and 28 male) aged 33–49 years
(36.5 ± 2.5 y (mean ± SD)) took part in the study, as this is the age group to which the
majority of current reserve astronauts and crew members belong. All participants were
non-smokers and free from medical, psychiatric and sleep disorders, as assessed by an
interview and two screening questionnaires, including the Pittsburgh Sleep Quality Index
and the Horne–Ostberg Morning–Eveningness Questionnaire [41,42]. The participants
had normal or corrected-to-normal visual acuity better than 0.6 (1/minute of visual an-
gle) [43,44] and normal colour vision. as assessed by the Ishihara plate test (international
36-plate version) before and after the study. They were trained to use the CAPTIV human
factors data acquisition system (CAPTIV-L7000, France) and the urine/stool collector sim-
ulator (self-developed). During the entire simulation experiment task, the participants
were asked to refrain from caffeine and alcohol intake for 24 h prior to the experiment and
maintain a regular work–rest schedule and a normal diet and water intake. They went
to bed at approximately 10 p.m. and woke up at 6 a.m. [45]. An information sheet was
provided, and the participants first read and signed an informed consent form provid-
ing information about the study and their rights as participants in accordance with the
guidelines of the Helsinki Declaration. The study was approved by the University of Leeds
Ethics Committee.

2.2. Experimental Set-Up and Scene

A controlled experimental environment was designed and built based on the hygiene
area of a space station with support from the China Astronauts Centre (Figure 1). Based
on the reports on the International Space Station by Messerschmid and Borrego [4,46,47],
the various functional elements were optimised to provide an integrated experimental
system of the hygiene area in the space station in order to ensure reliability and accuracy
of the experiment. This simulated environment included four subsystems: temperature
and humidity monitoring, illumination system, physiological monitoring, and urine/stool
collector simulator.
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Figure 1. Exterior view of the hygiene area and drawings of the simulator.

The experiments were carried out using a simulated lighting system (LED, supplied
by Touslite Lighting System, TLS Lighting, Badersfield, UK) for the hygiene area. All
equipment was new and installed one month prior to the official experiment. Table 1
shows the Duv and illuminance for the five lighting conditions. The spectral distributions
of the LED lighting at the five different colour temperatures are shown in Figure 2. The
illuminance was measured at eye level with a calibrated spectroradiometer (JETI Specbos
1201, JETI Technische Instrumente GmbH, Jena, Germany) and the luminaire was switched
on for 30 min before each session to stabilise the illuminance. The walls and ceiling were
off-white with 72% and 67% reflectance, respectively. The light grey floor had a reflectance
of 31% and the off-white operating panel had a reflectance of 66%. The luminance images
were captured using a TechnoTeam LMK Mobile (TechnoTeam, Ilmenau, Germany) prior
to the experiments, which captured a fairly even distribution of luminance at the floor and
wall locations, between approximately 250–300 cd/m2 on the floor and between 125 and
250 cd/m2 on the walls. The lighting system was mounted on the ceiling and was clearly
visible to the participants, although their main field of vision was the operating panel in
front of them.

Table 1. Duv and illuminance measured at desk level for each nominal CCT after the lighting
animations had been set up.

Nominal CCT (K) Duv Illuminance (Lux)

1 2700 0.0013 521
2 3000 −0.0010 558
3 3600 −0.0030 552
4 5000 0.0005 563
5 6300 0.0037 567
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Temperature and humidity were controlled using a closed-loop method. The temper-
ature and humidity data was collected in real time using temperature sensors (Yundian
Hi-Tech Sensor, DFN-3l, China) and humidity sensors (HTU20D, France). When the tem-
perature and humidity data collected differed from the target temperature (19~26 ◦C) and
humidity (30~70%) [4], the temperature and humidity control centre activated a HULL
hot air blower (wth-fh13, USA) and a GREE dehumidifier (dh12en, China). Noise in the
hygiene area came mainly from noise (42–45 db) emitted by the urinal collector during
operation [4].

2.3. Experimental Procedure

(1) The day before the experiment, the participants were asked to get enough rest.
They were to keep calm and familiarise themselves with the test environment and the
operation process of the urine/stool collector simulator before the experiment in order to
avoid changes in their psychological state in an unfamiliar environment.

(2) We used a randomised within-subject study design. The study consisted of five
sessions, separated by at least 72 h for each participant, to avoid potential carry-over effects
(Figure 3). The participants were admitted to the laboratory at noon (approximately 3.5–5 h
after waking up). The laboratory had been set up to simulate the external environment
of the hygiene area of the space station to ensure that the participants had an appropriate
environmental experience before they entered the simulated hygiene area. After connecting
the T-Sens RF sensor, the HR sensor and the GSR sensor to each participant, the participants
were exposed to dim (<6 lx) polychromatic white light for 5 min to relieve emotions [48,49].
After the adaptation period, the HR and GSR of the 40 participants in the five CCT lighting
environments were recorded for about 15 min. The 15-min experiment length was chosen
because, typically, the average time spent by astronauts while performing hygiene area
manipulation behaviours is around 15 min. Had the length of the experiments been too
long or too short, it would not have reflected the crew’s experience in that environment well.
There are, however, some CCT lighting studies that arrived at significant results with shorter
experiment lengths [50,51]. During the experiments, the participants strictly followed the
processes for operating and using the urine/stool collector; the specific operation steps
are shown in Figure 4. This was followed by the completion of the PANAS and CCTSV
questionnaires. For each participant, the order of the CCT conditions was randomised to
avoid potential sequence effects. At the end of the test, the participants rested in a D65
light environment for ten minutes and then left the laboratory.
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2.4. Materials and Data Collection

The data collection combined the physiological measurements. The data monitoring
and acquisition system used the CAPTIV human factor data acquisition system (CAPTIV-
L7000, France). The following T-Sens sensors were used as wireless data acquisition sensors
to measure HR and GSR:

• A T-Sens HR sensor was located on a chest strap;
• The electrode of the T-Sens GSR sensor was connected to the participant’s right hand:

on the inside distal phalanges of the index and ring fingers, the skin surface was
degreased with medical alcohol and coated with conductive paste to increase the
conductive effect.

T-Log was used as a wireless data recorder to feed the collected physiological signals
back through the visual interface in real time and store the physiological signals received.
The experimental data was transmitted to the computer and processed by the CAPTIV-
L2100 software. The HR and GSR sampling frequency was 16 and 32 Hz, respectively.
Forty-two CAPTIV-L7000 T-Sens sensors were worn on the corresponding part of the
participants’ upper body. The CAPTIV-L7000 software was used to process the data
obtained by the T-Sens sensors and the T-Log logger. The CAPTIV-L7000 monitor chest
strap can lose direct connection with a participant’s skin. This did happen a few times and
caused partial data loss, so the non-usable data was removed before the data analysis.

The PANAS questionnaire has good validity and reliability for measuring subjective
emotions [49]. The measurement consists of two dimensions, positive and negative emo-
tions, each measured with nine emotion adjectives. The internal consistency coefficients for
the PANAS in this study were α(PA) = 0.90 and α(NA) = 0.92. At the end of each session of
the experiment, the participants were asked to assess their emotional state for the session
on a 5-point response scale ranging from 1 = not at all to 5 = very much.

The Correlated Colour Temperature Satisfaction Vote (CCTSV) uses a five-point scale
consisting of very satisfied (+2), satisfied (+1), neutral (0), dissatisfied (−1) and very
dissatisfied (−2). The internal consistency of the scale was set at α = 0.91. The scale has
been widely used to measure satisfaction with CCT for lighting [52].

Before the experiment, the experimenter gave the participants a detailed introduction
to each questionnaire and the participants filled in the questionnaires according to their
true feelings.

2.5. Statistical Analyses

The Shapiro–Wilk and Leven’s tests were used to assess the normality and homo-
geneity of variance, respectively, prior to the application of formal statistics to analyse
the data. A one-way ANOVA was conducted to examine the effects of different CCTs on
emotion, HR, GRS and satisfaction in order to check whether there were significant differ-
ences in emotion, HR, GRS and satisfaction across CCTs and to determine their statistical
significance, if any; α < 0.05 was considered statistically significant. Tukey HSD post hoc
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tests were conducted for pairwise comparisons, and Bonferroni correction was used. SPSS
(version 24; IBM Corporation; Armonk, NY, USA) was used for all analyses in this study.

3. Results

We first analysed the HRs affected by the five CCTs and found that the main effect
of CCT on HR was not significant (F = 4.624, p = 0.062 > 0.05), indicating that there was
no difference in HR between the different CCT conditions. The heart rate for the five CCT
conditions is presented in Figure 5A. Further post hoc tests revealed that participants’
HR was lowest at 6300 K compared to the other four CCT lighting conditions but not
significantly different (p = 0.071 > 0.05) and highest at 2700 K, also not significantly different
(p = 0.067 > 0.05) compared to the other four CCT lighting conditions. As can be seen from
the data, the trend in HR decreased with increasing CCT lighting conditions, except for a
slight increase in the 3600 K lighting condition compared to 3300 K.
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We analysed the differences in GSR and observed a significant main effect of CCT
(F = 5.261, p = 0.042 > 0.05), indicating a difference in GSR between the five CCT conditions.
The GSR for the five CCT conditions is shown in Figure 5B. Further post hoc analysis
showed that participants had a significantly lower GSR in the 6300 K condition compared
to the other four CCT conditions (p = 0.039 < 0.05), while there was no significant difference
between the other four CCT lighting conditions (p = 0.051 > 0.05). However, according to
the data, the GSR decreased with higher CCT, with the highest GSR (SD: 0.0132, M: 0.002)
at 2700 K and the lowest GSR (SD: 0.0114, M: 0.004) at 6300 K.

Based on the HR and GSR data, we found opposite trends in the response of HR and
GSR to the different CCT lighting conditions. HR gradually decreased and GSR gradually
increased with higher CCT lighting conditions. Furthermore, the effect of the CCT lighting
conditions on GSR was more significant than that on HR, and the effect of different CCT
lighting conditions on GSR varied considerably. Both physiological signals seem to indicate
that CCT lighting conditions do not seem to produce significant arousal affecting HR,
whereas they do produce more arousal affecting GSR.

Next, we analysed CCT satisfaction, which also had a significant main effect (F = 3.824,
p = 0.035 < 0.05), with satisfaction levels for the different CCT conditions shown in Figure 5C.
Further post hoc tests revealed that the participants were significantly less satisfied at 2700 K
compared to the other four CCT conditions (p = 0.031 < 0.05), with no significant difference
in satisfaction between the other four CCT conditions (p = 0.064 > 0.05), although these rates
were numerically highest at 6300 K, which was not significant (p = 0.057 > 0.05). Moreover,
we found that participants’ satisfaction with the CCT was almost identical when the CCT
was at 3600 K and 5000 K. Although the level of satisfaction was slightly lower at 5000 K
than at 3600 K, the difference between the two was very slight. This seems to indicate that
participants’ satisfaction did not change significantly in the 3600 to 6300 K lighting range.
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Turning to the affect scales, and starting with positive affect, there was a significant
effect of CCT (F = 12.703, p = 0.046 < 0.05). The data is illustrated in Figure 6B. Positive
affect was significantly higher in the 6300 K condition compared to the other four CCT
conditions (p = 0.048 < 0.05). There was no significant difference between the other four
CCT conditions (p = 0.078 > 0.05). It is clear from the data that the higher the CCT, the
better the positive emotion, although this was not significant. Besides, we also found
a non-significant main effect of CCT on negative emotion (F = 5.147, p = 0.083 > 0.05).
However, the data showed that the higher the CCT, the lower the negative emotion, with
the highest negative emotion at 2700 K and the lowest negative emotion at 6300 K.
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4. Discussion

To date, little is known about the optimal correlated colour temperature to benefit
individual emotion, satisfaction and physiological performance of the crew when operating
in the hygiene area of the space station. The aim of this study simulating a space station
hygiene area was to explore the effects of lighting under different CCT conditions on
the participants’ heart rate, galvanic skin response, emotions and satisfaction levels. The
results of the experiment showed that there was a significant difference in GSR, positive
emotion and satisfaction under different CCT conditions, in addition to heart rate and
negative emotion. GRS, positive emotion and CCT satisfaction all increased with higher
CCT conditions. This means that the higher the CCT, the more comfortable and better the
participants’ emotions in the space station hygiene area. Furthermore, although HR and
negative emotions did not differ significantly across the five CCT conditions, it was clear
from the data that HR and negative emotions gradually decreased as CCT increased.

The present study found that the five CCT conditions did not make any significant
difference in the participants’ heart rates in the space station hygiene area simulator,
although the highest heart rates were found at 2700 K compared to the other CCT conditions
and the lowest during 6300 K, although this did not reach statistical significance. These
findings are broadly similar to some previously reported results. Some studies found
that the heart rate of participants who remained in 6000 K lighting was slightly, but not
significantly, higher than during the 2700 K period, regardless of whether it was day or
night for the participants [52–54]. Conversely, other studies have found an increase in
heart rate when CCT lighting conditions were higher [54–56], which is not consistent
with the results of the present study. This may be due to the variability between CCT
lighting conditions, the task scenarios set and the selection of the participant population.
However, both the present study and previous studies found that CCT lighting conditions
did not significantly affect the heart rate, regardless of whether CCT lighting conditions
and heart rate followed the same trend or opposite trends. This is also consistent with
the view of some other studies that changes in heart rate are not significantly related to
the effects of short-term CCT, suggesting that greater differences in CCT levels or more
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sustained exposure times may be required to improve performance during the day and
achieve more robust results in terms of the heart rate being altered [57]. On the other hand,
significant changes in the participants’ GSR were also found in this study, even in short
15-min experiments, with GRS levels increasing with increasing CCT conditions. The GRS
level at 6300 K was significantly higher than the GRS level at 2700 K. This replicates and
extends the outcomes from previous studies, where Smolders (2017) found in a study of
human alertness and cognitive performance that human GRS was significantly lower in
low CCT conditions than in high CCT conditions [48]. There are also studies where the
6000 K condition was assessed as being more activating, which confirms the activation
results for the GRS [58,59].

Considering that different CCT conditions have an effect on human physiological
performance, we further examined the effect of CCT conditions on emotions and satisfaction
levels. Our study found that participants’ satisfaction levels and positive emotions while
operating in the space station hygiene area increased with increasing CCT levels. In
particular, regarding CCT satisfaction levels, the participants had the highest satisfaction
level at 6300 K and significantly lower satisfaction levels at 2700 K. They also had the highest
positive effect at 6300 K and showed a significant increase in positive affect at 6300 K. This
is similar to some previous studies where daytime exposure to higher CCT had beneficial
effects on alertness and emotion in humans, and participants felt more alert, energetic and
happy compared to lower CCT conditions [60–63]. However, other studies have suggested
that in lighting conditions above 6000 K, participants also experience fewer positive effects
and more negative effects, regardless of the time and duration of exposure [52]. This
discrepancy can perhaps be gleaned from the reports of the participants in this study. Due
to the nature of the space station hygiene area, the participants felt that the area was a small
space and an enclosed and isolated environment, making it more complex to operate and
more difficult to operate than in a normal bathroom on the ground. They agreed that the
high CCT lighting conditions allowed them to operate and respond quickly and effectively
with less repetition of operations. This may account for the difference in findings compared
to some previous studies. Besides, some of the current literature on the International Space
Station (ISS) reports that the operating mode in the new ISS LED system is set at 6500 K to
help the crew optimise efficiency, improve alertness and reduce error rates [64–66]. This
also indirectly validates the ability of higher CCT lighting conditions to accommodate the
crew’s working requirements when operating the system, whether in the space station crew
module or in the hygiene area environment. Furthermore, there are also ground-based
studies that have concluded that environments with higher CCT conditions over a period
of weeks do show alertness and revitalisation effects when participants are in a working
environment for long periods of time, at least on self-report measures [19,67,68].

From a practical point of view, our findings can be extrapolated to demonstrate
that CCT lighting levels may directly or indirectly affect comfort in other space station
environments as well. According to different work tasks and living conditions, NASA has
proposed LED lights with adjustable colour temperature and illuminance to optimise the
living and working conditions of astronauts in an isolated and confined environment [69,70].
This can also support astronauts’ vision, regulate their neuroendocrine system, circadian
rhythm and neurobehavior, and positively affect their sleep [71,72]. The use of 2700 K
lighting in the sleeping area can help astronauts relieve fatigue, relax and fall asleep quickly.
The use of 6500 K lighting in the core cabin with experimental cabinets can optimise work
efficiency, increase alertness and reduce error rates [15,73]. This research has been applied
to the current International Space Station and the Chinese Space Station. This further
indicates that coloured lighting can impact not only the traditional user experience in
the working area of a ground environment but also the comfort level of astronauts in
isolated and confined space environments. In the space station environment, the matching
of environmental lighting requirements to the visual space requirements within the area
is an important factor in terms of comfort. Reasonable consideration of these factors in
the design of space station areas can improve people’s sense of psychological identity and
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stimulate work efficiency. Otherwise, the environment may lead to discomfort, reduced
work efficiency and even operational errors, which may, in severe cases, endanger the crew’s
safety [74,75]. Therefore, further research in this direction may also consider the spatial
orientation of astronauts, information acquisition and judgement, as well as psychological
feelings, among other aspects. Thus, it can be concluded that the lighting design of a space
station is related to the work efficiency and safety of the astronauts.

Limitations and Future Research

The shortcomings of this study are as follows. The simulated environmental factors in
the hygiene area of a space station during the experiment were limited. In this project, a
high-fidelity simulation of the various systems in the hygiene area of a space station was
constructed, but there is a large gap between the conditions in a real space laboratory and
those in a simulated environment. In particular, when interacting with the equipment in
microgravity, the crew may face more operational uncertainty and take longer to use the
hygiene area. Future tests should be conducted on space stations and during parabolic
flight simulations to simulate microgravity and air pressure states [75].

Regarding the design of the experiment, the process of selecting the sample and the
criteria for the participants could be further improved. As astronauts or crew members in
training usually undergo more rigorous mental, physical and behavioural training during
the selection process, physical attributes such as endurance and agility will be somewhat
different from those of ordinary participants. Therefore, in future experimental space
station/laboratory environments, the test subjects should generally be chosen from special
groups, such as trained astronauts, pilots and soldiers. These subjects are potential astro-
nauts, which makes their physical and psychological characteristics closer to the standards
of astronauts. Furthermore, although some studies have concluded that individual differ-
ences among participants in CCT illumination studies are greater than gender differences,
it would still be possible to analyse gender and age group differences in the spacecraft
environment in the future.

A number of studies have found different effects of different CCT conditions for
morning and night. As human physiological and psychological functioning changes
systematically over time, and as some previous findings suggest that daytime and nighttime
effects are less consistent, it is important to explore potential differences in daytime and
nighttime exposure [76].

The effects of CCT may also depend on the intensity of illumination. Whether the
daytime effects of CCT on emotion, alertness and arousal levels are more pronounced at
lower intensity levels, or whether higher CCT conditions and longer exposure times are
necessary to induce beneficial effects on daytime physiological performance and subjective
responses requires more research [77,78].

5. Conclusions

The results of this study contribute to the literature on the coloured lighting of space
station environments in the following aspects. Firstly, we demonstrated that the CCT
of lighting impacted the participants’ GSR, emotion, and subjective satisfaction in the
simulated environment of a space station hygiene area. Secondly, we found that when the
participants used the hygiene area simulator in the five CCT conditions tested, they had
the best emotion and satisfaction in the 6300 K environment, which provides a valuable
reference for improving the lighting in the space station hygiene area in the future. Further-
more, this study provides the manned spaceflight science community with a new potential
paradigm for future lighting effects in manned spacecraft for different functional and
operational areas based on the contribution of CCT lighting to physiological and subjective
responses in simulations of operational processes in the hygiene area of the space station.
We recommend further work to be done and suggest that a longitudinal design be used to
replicate and extend our findings in order to study the impact of the CCT of lighting on a
space station’s habitability with microgravity effects. The findings from this study provide



Int. J. Environ. Res. Public Health 2022, 19, 9090 11 of 14

valuable information about the use of coloured lighting in the hygiene area to improve the
habitability design of future space station and spacecraft environments.

Author Contributions: A.J. was responsible for the overall coordination, for manuscript writing and
data collection. X.Y. and J.L. were responsible for the experimental design. C.H. and S.W. provided
supervisory support. B.F. provided administrative and technical support. A.J. and X.Y. are the
corresponding authors. All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by a research project of the National Social Science Fund of China
(no. 20BG115), a scholarship from the China Scholarship Council and the University of Leeds
(no. 201908430166), and a scientific research project of the Hunan Provincial Department of Education
(no. 19B568).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of Xiangtan University (date of approval:
16 January 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets used and/or analysed during the current study are
available from the corresponding author upon reasonable request.

Acknowledgments: We thank the teams at ESA-ESTEC, China Astronaut Research and Training
Centre, IMA, HI-SEAs, Blue Planet Energy Laboratory, ILEWG and Euro Moon Mars for their support
during the preparation of the experiment.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Effenhauser, L. Human Research Program: 2012 Fiscal Year Annual Report; NASA: Houston, TX, USA, 2012.
2. De Vera, J.P.; Alawi, M.; Backhaus, T.; Baque, M.; Billi, D.; Böttger, U.; Berger, T.; Bohmeier, M.; Cockell, C.; Demets, R.; et al. Limits

of life and the habitability of Mars: The ESA space experiment BIOMEX on the ISS. Astrobiology 2019, 19, 145–157. [CrossRef]
[PubMed]

3. Qin, H.; Bai, Y.; Wu, B.; Wang, J.; Liu, X.; Jing, X. Research progress of emotion in manned space flight. Aerosp. Med. Med. Eng.
2012, 4, 302–306. (In Chinese)

4. Messerschmid, E.; Bertrand, R. Space Stations: Systems and Utilization; Springer: Berlin/Heidelberg, Germany, 2013.
5. Novak, J.B. Summary of current issues regarding space flight habitability. Aviat. Space Environ. Med. 2000, 71 (Suppl. 9),

A131–A132. [PubMed]
6. Mahnke, F.H. Color, Environment, and Human Response: An Interdisciplinary Understanding of Color and its Use as a Beneficial Element

in the Design of the Architectural Environment; John Wiley & Sons: Hoboken, NJ, USA, 1996.
7. Crusan, J.C.; Craig, D.A.; Herrmann, N.B. NASA’s Deep Space Habitation Strategy. In Proceedings of the 2017 IEEE Aerospace

Conference, Big Sky, MT, USA, 4–11 March 2017; pp. 1–11.
8. Clearwater, Y.A. Space station habitability research. Acta Astronaut. 1988, 17, 217–222. [CrossRef]
9. Cohen, M.M. Overview: Human Factors Issues in Space Station Architecture. In Proceedings of the Seminar on Space Station

Human Productivity, Moffett Field, CA, USA, 1 March 1985.
10. Jiang, A.; Foing, B.H.; Schlacht, I.L.; Yao, X.; Cheung, V.; Rhodes, P.A. Colour schemes to reduce stress response in the hygiene

area of a space station: A Delphi study. Appl. Ergon. 2022, 98, 103573. [CrossRef]
11. Jiang, A.; Yao, X.; Hemingray, C.; Westland, S. Young people’s colour preference and the arousal level of small apartments. Color

Res. Appl. 2022, 47, 783–795. [CrossRef]
12. Helppie, M.A. Soviet Space Stations as Analogs; NASA: Washington, DC, USA, 1986.
13. Connors, M.M.; Harrison, A.A.; Akins, F.R. Living Aloft: Human Requirements for Extended Spaceflight; NASA: Washington, DC,

USA, 1985.
14. Wise, B.K.; Wise, J.A. The Human Factors of Color in Environmental Design: A Critical Review; Human Factors Report; NASA: Moffett

Field, CA, USA, 1988.
15. Brainard, G.C.; Barger, L.K.; Soler, R.R.; Hanifin, J.P. The development of lighting countermeasures for sleep disruption and

circadian misalignment during spaceflight. Curr. Opin. Pulm. Med. 2016, 22, 535–544. [CrossRef] [PubMed]
16. Lin, J.; Westland, S.; Cheung, V. Effect of intensity of short-wavelength light on electroencephalogram and subjective alertness.

Light. Res. Technol. 2020, 52, 413–422. [CrossRef]
17. Knez, I. Effects of colour of light on nonvisual psychological processes. J. Environ. Psychol. 2001, 21, 201–208. [CrossRef]
18. NASA-STD-3001; NASA Space Flight Human System Standard, Volume I: Crew Health. National Aeronautics and Space

Administration Johnson Space Center: Houston, TX, USA, 2007.

http://doi.org/10.1089/ast.2018.1897
http://www.ncbi.nlm.nih.gov/pubmed/30742496
http://www.ncbi.nlm.nih.gov/pubmed/10993325
http://doi.org/10.1016/0094-5765(88)90027-6
http://doi.org/10.1016/j.apergo.2021.103573
http://doi.org/10.1002/col.22756
http://doi.org/10.1097/MCP.0000000000000329
http://www.ncbi.nlm.nih.gov/pubmed/27607152
http://doi.org/10.1177/1477153519872801
http://doi.org/10.1006/jevp.2000.0198


Int. J. Environ. Res. Public Health 2022, 19, 9090 12 of 14

19. Gong, Y.; Jiang, A.; Wu, Z.; Yao, X.; Hemingray, C.; Westland, S.; Li, W. Effects of Intensity of Short-Wavelength Light on the EEG
and Performance of Astronauts During Target Tracking. In Engineering Psychology and Cognitive Ergonomics, Proceedings of
the International Conference on Human-Computer Interaction, Gothenburg, Sweden, 26 June 2022; Springer: Cham, Switzerland,
2022; pp. 279–289.

20. Fucci, R.L.; Gardner, J.; Hanifin, J.P.; Jasser, S.; Byrne, B.; Gerner, E.; Rollag, M.; Brainard, G.C. Toward optimizing lighting as a
countermeasure to sleep and circadian disruption in space flight. Acta Astronaut. 2005, 56, 1017–1024. [CrossRef]

21. Boray, P.F.; Gifford, R.; Rosenblood, L. Effects of warm white, cool white and full-spectrum fluorescent lighting on simple
cognitive performance, mood and ratings of others. J. Environ. Psychol. 1989, 9, 297–307. [CrossRef]

22. Veitch, J.; Gifford, R.; Hine, D.W. Demand characteristics and full spectrum lighting effects on performance and mood. J. Environ.
Psychol. 1991, 11, 87–95. [CrossRef]

23. Knez, I.; Kers, C. Effects of indoor lighting, gender, and age on mood and cognitive performance. Environ. Behav. 2000, 32,
817–831. [CrossRef]

24. Ferlazzo, F.; Piccardi, L.; Burattini, C.; Barbalace, M.; Giannini, A.; Bisegna, F. Effects of new light sources on task switching and
mental rotation performance. J. Environ. Psychol. 2014, 39, 92–100. [CrossRef]

25. Hawes, B.K.; Brunye, T.; Mahoney, C.R.; Sullivan, J.M.; Aall, C.D. Effects of four workplace lighting technologies on perception,
cognition and affective state. Int. J. Ind. Ergon. 2012, 42, 122–128. [CrossRef]

26. Schweitzer, M.; Gilpin, L.; Frampton, S. Healing Spaces: Elements of Environmental Design That Make an Impact on Health.
J. Altern. Complement. Med. 2004, 10 (Suppl. 1), S71–S83. [CrossRef] [PubMed]

27. Van Bommel, W.J.M.; van den Beld, G.J. Lighting for work: A review of visual and biological effects. Light. Res. Technol. 2004, 36,
255–266. [CrossRef]

28. Veitch, J. Psychological Processes Influencing Lighting Quality. J. Illum. Eng. Soc. 2001, 30, 124–140. [CrossRef]
29. Kakitsuba, N. Comfortable Indoor Lighting Conditions Evaluated from Psychological and Physiological Responses. LEUKOS

2016, 12, 163–172. [CrossRef]
30. Kakitsuba, N. Comfortable indoor lighting conditions for LED lights evaluated from psychological and physiological responses.

Appl. Ergon. 2020, 82, 102941. [CrossRef]
31. Konstantzos, I.; Sadeghi, S.A.; Kim, M.; Xiong, J.; Tzempelikos, A. The effect of lighting environment on task performance in

buildings—A review. Energy Build. 2020, 226, 110394. [CrossRef]
32. Takakura, J.Y.; Nishimura, T.; Choi, D.; Egashira, Y.; Watanuki, S. Nonthermal sensory input and altered human thermoregulation:

Effects of visual information depicting hot or cold environments. Int. J. Biometeorol. 2015, 59, 1453–1460. [CrossRef] [PubMed]
33. Cajochen, C.; Munch, M.; Kobialka, S.; Krauchi, K.; Steiner, R.; Oelhafen, P.; Orgul, S.; Wirz-Justice, A. High sensitivity of human

melatonin, alertness, thermoregulation, and heart rate to short wavelength light. J. Clin. Endocrinol. Metab. 2005, 90, 1311–1316.
[CrossRef] [PubMed]

34. Yasukouchi, A.; Yasukouchi, Y.; Ishibashi, K. Effects of color temperature of fluorescent lamps on body temperature regulation in
a moderately cold environment. J. Physiol. Anthropol. Appl. Hum. Sci. 2000, 19, 125–134. [CrossRef]

35. Smith, B.; Hallo, J. Informing good lighting in parks through visitors’ perceptions and experiences. Int. J. Sustain. Light. 2019, 21,
47–65. [CrossRef]

36. Fernandez, P.; Giboreau, A.; Fontoynont, M. Relation Between Preferences of Luminous Environments and Situations Experienced
by Users. A Hotel Case Study. In Proceedings of the 3rd International Conference on Appearance, Edinburgh, UK, 17–19 April
2012; pp. 177–180.

37. Akbay, S.; Avci, A.N. Evaluation of Color Perception in Different Correlated Color Temperature of LED Lighting. GRID Arch.
Plan. Des. J. 2018, 1, 139–162. [CrossRef]

38. Connolly, J.H.; Arch, M. NASA Standard 3000, Human Systems Integration Standards (HSIS) Update. Proc. Hum. Factors Ergon.
Soc. Annu. Meet. 2005, 49, 2018–2022. [CrossRef]

39. Fleri, E.L., Jr.; Galliano, P.A.; Harrison, M.E.; Johnson, W.B.; Meyer, G.J. Proposal for a Zero-Gravity Toilet Facility for the Space Station;
NASA: Washington, DC, USA, 1989.

40. Kitmacher, G.H. Reference Guide to the International Space Station; NASA: Washington, DC, USA, 2006.
41. Link, D.E.; Balistreri, S.F.; Gelmis, K. International Space Station USOS Waste and Hygiene Compartment Development. SAE Int.

J. Aerosp. 2008, 1, 429–434. [CrossRef]
42. Buysse, D.J.; Reynolds, C.F., III; Monk, T.H.; Berman, S.R.; Kupfer, D.J. The Pittsburgh Sleep Quality Index: A new instrument for

psychiatric practice and research. Psychiatry Res. 1989, 28, 193–213. [CrossRef]
43. Horne, J.A.; Östberg, O. A self-assessment questionnaire to determine morningness-eveningness in human circadian rhythms.

Int. J. Chronobiol. 1976, 4, 97–110.
44. Allen, M.J.; Austen, D.P.; Jones, A.E.; Levene, J.R.; Miller, S. The Visual Standards for the Selection and Retention of Astronauts; NASA:

Houston, TX, USA, 1970.
45. Wang, H.M.; Yang, F.; Guo, S.J.; Han, L. Analysis of the frontier development of space life science research. Sci. Watch. 2015, 10,

37–51. (In Chinese)
46. Chen, S.; Zhao, X.; Zhou, R.; Wang, L.; Tan, C. The effect of head down bed rest at 15d-6◦ on female individual emotions. Aerosp.

Med. Med. Eng. 2011, 24, 253–258. (In Chinese)

http://doi.org/10.1016/j.actaastro.2005.01.029
http://doi.org/10.1016/S0272-4944(89)80011-8
http://doi.org/10.1016/S0272-4944(05)80007-6
http://doi.org/10.1177/0013916500326005
http://doi.org/10.1016/j.jenvp.2014.03.005
http://doi.org/10.1016/j.ergon.2011.09.004
http://doi.org/10.1089/acm.2004.10.S-71
http://www.ncbi.nlm.nih.gov/pubmed/15630824
http://doi.org/10.1191/1365782804li122oa
http://doi.org/10.1080/00994480.2001.10748341
http://doi.org/10.1080/15502724.2015.1061945
http://doi.org/10.1016/j.apergo.2019.102941
http://doi.org/10.1016/j.enbuild.2020.110394
http://doi.org/10.1007/s00484-015-0956-3
http://www.ncbi.nlm.nih.gov/pubmed/25609478
http://doi.org/10.1210/jc.2004-0957
http://www.ncbi.nlm.nih.gov/pubmed/15585546
http://doi.org/10.2114/jpa.19.125
http://doi.org/10.26607/ijsl.v21i02.93
http://doi.org/10.37246/grid.330223
http://doi.org/10.1177/154193120504902304
http://doi.org/10.4271/2008-01-2137
http://doi.org/10.1016/0165-1781(89)90047-4


Int. J. Environ. Res. Public Health 2022, 19, 9090 13 of 14

47. Borrego, M.A.; Zaruba, Y.G.; Broyan, J.L., Jr.; McKinley, M.K.; Baccus, S. Exploration Toilet Integration Challenges on the
International Space Station. In Proceedings of the 49th International Conference on Environmental Systems, Boston, MA, USA,
7–11 July 2019.

48. Kelly, A.C.; Uddin, L.Q.; Biswal, B.B.; Castellanos, F.X.; Milham, M.P. Competition between functional brain networks mediates
behavioral variability. Neuroimage 2008, 39, 527–537. [CrossRef] [PubMed]

49. Ma, R.; Liao, N.; Yan, P.; Shinomori, K. Influences of lighting time course and background on categorical colour constancy with
RGB-LED light sources. Color Res. Appl. 2019, 44, 694–708. [CrossRef]

50. Watson, D.; Clark, L.A.; Tellegen, A. Development and validation of brief measures of positive and negative affect: The PANAS
scales. J. Personal. Soc. Psychol. 1988, 54, 1063. [CrossRef]

51. Liu, C.; Sun, L.; Jing, X.; Zhang, Y.; Meng, X.; Jia, C.; Gao, W. How correlated color temperature (CCT) affects undergraduates: A
psychological and physiological evaluation. J. Build. Eng. 2022, 45, 103573. [CrossRef]

52. Smolders, K.C.; de Kort, Y.A. Investigating daytime effects of correlated colour temperature on experiences, performance, and
arousal. J. Environ. Psychol. 2017, 50, 80–93. [CrossRef]

53. Kanbier, E.P. Exploring the Mediation of Emotional State on the Influence of Ambient Light on Eating Behaviour. Master’s Thesis,
University of Twente, Enschede, The Netherlands, 2021.

54. Toftum, J.; Thorseth, A.; Markvart, J.; Logadottir, A. Occupant response to different correlated colour temperatures of white LED
lighting. Build. Environ. 2018, 143, 258–268. [CrossRef]

55. Chen, R.; Tsai, M.-C.; Tsay, Y.-S. Effect of Color Temperature and Illuminance on Psychology, Physiology, and Productivity: An
Experimental Study. Energies 2022, 15, 4477. [CrossRef]

56. Chen, C.-Y.; Chen, H.-W. The Effect of Dynamic Lighting for Working Shift People on Clinical Heart Rate Variability and Human
Slow Wave Sleep. Appl. Sci. 2022, 12, 2284. [CrossRef]

57. Huiberts, L.M.; Smolders, K.C.; de Kort, Y.A. Non-image forming effects of illuminance level: Exploring parallel effects on
physiological arousal and task performance. Physiol. Behav. 2016, 164, 129–139. [CrossRef] [PubMed]

58. Oldham, M.A.; Ciraulo, D.A. Bright light therapy for depression: A review of its effects on chronobiology and the autonomic
nervous system. Chronobiol. Int. 2014, 31, 305–319. [CrossRef]

59. Zhang, R.; Campanella, C.; Aristizabal, S.; Jamrozik, A.; Zhao, J.; Porter, P.; Ly, S.; Bauer, B.A. Impacts of dynamic LED lighting on
the well-being and experience of office occupants. Int. J. Environ. Res. Public Health 2020, 17, 7217. [CrossRef] [PubMed]

60. Iskra-Golec, I.; Wazna, A.; Smith, L. Effects of blue-enriched light on the daily course of mood, sleepiness and light perception: A
field experiment. Light. Res. Technol. 2012, 44, 506–513. [CrossRef]

61. Keis, O.; Helbig, H.; Streb, J.; Hille, K. Influence of blue-enriched classroom lighting on students’ cognitive performance. Trends
Neurosci. Educ. 2014, 3, 86–92. [CrossRef]

62. Smolders, K.; de Kort, Y.; Cluitmans, P. A higher illuminance induces alertness even during office hours: Findings on subjective
measures, task performance and heart rate measures. Physiol. Behav. 2012, 107, 7–16. [CrossRef] [PubMed]

63. Smolders, K.C.; de Kort, Y.A. Bright light and mental fatigue: Effects on alertness, vitality, performance and physiological arousal.
J. Environ. Psychol. 2014, 39, 77–91. [CrossRef]

64. Caballero-Arce, C.; Vigil de Insausti, A.; Benlloch Marco, J. Lighting of Space Habitats: Influence of Color Temperature on a
Crew’s Physical and Mental Health. In Proceedings of the 42nd International Conference on Environmental Systems, San Diego,
CA, USA, 15–19 July 2012; p. 3615.

65. Wu, B.; Wang, Y.; Wu, X.; Liu, D.; Xu, D.; Wang, F. On-orbit sleep problems of astronauts and countermeasures. Mil. Med. Res.
2018, 5, 17. [CrossRef]

66. Clark, T.A. Addressing Challenges to the Design & Test of Operational Lighting Environments for the International Space Station.
In Proceedings of the Strategies in Light 2016 Conference, Santa Clara, CA, USA, 3 March 2016.

67. Mills, P.R.; Tomkins, S.C.; Schlangen, L.J.M. The effect of high correlated colour temperature office lighting on employee wellbeing
and work performance. J. Circadian Rhythm. 2007, 5, 2. [CrossRef]

68. Viola, A.U.; James, L.M.; Schlangen, L.J.M.; Dijk, D.-J. Blue-enriched white light in the workplace improves self-reported alertness,
performance and sleep quality. Scand. J. Work. Environ. Health 2008, 34, 297–306. [CrossRef]

69. Lu, S.; Jiang, A.; Schlacht, I.; Foing, B.; Westland, S.; Hemingray, C.; Yao, X.; Guo, Y. Effects and Challenges of Operational
Lighting Illuminance in Spacecraft on Human Visual Acuity. In Advances in Human Aspects of Transportation, Proceedings of
the International Conference on Applied Human Factors and Ergonomics, New York, NY, USA, 25–29 July 2021; Springer: Cham,
Switzerland, 2021; pp. 582–588.

70. Lu, S.; Jiang, A.; Schlacht, I.; Ono, A.; Foing, B.; Yao, X.; Westland, S.; Guo, Y. The Effect on Subjective Alertness and Fatigue
of Three Colour Temperatures in the Spacecraft Crew Cabin. In Advances in Human Aspects of Transportation, Proceedings of the
International Conference on Applied Human Factors and Ergonomics, New York, NY, USA, 25–29 July 2021; Springer: Cham, Switzerland,
2021; pp. 632–639.

71. Jiang, A.; Schlacht, I.L.; Yao, X.; Foing, B.; Fang, Z.; Westland, S.; Hemingray, C.; Yao, W. Space Habitat Astronautics: Multicolour
Lighting Psychology in a 7-Day Simulated Habitat. Space Sci. Technol. 2022, 2022, 9782706. [CrossRef]

72. Schlacht, I.L. Space Habitability. Integrating Human Factors into the Design Process to Enhance Habitability in Long Duration
Missions. Ph.D. Thesis, Technical University of Berlin, Berlin, Germany, 2012.

http://doi.org/10.1016/j.neuroimage.2007.08.008
http://www.ncbi.nlm.nih.gov/pubmed/17919929
http://doi.org/10.1002/col.22392
http://doi.org/10.1037/0022-3514.54.6.1063
http://doi.org/10.1016/j.jobe.2021.103573
http://doi.org/10.1016/j.jenvp.2017.02.001
http://doi.org/10.1016/j.buildenv.2018.07.013
http://doi.org/10.3390/en15124477
http://doi.org/10.3390/app12052284
http://doi.org/10.1016/j.physbeh.2016.05.035
http://www.ncbi.nlm.nih.gov/pubmed/27221368
http://doi.org/10.3109/07420528.2013.833935
http://doi.org/10.3390/ijerph17197217
http://www.ncbi.nlm.nih.gov/pubmed/33023141
http://doi.org/10.1177/1477153512447528
http://doi.org/10.1016/j.tine.2014.09.001
http://doi.org/10.1016/j.physbeh.2012.04.028
http://www.ncbi.nlm.nih.gov/pubmed/22564492
http://doi.org/10.1016/j.jenvp.2013.12.010
http://doi.org/10.1186/s40779-018-0165-6
http://doi.org/10.1186/1740-3391-5-2
http://doi.org/10.5271/sjweh.1268
http://doi.org/10.34133/2022/9782706


Int. J. Environ. Res. Public Health 2022, 19, 9090 14 of 14

73. Shivers, C.H. NASA space safety standards and procedures for human-rating requirements. In Space Safety Regulations and
Standards; Butterworth-Heinemann: Oxford, UK, 2010; pp. 3–15.

74. Klaus, D.M. Functional Integration of Humans and Spacecraft Through Physics, Physiology, Safety and Operability. In Proceedings
of the 2017 IEEE Aerospace Conference, Big Sky, MT, USA, 4–11 March 2017; pp. 1–7.

75. Meirhaeghe, N.; Bayet, V.; Paubel, P.-V.; Melan, C. Selective facilitation of egocentric mental transformations under short-term
microgravity. Acta Astronaut. 2020, 170, 375–385. [CrossRef]

76. Chellappa, S.L.; Viola, A.U.; Schmidt, C.; Bachmann, V.; Gabel, V.; Maire, M.; Reichert, C.F.; Valomon, A.; Götz, T.; Lan-
dolt, H.P.; et al. Human melatonin and alerting response to blue-enriched light depend on a polymorphism in the clock gene
PER3. J. Clin. Endocrinol. Metab. 2012, 97, E433–E437. [CrossRef]

77. Chellappa, S.; Steiner, R.; Blattner, P.; Oelhafen, P.; Götz, T.; Cajochen, C. Non-Visual Effects of Light on Melatonin, Alertness and
Cognitive Performance: Can Blue-Enriched Light Keep Us Alert? PLoS ONE 2011, 6, e16429. [CrossRef]

78. Vienot, F.; Durand, M.L.; Mahler, E. Kruithof’s rule revisited using LED illumination. J. Mod. Opt. 2009, 56, 1433–1446. [CrossRef]

http://doi.org/10.1016/j.actaastro.2020.01.039
http://doi.org/10.1210/jc.2011-2391
http://doi.org/10.1371/journal.pone.0016429
http://doi.org/10.1080/09500340903151278

	Introduction 
	Materials and Methods 
	Participants 
	Experimental Set-Up and Scene 
	Experimental Procedure 
	Materials and Data Collection 
	Statistical Analyses 

	Results 
	Discussion 
	Conclusions 
	References

