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Abstract 
The long, dark winters of the Nordic region pose unique challenges for children with autism, whose 
heightened sensory sensitivities often make conventional home lighting a barrier to restful sleep and daily 
stability. This thesis explores the transformative potential of smart, energy-efficient lighting systems designed 
to mimic the gentle transitions of dawn and dusk within real-world family homes. Fourteen participants, 
including children with Autism Spectrum Condition (ASC) and related neurodevelopmental profiles, 
participated in a home-based intervention using programmable LED lighting scenarios tailored to support 
natural circadian rhythms. 

Sleep patterns were tracked using both objective sleep analysers and parent diaries, while in-depth interviews 
captured the lived experiences of families. Although group-level statistical shifts in sleep timing were modest, 
individual stories revealed meaningful improvements, especially among families who also reduced evening 
screen time. Parents described the lighting as a calming signal, smoothing bedtime routines, easing morning 
transitions, and fostering greater independence and emotional regulation in their children. The intervention’s 
low energy consumption and use of commercially attainable technology highlights its practicality and promise 
for broader adoption. 

Despite limitations such as a small, culturally homogenous sample and a relatively short study period, this 
research demonstrates that adaptive, sensory-responsive lighting can play a vital role in supporting the sleep 
health and well-being of neurodiverse children. As Nordic winters grow longer and darker, such innovations 
offer a pathway to healthier, more inclusive home environments, lighting the way for both better sleep and 
brighter days. 
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Glossary 
Illuminance  
The density of incident luminous flux (light) received per unit area at a point on a real or imaginary surface. 
Illuminance quantifies how much light falls on a surface and is measured in lux (lx), where one lux equals one 
lumen per square metre (CIE, 2023). 
 
Spectral Power Distribution 
Spectral Power Distribution (SPD) is a measurement that shows how a light source's energy is spread across 
different wavelengths. It describes the light's colour characteristics and helps determine its visual and non-
visual effects (Pastilha & Hurlbert, 2022). 
 
Correlated Colour Temperature 
Correlated Colour Temperature (CCT) is a metric, measured in Kelvin [K], that describes the colour 
appearance of a light source. Lower CCT values indicate warm, yellowish light, while higher values indicate 
cool, bluish light (Thollander et al., 2020). 
 
Standard Daylight 
Standard daylight (D65) or CIE Standard Illuminant D65 is a reference light source defined by the 
International Commission on Illumination (CIE) that represents average daylight conditions under a clear sky, 
with a correlated colour temperature of approximately 6 500 K (CIE, 2023). 
 
Melanopic Equivalent Daylight Illuminance 
Melanopic Equivalent Daylight (D65) Illuminance (CIE, 2018) is a metric of how much a light source 
stimulates the melanopsin-containing retinal cells, which are key to regulating circadian rhythms and other 
responses, with unit expressed in lux. 
 
Circadian Entrainment 
The process by which an organism’s internal biological clock synchronises with external time cues, such as 
the natural day-night cycle (Duffy & Wright, 2005). 
 
Circadian Rhythm 
The body’s internal 24-hour cycle that regulates sleep, wakefulness, and various physiological processes, 
adapting to environmental cues like light and dark (Tähkämö et al., 2019). 
 
Autism Spectrum Condition  
Autism Spectrum Condition (ASC) is a neurodevelopmental disorder characterised by challenges in social 
communication and interaction, along with repetitive behaviours or interests that typically appear in early 
childhood (National Institute of Mental Health, 2024). 
 
DSM-5  
DSM-5 criteria are standardised guidelines from the Diagnostic and Statistical Manual of Mental Disorders, 
Fifth Edition, used to diagnose mental health conditions such as Autism (American Psychiatric Association, 
2025). 
 
Withings Sleep Analyser 
A medically certified, contactless sleep monitoring device placed under the mattress. It records data such as 
sleep stages, heart rate, breathing disturbances, and bed presence using pressure sensors. 
 
Hertz  
Hertz [Hz] is the SI unit of frequency, defined as one cycle per second. It quantifies how often a periodic 
event occurs over time (Lindén & Dam-Hansen, 2022) 
 
Stroboscopic Visibility Measure 
SVM (Stroboscopic Visibility Measure) is a metric used to quantify the visibility of stroboscopic effects 
caused by temporal light modulation (flicker) in artificial lighting (Lindén & Dam-Hansen, 2022). 
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1 Introduction 
The Nordic climate is characterised by significant variability in daylight exposure, with extended daylight 
hours in warmer seasons and much shorter periods during colder months. Overcast skies are predominant in 
winter, further reducing daylight availability (Dubois et al., 2025). In addition, climate change has accelerated 
a reduction in snow cover, thereby decreasing the reflective quality of surfaces that typically increases 
illumination (Masson-Delmotte et al., 2021). Low daylight exposure in winter has been linked to the 
development of Seasonal Affective Disorder (SAD), a type of depressive disorder (Partonen & Lönnqvist, 
1998), and insufficient light has also been associated with sleep disturbances such as hypersomnia (Anderson 
et al., 1994). These findings underline the critical importance of adequate light exposure during winter 
months. Light exposure plays a crucial role in regulating sleeping patterns, and emotional well-being (Gentile 
et al., 2016), particularly in critical periods such as morning and evening (Bjerrum et al., 2024) which are 
typically spent at home. For children with Autism Spectrum Condition (ASC), disruptions in sleep cycles and 
emotional regulation are common (Humphreys et al., 2013; Johnson et al., 2009). Studies have shown a strong 
correlation between sleep disturbances and emotional dysregulation in children with ASC (Favole et al., 
2023), suggesting extra importance in terms of appropriate light exposure during morning and evening.  
 
While research on circadian rhythms in the general population is well established (CIE, 2019; Rastegari et al., 
2024; Tähkämö et al., 2019), studies on the effects of home lighting interventions for children with ASC 
remain limited. This study explores whether integrative lighting systems, readily available in local markets 
and designed to mimic daylight by adjusting light intensity and spectrum during dusk and dawn (Aries et al., 
2024; Gentile et al., 2022), can enhance sleep duration and sleep quality in children with ASC. By 
implementing these smart LED lighting for homes, this research aims to establish evidence-based guidelines 
for optimising light exposure to improve sleep for children with ASC. 
 

1.1 Background 

In Nordic countries like Sweden, where daylight exposure is both problematic and variable (Dubois et al., 
2025), there is a growing need to develop integrative lighting systems that support healthy sleep patterns 
(Rastegari et al., 2024). Sleep disorders are common among individuals with ASC (Posar & Visconti, 2020) 
and their circadian rhythm, which regulates sleep-wake cycles, are often out of sync due to heightened 
sensitivity to light (Humphreys et al., 2013; Johnson et al., 2009). This dysregulation arises from multiple 
factors, including inherent differences in circadian regulation (Martinez-Cayuelas et al., 2021) and varied 
sensory sensitivities to stimuli such as brightness and colour, which can trigger discomfort, anxiety, and 
further disrupt sleep and emotional regulation (Belek, 2019; Nagib & Williams, 2018).  
 
Beyond light sensitivity, individuals with ASC often experiences heightened or reduced sensitivity across all 
five senses sight, hearing, touch, taste, and olfaction (Jill Marco et al., 2011). Excessive brightness, certain 
textures, and background noise can exacerbate discomfort and anxiety, further disrupting sleep and emotional 
well-being (McAllister et al., 2022; Nagib & Williams, 2017). Despite the importance of these environmental 
factors, research and guidelines on Indoor Environmental Quality (IEQ) for individuals with ASC remain 
scarce (Zaniboni & Toftum, 2023). Given the seasonal variability of daylight in Nordic regions (Dubois et al., 
2025; Rastegari et al., 2024), it is crucial to develop adaptive lighting systems that mimic daylight patterns and 
address sensory sensitivities (Nagib & Williams, 2017), thereby potentially improving sleep quality and 
emotional regulation, especially during long, dark winters.  
 
This study implements smart, integrative lighting systems that simulate daylight cycles, with a particular focus 
on the twilight periods typical of the winter season. These systems are designed to adjust colour temperature 
and intensity throughout the day, mimicking the progression of sunlight from dawn to dusk. Using tunable 
LED lights, the system can, for example, gradually increase brightness in the morning to support waking, and 
slowly dim in the evening to promote relaxation and sleep. Moreover, the lighting can be customised to 
accommodate individual sensory sensitivities, ensuring that light exposure is tailored to the specific needs of 
children with ASC (Jill Marco et al., 2011; Mostafa, 2014; Nagib & Williams, 2017). 
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1.2 Aim and Objective 

The main objective of this study is to investigate whether integrative, energy-efficient home lighting systems 
can influence the sleep quality and duration for children with ASC. The intervention focused specifically on 
pre-programmed lighting scenarios designed to simulate dusk and dawn. Dusk lighting was implemented in 
living rooms during evening hours, while dawn lighting was used in bedrooms to support morning wake-up 
routines. These targeted applications aim to assess whether such systems can help regulate sleep-wake cycles 
and promote healthier daily functioning in real-life home settings. 
 
The main objective is complemented by three sub-objectives: 
 
1. Sensory Sensitivities: To explore how the implemented lighting intervention, including light intensity, 

spectrum, and transitions, influence sensory experiences and sensitivities in children with ASC. 
2. Individual Factors: To discuss the role of individual factors, such as age, and daily routines in how 

children with ASC respond to lighting interventions. 
3. Energy Efficiency: To evaluate the efficiency of LED lighting systems in maintaining energy savings 

while supporting healthy sleep patterns and emotional well-being for children with ASC, in line with the 
goals of sustainable building practices.  

 

1.3 Limitations 

In this study, children identified under the NPF (Neuropsykiatriska funktionsnedsättningar in Swedish) 
category had not yet received a specific diagnosis, as the diagnostic process in Sweden can take a long time 
(up to two years). These children were still undergoing assessment; they were included based on clear 
developmental indicators of ASC and with the informed consent of their families.  
 
The study was conducted during winter months (January to March) in Sweden, a period characterised by 
limited natural daylight and potentially altered daily routines. This seasonal context may have influenced both 
the implementation and outcomes of the intervention. 
 
All participants in the study were Arabic-speaking families, primarily recruited through the local association 
Mitt Speciella Barn, where most members share similar cultural backgrounds. Although the study was 
promoted in public libraries, hospitals, and through broader community channels, only families from this 
group responded. This homogeneity limited the cultural diversity of the sample. Additionally, the samples are 
predominantly males, only including two females’ participants out of the fourteen participants. The inclusion 
of children without formal diagnoses, the seasonal timing, limited cultural diversity, and the genders of 
participants represents combinations of contextual constraints. These factors are acknowledged here and 
explored in more detail in later sections of the thesis. 
 
 
2 Literature review 

2.1 Overview of Autism Spectrum Disorder (ASC) 

Autism Spectrum Disorder (ASC) is a neurodevelopmental condition marked by persistent challenges in 
social communication and interaction, along with restricted, repetitive patterns of behaviour or interests that 
typically emerge during early childhood (National Institute of Mental Health, 2024). The Diagnostic and 
Statistical Manual of Mental Disorders, Fifth Edition (American Psychiatric Association, 2025) or DSM-5 is a 
handbook guide that help diagnose ASC, which is based on two key criteria: persistent deficits in social 
communication and interaction, and restricted, repetitive patterns of behaviour, interests, or activities. These 
symptoms must be present from early childhood and cause significant impairment in daily functioning. The 
DSM-5 also categorises ASC into three severity levels, Level 1 (requiring support), Level 2 (requiring 
substantial support), and Level 3 (requiring very substantial support) which reflect the degree of assistance an 
individual needs.  
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In Sweden, ASC falls under the broader category of Neuropsychiatric/-developmental disorder, commonly 
referred to in Swedish as “Neuropsykiatriska funktionsnedsättningar (NPF)” (Riksförbundet Attention, 2025). 
This term encompasses conditions that affect brain development and function, leading to differences in 
behaviour, cognition, and emotional regulation. This category typically includes disorders such as autism 
spectrum disorder (ASC), attention deficit hyperactivity disorder (ADHD), Tourette syndrome, and others 
(1177, 2025). Current estimates indicate that approximately 10% of schoolchildren in Sweden are affected by 
NPF (Specialpedagogiska skolmyndigheten, 2025).    
 
More recent estimates from Socialstyrelsen (2022), the National Board of Health and Welfare, indicate that 
between 5 % and 7 % of children and 3 % of adults in Sweden have ADHD, while 1% to 2% of the population 
is diagnosed with ASC. Consequently, at least one student in every classroom may be affected by ADHD or 
ASC that present various challenges in daily life. In Europe, Sacco et al. (2022) estimated that autism affects 
0.8 % of young people and 1.4 % of the general population. Moreover, a systematic review of global autism 
prevalence estimates from 2000 to 2020 found that reported rates of ASC have increased, likely due to 
improved access to health services, refined diagnostic criteria, and enhanced diagnostic accuracy (Anorson et 
al., 2021). These increasing diagnoses underscore the urgent need to design buildings and update regulations 
to better support neurodiverse individuals. Tailored environments that address the unique challenges of 
ADHD, ASC, and related conditions are essential for enhancing daily function and overall well-being, which 
not only applies for neurodiverse individuals but potentially for everyone (Nagib & Williams, 2017; Shell, 
2016; Zaniboni & Toftum, 2023). 
 

2.2 Environmental and Sensory Challenges in ASC 

Individuals with ASC often face a range of challenges that can hinder their daily function, including sleep 
disturbances (Posar & Visconti, 2020; Martinez-Cayuelas et al., 2021), most likely provoked by alterations in 
circadian rhythm and melatonin production (Ballester et al., 2019; Ballester-Navarro et al., 2021; Martinez-
Cayuelas et al., 2022), as well as heightened or reduced sensory sensitivities (McAllister et al., 2022; Nagib & 
Williams, 2017), and difficulties with emotional regulation (Lollies et al., 2022). In addition to sensory and 
regulatory challenges, many autistic individuals encounter difficulties finding housing that accommodates 
their unique needs (Nagib & Williams, 2017; Noble et al., 2018; Zaniboni & Toftum, 2023). This issue 
primarily stems from a lack of regulations and design standards, particularly regarding IEQ, which fails to 
address their sensory and functional requirements (Zaniboni & Toftum, 2023). Consequently, the built 
environment often lacks sensory-friendly features, further exacerbating daily difficulties for individuals with 
ASC (Shell, 2016).  
 
In Sweden, LSS-boende, or “special serviced apartment”, provide housing and support for individuals with 
significant disabilities under the Swedish Act concerning Support and Service for Certain Disabled People 
(Lagen om stöd och service till visa funktionshindrande/LSS) (Socialstyrelsen, 2022). These specialised 
accommodations aim to offer comprehensive support for individuals with disabilities in their daily lives 
(Malmö Stad, 2024). The demand for LSS-boende has steadily increased, with a 26% rise from 2008 to 2018, 
reaching approximately 28,246 dwellings (Sveriges Kommuner och Regioner, 2020). More recent estimates 
from 2023 suggest that around 79,100 individuals now use LSS-boende (Socialstyrelsen, 2025). The 
increasing number of individuals benefiting from these accommodations underscores the growing need for 
tailored support to address the diverse needs of disabled populations. 
 

2.3 Effects of Light Exposure on Health and Wellbeing 

Light exposure plays a crucial role in maintaining health and well-being (Duffy & Wright, 2005; Golombek & 
Rosenstein, 2010). Humans have five types of photoreceptors in their retina: three types of cones (S-cones, M-
cones, L-cones) responsible for colour vision, rods, which support vision in low-light conditions, and a fifth, 
lesser known type called intrinsically photosensitive retinal ganglion cells (ipRGCs) (Nie et al., 2022). Unlike 
rods and cones, ipRGCs are not involved in image formation but play a role in non-visual physiological 
functions (Warthen & Provencio, 2012). While primarily responsible for non-visual functions, ipRGCs may 
also contribute under certain lighting conditions to visual perception tasks such as brightness perception, 
contrast sensitivity, and adaption (Duda et al., 2020).  
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These cells contain melanopsin, a photopigment most sensitive to short-wavelength blue light (~480 nm), 
which enables ipRGCs to respond directly to light and signal the brain’s master clock, the suprachiasmatic 
nuclei (SCN) to synchronise the body’s interval timing system with the external environment (Prayag et al., 
2019; Provencio et al., 2000). Through this mechanism, light exposure regulates circadian entrainment, 
melatonin suppression, and pupil constriction, with daytime blue-enriched light promoting wakefulness and 
darkness at night stimulating melatonin secretion and sleep (Kulve et al., 2019; Ostrin et al., 2017; Tähkämö 
et al., 2019). 
 
Crucially, the timing of light exposure can induce circadian phase shifts (see Figure 1), advancing or delaying 
sleep-wake timing depending on when and what kind of light is perceived (Duffy et al., 1996; Duffy & 
Wright, 2005; Foster, 2021). Morning exposure to short-wavelength light can shift circadian rhythms earlier, 
while evening exposure may delay them.  
 

 
Figure 1: A graph representing phase shift induced by salivary melatonin levels during a 24-hour period. Adapted from 
Salimetrics LLC. (2025). 

Twilight, defined as the gradual transitions at dawn and dusk, is considered unique because it combines 
simultaneous, rapid changes in overall irradiance and spectral composition, especially for enhancing of short‐
wavelength (∼460–490 nm) light that maximally activates melanopsin‐expressing retinal ganglion cells and 
drives strong phase‐shifting (“Zeitgeber”) signals to the central clock, unlike the relatively stable light 
conditions of full day or night, these dynamic twilight cues provide a clear marker of day–night transitions, 
ensuring daily synchronisation and reliable seasonal encoding of photoperiod by circadian systems across 
species (Roenneberg & Foster, 1997).   
 
This makes twilight-inspired lighting interventions particularly promising, as they replicate the natural signals 
that most effectively engage the circadian system something that may be especially valuable for children with 
disrupted light exposure or heightened sensitivity, such as those with ASC.  
 
However, in many real-world contexts, particularly during winter in higher latitudes, these critical twilight 
cues may be diminished or absent. The importance of sufficient light exposure becomes especially evident 
during winter months, when shorter daylight hours and frequent overcast conditions significantly reduce 
natural light exposure (Dubois et al., 2025; Rastegari et al., 2024). For children, this seasonal reduction 
appears to have a disproportionately negative effect, with studies showing that emotional dysregulation can be 
up to twice as severe compared to adults (Ciucci et al., 2011).  
 
Moreover, children are generally more sensitive to light than adults (Higuchi et al., 2014; Westwood et al., 
2023). Research by Eto et al. (2021) shows that melatonin suppression at night can be 1.5 to 2 times greater in 
children, largely due to their larger pupil sizes and higher crystalline lens transmittance. This heightened 
physiological sensitivity suggests that children are more likely to experience stronger circadian responses to 
the same levels of light exposure. As a result, they are particularly vulnerable to the disruptive effects of 
artificial lighting. Evening exposure to bright light (Stefanopoulou et al., 2024; Wang et al., 2022), short-
wavelength “blue light” (see Section 2.6) (Abouzed et al., 2024), and high correlated colour temperature 
(CCT) sources (Lee et al., 2018) has been associated with poorer sleep quality and an increased risk of sleep 
disturbances in children. 
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These concerns are not only relevant for all children but can be even more problematic for neurodiverse 
children, who often experience altered sensory processing and irregular circadian rhythms (Ballester et al., 
2019; Ballester-Navarro et al., 2021; Martinez-Cayuelas et al., 2022). In such cases, sensitivity to light may 
exacerbate sleep difficulties and emotional regulation challenges. This underscores the need for carefully 
designed lighting environments at home, particularly for neurodiverse individuals, to support healthy sleep 
patterns and emotional stability.    
 
Light’s strong role in regulating circadian rhythm and well-being underscores the need for biologically 
supportive lighting, especially for children and neurodiverse individuals. Its impact is particularly pronounced 
during twilight (i.e., dusk and dawn), when light has the greatest phase-shifting effect on the human circadian 
clock (Andersen et al., 2012; Aries et al., 2024; Beute & Aries, 2023). The next section introduces integrative 
lighting as a design approach that aligns indoor lighting with human physiological needs.  
 

2.4 Integrative Lighting  

Integrative lighting (CIE, 2023) leverages both the visual and non-visual effects of light to enhance 
psychological and physiological well-being. While the visual aspects improve performance, comfort, and 
aesthetics, the non-visual aspects regulate wakefulness, circadian rhythms, and other bodily processes. This 
approach combines artificial and daylight sources to create optimised indoor environments that promote 
human well-being, health, and function (CIE, 2019). Modern integrative lighting systems often feature white 
tuneable LEDs, allowing for precise adjustments in brightness and CCT (Dubois et al., 2025), and are 
typically implemented through a blend of artificial lighting and daylighting strategies (Gentile et al., 2022). 
 
A primary goal of integrative lighting is to promote circadian entrainment, the synchronisation of the body’s 
internal clock with external cues, or “zeitgebers”, such as the natural day–night cycle (Golombek & 
Rosenstein, 2010). Although integrative lighting is sometimes confused with commercial terms like human-
centric lighting (Houser et al., 2021), which typically refers to tunable and dimmable artificial lighting 
systems, integrative lighting is distinct in that it is grounded in chronobiological research and prioritises health 
outcomes. Its focus on circadian entrainment depends on several key parameters: intensity, spectrum 
(wavelength distribution), timing, duration, and the recent history of light exposure (Duffy & Wright, 2005). 
Effective management of these factors not only enhances visual comfort and energy efficiency but also 
delivers significant physiological and psychological benefits. 
 
Empirical evidence further supports the advantages of integrative lighting. A case study of 25 international 
projects demonstrated that this method not only boosts energy efficiency but also effectively meets occupants’ 
visual and non-visual needs (Gentile et al., 2022). A recent field study in Swedish residential apartments 
revealed that pre-programmed dawn/dusk lighting scenarios promoted more regular wake-up and bedtime 
routines, and these lighting scenarios were well received by users (Aries et al., 2024). Other studies indicate 
that integrative lighting systems can enhance alertness during the day and foster relaxation in the evening 
(Fostervold & Eilertsen, 2022; Siraji et al., 2023; Vetter et al., 2022).  
 
Despite the promising research, most studies have focused on non-autistic populations. There is a critical need 
to explore the benefits of integrative lighting in home environments for children with ASC (Black et al., 2022; 
Zaniboni & Toftum, 2023). As one expert put it, a well-designed space for autistic occupants is also a well-
designed space for everyone (Shell, 2016). This study aims to address that gap by evaluating a twilight-
inspired lighting system tailored for neurodiverse children in a real-world setting. 
 

2.5 Colour Correlated Temperature 

Colour Correlated Temperature (CCT) measured in Kelvin [K], describing the colour appearance of a light 
source (see Figure 2). It is derived from the Spectral Power Distribution (SPD) of the light source, which 
represents the power emitted at each wavelength across the visible spectrum. CCT is commonly used to 
differentiate between “warm” light (lower CCTs, with more yellow/red tones) and “cool” light (higher CCTs, 
with more blue tones). 
 



 

6 
 

 
Figure 2: Typical range of CCT, spanning warm, yellowish tones at lower Kelvin values (e.g., 1,000 – 3,000 K) to cooler, 
bluish tones at higher Kelvin values (e.g., 6,000 – 7,000 K), resembling daylight. Adapted from Diodeled (2020). 

Numerous studies have shown that CCT can influence cognitive performance in both adults (Kulve et al., 
2018) and children (Mott et al., 2012). These effects have been observed in a variety of settings, including 
schools (Shamsul et al., 2013; Yang & Yong Jeon, 2020), offices (Bellia et al., 2024), nursing homes for 
dementia patients (Bromundt et al., 2019), and residential environments (Aries et al., 2024). Furthermore, 
changes in CCT have been linked to variations in physiological responses such as heart rate changes 
(Lasaukaite & Cajochen, 2018) and even driving safety (Li et al., 2021). Overall, researches suggests that a 
CCT around 4,000 K is optimal for work-related tasks, while lower (warmer) CCTs promote rest and 
relaxation. 
 
However, CCT is a simplified descriptor based on perceived colour, and distinct SPDs can yield identical 
CCTs. Despite having the same visual appearance, these spectrally different light sources may produce very 
different biological effects, particularly in terms of melanopic stimulation. In this context, SPD not CCT is the 
more relevant determinant when considering the circadian impact of light. Emerging research has begun to 
challenge the use of CCT as a reliable predictor of biological or circadian effects. For example, Souman et al. 
(2018), demonstrated that spectral tuning can significantly reduce melatonin suppression without altering 
either CCT or overall illumination. Similarly, Esposito and Houser (2022) argued that CCT does not 
adequately reflect circadian efficacy, as light sources with identical CCTs can elicit markedly different 
melanopic stimulus depending on their spectral composition. 
 
Therefore, while CCT remains useful for describing the visual tone of lighting, it should be applied cautiously 
in circadian-focused research and lighting design. A deeper understanding of SPD is needed when aiming to 
support biological rhythms and overall well-being through lighting interventions. 

2.6 Blue Light 

Blue light, characterised by its short wavelength (typically between 400 nm – 500 nm) in the visible light 
spectrum (see Figure 3), has become pervasive with the rise of LED technology and digital screens since the 
early 2000s (Zheludev, 2007). Traditionally, our main source of blue light was the sun, which plays a crucial 
role in regulating circadian rhythms (Golombek & Rosenstein, 2010; Stothard et al., 2017). However, modern 
indoor lifestyles have led to increased exposure to artificial, blue-enriched light, especially at night. Research 
shows that such exposure can suppress melatonin production, delaying sleep onset (Kulve et al., 2019; 
Stefanopoulou et al., 2024; Wang et al., 2022). This is particularly concerning for children, whose pupils are 
more sensitive to light compared to adults (Westwood et al., 2023) and more concerning during night (Higuchi 
et al., 2014). Light exposure during night have been connected to promote sleep disorders and disrupt sleep 
quality in not only children (Abouzed et al., 2024; Wang et al., 2022) but adults as well (Siraji et al., 2023; 
Wallace et al., 2024).  
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Figure 3: An overview of the electromagnetic spectrum, from high-energy cosmic rays to long-wavelength radio waves, 
highlighting the visible light range between approximately 400 and 700 nanometres. Adapted from Signify (2025). 

Today, efforts to mitigate blue light are pronounced. Such as, blue light filter glasses which have shown mixed 
results for healthy individuals (Bigalke et al., 2021), but may offer benefits for those suffering from insomnia 
or neurodevelopmental disorders (Schechter et al., 2020). Moreover, many digital devices now include “night 
mode” functions, which reduce short-wavelength (blue) light exposure in the evening to support better sleep. 
Additionally, integrative lighting using tuneable LEDs with adjustable CCT (Dubois et al., 2025), have been 
proven effective in reducing blue light and promoting circadian entrainment (Houser et al., 2021).  

2.7 Flicker  

Flicker in artificial lighting is a visual phenomenon characterised by temporal light modulation (TLM), which 
refers to fluctuations in light intensity over time caused by the drivers or power supply (IEC, 2020). These 
fluctuations are typically measured in Hertz [Hz], and their visibility depends on both the modulation 
frequency and depth (Schakel et al., 2021). A key metric for evaluating flicker is the Stroboscopic effect 
Visibility Measure (SVM), a dimensionless metric that quantifies how much flicker produces a stroboscopic 
effect when moving objects are illuminated (Lindén & Dam-Hansen, 2023). The stroboscopic effect is a visual 
phenomenon where rapidly moving objects over a light source appears to be stationary or exhibit altered 
motion due to period fluctuations in light intensity or flicker (CIE, 2016). Another related phenomenon is the 
Phantom Array Effect (or “ghosting”), which occurs during rapid eye movements (saccades), manifesting as a 
visible pattern or trail. This effect typically arises at much higher frequencies often above 90 Hz and up 
11,000 Hz (Roberts & Wilkins, 2012). Together, these phenomena (flicker, the stroboscopic effect, and the 
phantom array effect) are classified as Temporal Light Artefacts (TLAs), also known as visual perception 
effects (see Figure 4) (Lindén & Dam-Hansen, 2023). 

 

Figure 4: Overview of the visual- and non-visual effects of flicker or TLM. Adapted from Lindén & Dam-Hansen (2023). 
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Generally, flicker at frequencies below 90 Hz is more noticeable and can lead to discomfort or adverse health 
effects, while frequencies above 100 Hz are typically less perceptible (Wilkins et al., 2010). Both visually and 
non-visually, flicker may cause discomfort, eye strain, headaches (Wilkins et al., 1989), and even trigger 
epilepsy (Harding et al., 2005), and reduced visual performance, as the varying light levels may disrupt the 
normal processing of visual information (Inger et al., 2014). Individuals with ASC, who often exhibit 
heightened sensory sensitivity (McAllister et al., 2022; Nagib & Williams, 2017), are vulnerable to these 
effects (Black et al., 2022). Consequently, fluorescent lighting (Küller & Thorbjörn, 1998), which is 
commonly linked to flicker is not recommended for ensuring optimal IEQ for individuals with ASC (Nagib & 
Williams, 2017; Shell, 2016; Zaniboni & Toftum, 2023).  

To address these concerns, modern lighting standards now prioritise flicker reduction. Contemporary LED 
systems are commonly engineered to operate at frequencies above 120 Hz, with optimal designs exceeding 
1,250 Hz, a level deemed safe with no known detrimental effects (IEEE Standard 1789-2015, 2015).  

Regarding SVM, lower values correspond to fewer stroboscopic effects. An SVM value of 1 represents the 
threshold at which 50% of observers can detect stroboscopic effects. Values between 0.9 and 0.4, as 
referenced in recent standards and literature (Lindén & Dam-Hansen, 2022), are generally considered 
acceptable in dynamic environments. In this context, SVM values closer to 0.4 indicate a lower likelihood of 
perceivable stroboscopic effects, thus providing higher visual comfort and safety. 

2.8 Lighting Design for Autism-Friendly Environment 

Over the past decade, two key metrics have been developed to quantify light in terms of its non-visual effects. 
The first is Melanopic Illuminance [lux], introduced by al Enezi et al. (2011) and refined by Lucas et al. 
(2014). This metric measures the light intensity by weighting its SPD according to the sensitivity of 
melanopsin-containing cells, thus indicating its effectiveness for non-visual responses (Brown, 2020). More 
recently, the International Commission on Illumination (CIE, 2018) introduced α-opic Equivalent Daylight 
(D65) Illuminance (EDI) framework, which focuses on melanopsin, the opsin related to the ipRGCs. This 
framework expresses the ability of a light source to trigger non-visual responses in terms of an equivalent 
level of standard daylight (D65) measured on the vertical plane at eye position, referred to as melanopic EDI 
[lux]. 
 
Dose-effect relationships between light and melatonin suppression have been extensively studied. For 
instance, Danilenko et al. (2000) discovered that suppression of melatonin began at 100 (photopic) lux at eye-
level. Similarly, Gronfier et al. (2007) found that as little as 10 (photopic) lux of ambient light was sufficient 
for circadian entrainment. Foster (2021) further emphasised that the timing and spectral composition of light 
exposure, particularly around 480 nm (blue light), have a potent effect on circadian entrainment.  These 
findings are crucial for designing lighting environments, particularly for neurodiverse children, who may 
experience disruptions to their circadian rhythm. Understanding the dose-effect relationships of light exposure 
helps create environments that support healthy sleep, emotional regulation, and cognitive function.  
 
Based on the growing body of evidence on non-visual effects of light, melanopic EDI has been proposed as a 
scientifically supported metric for developing light exposure recommendations. A comprehensive review by 
Brown et al. (2022) outlined these recommendations for healthy individuals aged 18 to 55 years, suggesting 
threshold values for daytime, evening, and nighttime light exposure based on melanopic EDI. While these 
recommendations have not yet been formally adopted as official guidelines by the CIE, they are increasingly 
referenced in research and practice due to strong scientific support. The recommendations are as follows:  
 
• Daytime (06:00 – 19:00): A minimum of 250 lux melanopic EDI is recommended. 

 
• Evening (19:00 – 22:00): Beginning at least three hours before bedtime, melanopic EDI should not 

exceed 10 lux. 
 
• Nighttime (22:00 – 06:00): The sleep environment should be as dark as possible, with a maximum 

melanopic EDI of 1 lux; if visual activity is necessary, levels up to 10 lux may be acceptable. 
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2.8.1 Design Considerations for Persons with Autism  
Designing indoor environments for autistic individuals requires careful attention to lighting to minimise 
sensory triggers and improve overall well-being. Research emphasises the need for optimised lighting when 
designing spaces for neurodivergent individuals. For instance, research by Black et al. (2022) found that 
flickering light can lead to behavioural issues in autistic individuals and disrupt both visual and auditory 
processing, while full-spectrum artificial lighting enhances behaviour, concentration, and alertness. Black 
recommends an integrative approach that combines daylight and artificial light, avoids bright direct sources 
that cast harsh shadows, and eliminates fluorescent lighting in favour of incandescent lighting. 
 
A scoping review on the impact of IEQ on autistic occupants by Zaniboni & Toftum (2023) emphasises the 
importance of daylight, advising careful control of brightness, intensity, and glare, and cautions against 
overhead lighting that creates shadows, further confirming the shortcomings of fluorescent sources. Nagib and 
Williams (2017, 2018) also advocate for diffused daylight as the preferred lighting approach, a 
recommendation echoed by Zaniboni et al., (2025).  
 
Together, these studies underscore the importance of integrating daylight into the design of built environments 
and highlight the need for thoughtful artificial lighting strategies to create sensory-friendly indoor spaces that 
effectively support the needs of autistic individuals. 
 
3 Methodology 

This study investigated the impact of a home-based lighting intervention that simulated natural dusk and dawn 
transitions on the sleep routines of children with diverse neurodevelopmental profiles. The primary aim of the 
intervention was to synchronise light exposure at key circadian times (dawn and dusk) to promote more 
consistent sleep–wake patterns. While the role of light in influencing melatonin secretion is acknowledged, 
this study did not measure melatonin suppression directly. Instead, the intervention treated light primarily as a 
behavioural cue, focusing on how changes in lighting influenced participants’ sleep routines and other daily 
behaviours shaped by light exposure within the home environment. 

To assess the effects of the intervention, a mixed-methods approach was employed, combining both 
quantitative and qualitative data. Objective sleep tracking, data loggers, and parent-reported sleep diaries were 
collected throughout the study period. The study spanned six-weeks period from January 20th to March 2nd, 
2025, and was divided into three phases: a two-week baseline phase, a one-week transition phase, and a three-
week intervention phase (see Figure 5).  

 
Figure 5: Overview of the study timeline, starting with an initial interview with participants and concluding with a post-
intervention interview. 

Baseline Phase: Families continued using their usual lighting setups to establish a reference point for sleep 
routines. Initial interviews were also conducted during this period.  
Transition Phase: During this phase, the intervention equipment comprising the lighting system, light 
exposure logger, and objective sleep tracker was installed and pre-programmed based on each family’s 
schedule. However, the lighting system remained inactive, allowing families time to adjust to the new setup 
without altering their usual light exposure. 
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Intervention Phase: The lighting system was activated to simulate dusk and dawn scenarios according to the 
pre-programmed schedules, marking the start of the active intervention. 
 
Further details about participants, equipment, phases, and data analysis are described in the subsequent 
sections. 

3.1 Participant Selection  

To ensure a suitable and safe environment for participants, a concise set of inclusion and exclusion criteria 
was established. These criteria aimed to identify children whose living conditions, health status and 
neurodevelopmental profiles would allow for meaningful participation in the lighting intervention, while 
minimising confounding variables.  
 
The inclusion criteria and exclusion criteria were embedded into a structured background questionnaire 
created by the researchers, which served as the primary screening tool. This questionnaire was distributed to 
families who expressed interest in the study via Sunet Survey, a secure digital survey platform hosted by Lund 
University. The questionnaire collected detailed information on household composition, the child’s sleep 
environment, daily routines, and any relevant medical or sensory consideration, enabling efficient and 
consistent evaluation of eligibility across all participants.  
 
Inclusion Criteria 
 
1. Parents or guardians provided written, informed consent for voluntary participation. 
2. Children aged 6 – 11 years were eligible, with two 5-year-olds included due to limited participant 

availability (see Table 1). 
3. Children had their own or a shared bedroom, ensuring consistent exposure to the lighting intervention. 
 
Exclusion Criteria 
 
1. Children with sensory sensitivities or health conditions (e.g., epilepsy) that could interfere with the study. 
2. Children living in LSS-boende (special housing for individuals with significant disabilities). 
3. Families with planned vacations or other disruptions during the intervention period. 
 
Participant selection was based solely on responses to the background questionnaire. A total of 14 children 
were enrolled, representing a diverse range of neurodevelopmental profiles, ages, genders, and daily routines. 
Efforts were made to ensure a balanced representation across neurodevelopmental categories. A detailed 
breakdown of participant neurodevelopmental profiles is presented in  Table 1. 
 
To minimise risks and protect participant identities, several safeguards were implemented throughout the 
study. Prior to enrolment, each participant and their legal guardian received a thorough explanation of the 
study’s procedures, potential risks, and benefits, followed by the collection of informed consent. A pre-
screening process including a background questionnaire and interviews were conducted to identify any 
conditions or factors that could pose risks to the participants. To ensure confidentiality, each participant was 
assigned a unique identification number, which served as their username when completing the questionnaires 
(see Table 1). In the event of any adverse incidents, participants and their families had direct access to the 
research team for immediate assistance. 
 
Table 1: Family’s identifying number, DSM-5 diagnostic level, along with the gender and age of the participants. 

Family ID Neurodevelopmental 
profile 

Gender Age Routine 

1 DSM-5 Level 3 Male 6 Primary School (5 days/week) 
2 NPF Male 5 Preschool-aged, not enrolled 

3A Non-autistic Male 6 Primary School (5 days/week) 
3B Non-autistic Female 9 Primary School (5 days/week) 
4 DSM-5 Level 3 Male 6 Pre-school (3 days/week) 
5 NPF Male 7 Primary School (5 days/week) 
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6 Non-autistic Male 11 Primary School (5 days/week) 
7 Non-autistic Male 5 Primary School (5 days/week) 
8 DSM-5 Level 1 Male 7 Primary School (5 days/week) 
9 Non-autistic Female 6 Primary School (5 days/week) 
10 Non-autistic Male 8 Primary School (5 days/week) 

11A DSM-5 Level 1 Male 11 Primary School (5 days/week) 
11B DSM-5 Level 1 Male 9 Primary School (5 days/week) 
12 NPF Male 8 Primary School (5 days/week) 

 

3.2 Study Variables  

To evaluate the impact of the lighting intervention, study variables were categorised as confounding, 
independent, or dependent (see Table 2). 
 
Confounding variables included demographic, routine, neurodevelopmental, and environmental characteristics 
that could influence sleep and lighting responses. These provided context for interpreting behavioural 
variability and sleep outcomes. 
 
Independent variables included the activation of the lighting intervention, simulating dawn and dusk, and 
accompanying screen-use recommendations. Participants were grouped into three categories: children with 
ASC, children with other NPF, and non-autistic children. 
 
Dependent variables captured behavioural and physiological responses, such as mood and sleep quality, using 
digital questionnaires, sleep monitors, diaries, and light exposure logging. 
 
Table 2: Overview of study variables categorised as confounding, dependent, and independent variables. 

Variable type Category Variables 

Confounding 

Household & Demographics 

 
• Household dynamics 
• Gender & age differences 

 

Daily Routines 

 
• Family daily routines 
• Participating children’s routines 

 

Sensitivities & DSM-5 Levels 

 
• Phobias 
• Obsessions (hyper-/hyposensitivity) 
• Sensory sensitivity 

 

Environmental Factors 

 
• CCT of existing luminaires in participants 

homes 
• Screen use (“blue light”) before the study 

 

Independent 

Lighting Intervention Factors 

 
• Lighting simulation aiding with waking & 

sleeping 
• Recommendation to reduce screen use (“blue 

light”) after sunset 
 

Study Groups 

 
• ASC-diagnosed children 
• NPF children 
• Non-autistic children 
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Dependent Measured Outcomes 

 
• Mood, discomfort, & relaxation due to lighting 

(weekly digital questionnaire & post-
intervention interviews) 

• Routine changes, sleep quality/patterns 
(Withings Sleep Analyser & self-report diary)  

• Proper functioning of lighting and exposure 
verification (HOBO Pendant MX) 
 

 

3.3 Lighting Intervention Design 

The lighting intervention involved installing a luminaire with two lamps (see Figure 6a) in each participating 
household, one in the living room to simulate dusk-like lighting, and one in the bedroom to provide dawn 
conditions. The luminaires were both IKEA Hektogram lamps, equipped with Philips Hue White Ambiance 
bulbs. Each luminaire included an uplighter (E27 socket) and a spotlight (GU10 socket). The E27 bulb 
delivered up to 1,055 lm at 4,000 K (adjustable from 2,200 K to 6,500 K), while the GU10 bulb delivered 400 
lm at 4,000 K, also tuneable across the same range.  

These bulbs (see Figure 6c & 6d) were wirelessly connected to a Philips Hue Bridge (see Figure 6b). This 
setup enabled both automated and manual control of CCT and intensity via the Philips Hue App, which was 
installed on the smartphone of the participant’s guardian. The Hue Bridge was connected to each household’s 
internet router via Ethernet through ZigBee wireless protocol. Given that router access was required, consent 
was obtained prior to installation. All lighting components, along with a sleep analyser and data logger for 
monitoring and verification, were installed during the transition phase. Their roles are detailed in the relevant 
phase-specific sections. 

.  

Figure 6: (a) IKEA Hektogram Lamp, (b) Philips Hue Bridge, (c) E27 Philips Hue White Ambience, & (d) GU10 Philips 
Hue White Ambience, e) Konica Minolta CL-500A. Images (b), (c), and (d) adapted from Philips; image (e) adapted from 
Konica Minolta. 

The programmed dawn and dusk lighting profiles (see Figure 7) were configured and tested in a controlled 
bedroom environment. Photopic illuminance was measured using a Konica Minolta CL-500A 
spectroradiometer (see Figure 7e), positioned vertically on the pillow to simulate a typical supine (lying on the 
back) sleep position. The luminaire was placed 2.1 metres from the sensor in an unobstructed setting to 
represent idealised bedroom conditions. Illuminance readings were converted to melanopic EDI using the CIE 
S 026 α-opic Toolbox. 
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The dawn simulation (see Figure 7a) in the bedroom was designed to gradually increase in light intensity and 
with a constant CCT of 4,000 K in the morning to support circadian entrainment. The fade-in duration was set 
to 30 minutes, standardised across participants. For example, if the target wake-up time was 6:30 AM, the 
luminaire increased its brightness from 6:00 AM, reaching full intensity by 6:30 AM. Conversely, the dusk 
simulation (see Figure 7b) in the living room was intended to support wind-down routines in the evening. It 
featured a gradual 60-minute reduction in both CCT (from 2,800 K  2,200 K) and intensity. The dawn 
simulation was configured with a 30-minute fade-in, after which participants could use the luminaires freely. 

 

Figure 7: Photopic illuminance [lux] and melanopic EDI [lux] profiles of the dawn (a) and dusk (b) lighting simulations 
under ideal conditions. 

While the lighting simulation profiles shown in Figure 7 were recorded in a single apartment, the 
corresponding schedules and configurations were standardised and replicated across all participating 
households, making these profiles representative of the expected behaviour of the lighting intervention in each 
household. 

Due to Philips Hue App limitations, it was not possible to reduce melanopic EDI to below 10 lux three hours 
before bedtime through an lighting automation, as recommended by Brown et al. (2022). To compensate for 
this limitation, parents were encouraged to reduce screen use “blue light” after sunset. Their feedback on the 
feasibility and perceived effectiveness of this recommendation were discussed during post-intervention 
interviews. 

3.3.1 Baseline Phase 
The baseline phase began with home visits to all accepted participants. During these visits, researchers 
conducted an environmental assessment and confirmed eligibility through follow-up questions based on the 
previously distributed background questionnaire. This questionnaire completed via Sunet Survey had provided 
initial insights into the child’s health status, daily routines, and home environment, which were essential for 
tailoring the intervention. 
 
At the visit, parents were also briefed on the intervention’s design, objectives, and the potential benefits for 
their children. Key ethical considerations were also discussed, including voluntary participation, the right to 
withdraw and data confidentiality. Additionally, researchers introduced the intervention equipment that would 
later be installed during the transition phase. 
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Key aspects of each child’s sleep environment were documented, including room layout, locations of existing 
lighting fixture, bed configurations, and household dynamics relevant to the child’s routine. To establish a 
baseline for lighting conditions, the CCT of existing light sources such as fluorescent, incandescent, and 
standard LED bulbs was measured in both the living room and bedroom using a nanoLambda XL-500 
portable spectrophotometer (see Figure 8a). These measurements are summarised in Table 3. 
 
Table 3: The measured CCT of existing lamps in the living rooms and bedrooms of the participating families prior to 
lighting intervention. 

Family ID Neurodevelopmental 
profile 

CCT, Living 
Room 

[K] 

CCT, 
Bedroom 

[K] 
1 DSM-5 Level 3 2,800 K 2,800 K 
2 NPF 4,000 K 4,000 K 

3A Non-autistic 2,800 K 4,000 K 
3B Non-autistic 2,800 K 4,000 K 
4 DSM-5 Level 3 2,800 K 2,800 K 
5 NPF 2,800 K 2,800 K 
6 Non-autistic 2,800 K 2,800 K 
7 Non-autistic 2,800 K 2,800 K 
8 DSM-5 Level 1 2,800 K 2,800 K 
9 Non-autistic 4,000 K 4,000 K 

10 Non-autistic 4,000 K 4,000 K 
11 A DSM-5 Level 1 4,000 K 2,800 K 
11 B DSM-5 Level 1 4,000 K 2,800 K 
12 NPF 4,000 K 2,800 K 

 
To monitor children’s sleep behavior throughout the study period, parents or legal guardians were instructed 
to use two subjective documentation tools across all study phases. Objective sleep tracking was introduced 
later during the transition phase alongside installation of the intervention equipment. 
 
• Weekly digital questionnaire (via Sunet Survey): Distributed every Sunday; collected data on sleep 

quality, lighting comfort, emotional responses, and routine changes (see Table 4). 
 
• Daily self-report diary: Parents recorded the child’s bedtime, sleep onset, and morning wake time. 

 
Each family was assigned a unique identifier (e.g., Family X) to ensure anonymity. A full version of the 
questionnaire is available in Appendix D. 
 
Table 4: Contents of the weekly digital questionnaire. 

Topic Description 

Sleep Patterns/Quality Observed changes in the child’s sleep during the past week 

Discomfort with Lighting Reports of aversion or discomfort related to the lighting setup 

Relaxation/Sensitivity Emotional responses to lighting (e.g., calmness, overstimulation) 

Daily Routine Changes 
 
Deviations from routine due to illness, travel, or other disruptions 
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3.3.2 Transition Phase 
The transition phase involved installing the lighting intervention equipment in participants’ bedrooms and 
living rooms, along with supporting devices for data collection. To confirm that the lighting system operated 
as intended and that participants were exposed to the intervention, a data logger (ONSET MX2202 HOBO 
Pendant MX, see Figure 8c) was installed inside the IKEA Hektogram uplighter bowls, facing the bulbs in 
both the bedroom and living room. This logger, configured via Bluetooth, recorded vertical illuminance and 
temperature at five-minute intervals. Due to limited availability, data logging was not conducted for four 
participants (Families 3, 7, 9, and 10), which limited the ability to confirm their exposure to the lighting 
intervention during analysis.   
 
In addition, a Withings Sleep Analyser (see Figure 8b) was placed under the participant’s mattress, aligned 
with the chest area as per the manufacturer’s recommendation, and secured to remain in position throughout 
the study. The device synced via Bluetooth with the parent’s mobile phone and, with their permission, 
transmitted sleep data to the Withings App. This setup enabled continuous, non-invasive collection of 
objective sleep metrics, including sleep onset and offset times, total sleep duration, and the number of 
nighttime awakenings.  

 

 
Figure 8: (a) The nanoLambda XL-500 spectrophotometer for melanopic EDI and CCT measurements, (a) Adapted from 
(nanoLambda), (b) The Withings Sleeping Analyser, for monitoring sleep patterns, (c) ONSET MX2202 HOBO Pendant 
MX data logger  

After installation, the lighting simulations were configured as previously described. The dawn simulation used 
CCT of 4,000 K, while warmer tones (ranging from 2,800 K to 2,200K) were applied for the dusk simulation. 
However, Family 4 (DSM-5 Level 3), requested a lower CCT (2,800 K) for the dawn simulation due to 
reported sensitivity to “blue light”.  
 
Table 5: Two separate lighting automations in Philips Hue App were chosen for dusk and dawn simulations. 

Lighting Simulation CCT Preset & 
Temperature [K] Intensity & Duration Melanopic EDI 

[lux] 

Dusk 
(Living room) 

“Sunset”, 
(2,800 K  2,200K) 

 
Full intensity, dimming over 

1 hour before shutting off 
 

 
Start: Varies (based on the 

initial lamp setting) 
End: 0 lux 

 

Dawn 
(Bedroom) 

“Cool Bright”, (4,000 K) 
(except for Family 4: 

“Clear light” at 2,800 K) 

 
30-minute gradual fade-in to 

full intensity 
 

 
Start: 0 lux 

End: ~480 lux at eye-level 
(ideal conditions) 

 
 
Dawn and dusk schedules were personalised based on parental input to align with each child’s sleep-wake 
routine (see Table 6). This approach was designed to facilitate more stable circadian entrainment, particularly 
for neurodiverse children with irregular sleep patterns. In accordance with design recommendations for 
autistic individuals (Section 2.8.1), luminaires were strategically positioned to reduce glare and avoid casting 
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harsh shadows. This followed guidelines emphasising the need for diffused lighting and careful control of 
brightness to reduce sensory overstimulation (Black et al., 2022; Zaniboni & Toftum, 2023). These 
considerations ensured that both visual comfort and circadian stimulation were supported throughout the 
intervention. 
 
Table 6: Customised activation times for dawn and dusk lighting simulations across participants’ households. 

Family 
ID 

Dawn Simulation 
(Weekdays) 

Dawn Simulation 
(Weekends) 

Dusk Simulation 
(Weekdays) 

Dusk Simulation 
(Weekends) 

1 5:30  6:00 5:30  6:00 19:00  20:00 19:00  20:00 
2 7:30  8:00 8:00  8:30 19:30  20:30 19:30  20:30 

3A 6:40  7:10 8:00  8:30 19:00  20:00 20:00  21:00 
3B 6:40  7:10 8:00  8:30 19:00  20:00 20:00  21:00 
4 7:00  7:30 8:00  8:30 21:00  22:00 21:00  22:00 
5 6:30  7:00 7:30  8:00 18:00  19:00 22:00  23:00 
6 6:30  7:00 9:00  9:30 21:00  22:00 22:00  23:00 
7 6:00  6:30 7:30  8:00 18:30  19:30 20:00  21:00 
8 6:00  6:30 7:30  8:00 20:00  21:00 20:00  21:00 
9 6:20  6:50 9:00  9:30 19:30  20:30 21:00  22:00 

10 6:30  7:00 8:00  8:30 20:30  21:30 21:30  22:30 
11A 6:20  6:50 6:30  7:00 20:10  21:10 21:00  22:00 
11B 6:20  6:50 6:30  7:00 20:10  21:10 21:00  22:00 
12 6:45  7:15 8:00  8:30 19:00  20:00 20:00  21:00 

 
Once the system was installed (see Figure 9), parents and participants were instructed not to reposition the 
lamps or activate the lighting intervention until the designated intervention phase. To evaluate both visual and 
non-visual effects of the intervention, metrics such as melanopic EDI and CCT, as detailed in Sections 2.3, 
were evaluated. These measurements were taken using the nanoLambda XL-500 spectrophotometer (Figure 
8a). The sensor was placed on the pillow and oriented toward the ceiling, to simulate a typical supine (lying 
on the back) sleep position. This setup was essential for confirming that the lighting reached biologically 
relevant levels capable of providing a potential effective circadian stimulation.  
 
Although current guidelines recommend melanopic EDI values ≥ 250 lux for circadian effectiveness (Brown 
et al. 2022), this study targeted approximately 100 melanopic lux. This lower threshold was informed by 
Danilenko et al. (2000), which demonstrated phase-shifting effects with 100 photopic lux, and was selected 
due to practical constraints in home settings, such as the impact of environmental factors (e.g., room 
geometry, wall colour, and furniture placement) on light distribution. Since the intervention aimed to act 
primarily as a behavioural cue rather than a physiological trigger for melatonin suppression, these lower levels 
were considered sufficient. While CCT was recorded to characterise the spectral quality of the lighting, its 
limitations as an indicator of circadian stimulus are acknowledged and further discussed in Section 2.5. As a 
result, the SPD of the lighting simulations were not measured, as the CCT presets could not be modified. This 
limited the ability to fully quantify the biological potency of the light exposure in terms of circadian stimulus.  
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Figure 9: Examples of luminaire placements in participants’ bedrooms. (a) Participant 10 sleeping on the top bunk bed, 
(b) Participant 5 on the left bed, (c) Participant 3B on the bottom bed (top bunk unoccupied).  

3.3.3 Intervention Phase 
At the start of the intervention phase, parents were provided with detailed instructions (see Table 7) to ensure 
correct implementation of the lighting system, support consistent data collection, and minimise disruptions to 
the setup. These instructions were also intended to enhance the accuracy of monitoring the participants’ sleep 
patterns and exposure to the lighting intervention throughout the study. At the conclusion of the intervention, 
data were retrieved from the sleep analysers and data loggers, and post-intervention interviews were 
conducted. The procedures for subsequent quantitative and qualitative analyses are described in the following 
sections. 
 
Table 7: Overview of instructions to the parents during the intervention phase. 

Instruction Category Details 

Lighting Use 

 
• A recommendation of reducing (“blue light”) exposure (e.g., screen devices) after 

sunset for the participants 
• Do not tamper with the lighting system or controllers 
 

System Monitoring 

 
• Immediately report any lighting malfunctions or technical issues 
• Verify that the Withings Sleep Analyser is functioning properly through the mobile 

application 
 

Data Collection 

 
• Use the assigned unique participant ID for all data submissions 
• Complete weekly digital questionnaire every Monday 
• Record the time the child entered the bedroom and got into bed (for dusk 

simulation) 
• Record and verify the time the child woke up in the morning (for dawn simulation) 
 

 

3.3.4 Flicker Measurement 
Flicker is a known concern for individuals with ASC due to their inherent heightened sensitivity to light (see 
Section 2.7). To address this, flicker measurements (see Figure 10) were conducted following the transition 
phase as an additional quality control step, although not originally included in the study protocol. These 
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assessments took place in a controlled laboratory environment at the Ingvar Kamprad Design Centre at Lund 
University.  
 
Measurements were performed on both types of bulbs used in the intervention E27 and GU10, across a range 
of brightness settings: full (100%), half (50%), quarter (25%), one-tenth (10%), and very low (<1%) intensity 
levels. This comprehensive approach ensured the evaluation of flicker performance under varied real-world 
conditions (see Figure 10). The follow-up assessment was important for confirming that the lighting system 
minimised flicker-related effects and was suitable for use by participants with heightened visual sensitivity. 
 

 
Figure 10: Laboratory measurement of bulb flicker characteristics. (a) Ikea Hektogram lamp with GU10 & (b) 
Equipment used to measure flicker & SVM, (Gigahertz-Optik BTS256-EF & Viso LabFlicker). 

3.3.5 Energy Efficiency and Sustainability Considerations 

To support the study’s broader objective of evaluating the energy efficiency of LED-based lighting 
interventions in the context of healthy sleep promotion and sustainable building practices, a simplified 
estimation of household energy use was conducted. This analysis aimed to contextualise the intervention’s 
potential contribution to energy-conscious environmental design, particularly in environments supporting 
children with ASC. 

The evaluation used manufacturer-reported power ratings for each system component: two LED smart bulbs 
(GU10 and E27 formats) and one lighting controller (Philips Hue Bridge). Daily usage patterns were 
standardised across households, assuming one hour of operation per day (i.e., two hours total) and standby 
operation for the remaining 22 hours. 

Power consumption in both active and standby modes was included in the total energy use estimate. These 
values were combined with daily usage patterns and extrapolated over a six-month intervention period. This 
duration was chosen to reflect the darker half of the year, including the winter months, when daylight is 
limited and artificial lighting interventions are expected to have the greatest potential impact on sleep timing 
and routine formation.  

A representative electricity cost of 1 SEK/kWh was used to estimate the potential household-level economic 
impact. The results of this calculation are presented in Section 4.5. 
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3.4 Data Collection Procedures 

3.4.1 Data Collection 

Following the post-intervention interviews, the data loggers (ONSET MX2202 HOBO Pendant MX) were 
retrieved from participants’ homes. The recorded data were exported as Excel spreadsheets, displaying 
measured illuminance levels at five-minute intervals. These data were used to verify whether the lighting 
systems operated as intended throughout the intervention period and to confirm participants exposure to the 
intervention. 

In addition, with parental consent, participants were asked to submit sleep diaries covering both the transition 
and intervention phases, generated via the Withings App. These diaries provided key sleep metrics, including 
sleep duration, sleep onset, sleep offset, and nighttime awakenings. All diary entries were exported as PDFs 
and anonymised using a unique identifier ("Family X") to ensure confidentiality. Access to these data was 
restricted to the research team and the child’s parents. 

3.4.2 Post-Intervention Interview 
At the end of the study, a semi-structured interview was conducted to gather qualitative feedback (see Table 
8). This format offered flexibility while ensuring that key topics were systemically addressed (George, 2022). 
The inclusion of open-ended questions enabled participants to elaborate on their experiences, challenges, 
observations, and overall impressions of the intervention providing rich contextual insights to complement the 
quantitative data. 
 
Parents were offered the choice of a home visit by the researchers or the option to submit an audio recording 
of their responses. All families declined home visits; consequently, interviews were conducted remotely, 
audio-recorded, and transcribed for analysis. In cases where responses were unclear or incomplete, follow-up 
calls were made for clarification. 
 
Table 8: Semi-structured interview questions exploring participants’ experiences with the lighting intervention. 

General impression 

 
How did you and your child experience the lighting system overall? 

 
What was your general impression of the lighting system? 
 

Impact on sleeping 
and waking routine 

 
Did your child’s sleep improve during the study? 

 
Did your child express any discomfort or preference regarding the lighting at bedtime? 

How did the lighting affect their wake-up routine? 

Emotional and 
behavioural changes 

 
Did you observe any changes in your child’s mood in the evening and morning? What do you 
think contributed to this? 

 
Were there any moments where you felt the lighting had a clear impact on their emotions? 
What do you think contributed to this? 

Sensory comfort 
and adaption 

 

How did your child react to the lighting settings (light colour and intensity)? 

Did they prefer specific settings more than others (e.g., warmer/cooler light, dimmer/brighter 
settings)? 

When did the lighting feel disturbing or uncomfortable for your child? 

Routine and daily 
life impact 

 
Did the lighting help create a more structured daily routine for your child? In what way? 
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How did the lighting system influence your ability to maintain a specific bedtime and wake-
up schedule for your child? 

How did the lighting system impact your family’s overall evening and morning routines? 

Blue light 
recommendation 

 
Did the recommendation of limiting blue light (e.g., use of mobile phone, TV) before bed 
helped the child? In what way? 

 
Was it hard to implement this recommendation? Do you feel the need to learn more about 
how blue light can affect sleep? 

 
Comparison to 
previous lighting 
Setup 
 

How does this lighting system compare to your previous home lighting setup? 

Would you say this system provided a better experience for your child? 

 
Willingness to keep 
the system 
 

Would you be interested in continuing to use the system after the study? If so, why? 

3.5 Data Preparation and Analysis Overview 

This section outlines the procedures used to prepare and analyse the sleep data collected during the study, with 
the aim of evaluating changes in participants’ sleep patterns through quantitative analysis. A structured 
approach was employed, beginning with the collection of both objective and subjective sleep data, followed 
by data screening, statistical testing, and interpretation. 

To ensure consistent data coverage across participants, the baseline phase was defined to include both the 
initial baseline and the transition period, during which the lighting intervention had not yet been activated. 
This combined phase is hereafter referred to as the pre-intervention period, enabling a completer and more 
comparable baseline dataset across families. 

To align with established terminology in sleep research and minimise ambiguity, the terms sleep onset and 
sleep offset are used throughout the remainder of this report, replacing the more general terms sleep time and 
wake-up time, respectively. 

3.5.1 Quantitative Data Preparation (including Data Exclusion) 
The quantitative analysis aimed to identify changes in participants’ sleep patterns across two key phases: the 
pre-intervention period and the intervention period. As illustrated in, the analysis followed a structured four-
step approach:  
 
The quantitative analysis focused on detecting changes in participants’ sleep patterns between the pre-
intervention and intervention phases. As shown in Figure 11, the process followed four main steps: 
 
1. Data collection 
2. Screening of sleep data using predefined exclusion criteria 
3. Statistical analysis (conducted in SPSS v.30) 
4. Interpretation of results 
 
Three main data sources were used to capture both objective and subjective aspects of sleep: 
• Daily parent diaries, documenting sleep onset and offset times 
• Withings Sleep Analyser, an under-mattress device that automatically recorded bed entry and exit times to 

estimate sleep timing 
• Weekly digital questionnaires, providing additional context on sleep patterns, lighting comfort, emotional 

responses, and daily routines 
 



 

21 
 

 
Figure 11: Summary of the quantitative analysis process, from data collection and screening to statistical testing and 
interpretation. 

Overall, participants provided mostly complete diary data, though occasional gaps were noted, particularly 
during the baseline period (see Table 9). Due to the limited availability of data loggers, these were prioritised 
for participants with ASC or NPF, who were the primary focus of the study.  
 
Sleep data from the Withings Sleep Analyser varied in completeness due to syncing issues, sensor interference 
caused by sleeping positions, and occasions where children slept outside their assigned beds. Participants 11A 
and 11B were excluded from the sleep onset analysis due to low engagement with the intervention, frequent 
evening screen use, and inconsistent data collection, all of which affected the reliability of their datasets. 
 
Table 9: Overview of available data for quantitative analysis.  

Family 
ID 

Neurodevelopmental 
profile 

Self-report 
Diary (Baseline & 

Intervention) 

Data logger 
(HOBO) 

Sleep diary 
(Withings) 

1 DSM-5 Level 3 Complete 
(1 day missing at baseline) Installed Incomplete 

(4 days only) 

2 NPF Complete 
(4 days missing at baseline) Installed Incomplete 

(8 days only) 

3A Non-autistic Complete 
(2 days missing at baseline) - Complete 

3B Non-autistic Complete 
(5 days missing at baseline) - Complete 

4 DSM-5 Level 3 Complete Installed Incomplete 
(7 days only) 

5 NPF Complete Installed Complete 

6 Non-autistic Complete 
(11 days missing at baseline) Installed Complete 

7 Non-autistic Complete - Incomplete 
(17 days only) 

8 DSM-5 Level 1 
Complete 

(2 days missing at 
intervention) 

Installed Incomplete 
(4 days only) 

Step 1
• Data collection

•Withings sleep data
•Self-report diary

Step 2
•Data screening

•Sleep data interpretation (exclusion and inclusion)

Step 3

• Quantitative analysis (SPSS)
•Normality test ( p = 0.05 ) through Shapiro Wilk test & Kolmogorov-Smirnov test
•Visual verification (Histogram, Q-Q plot, Skewness & Kurtosis)
•Wilcoxon signed ranked test & Rank Biserial-Correlation

Step 4
•Interpretation
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9 Non-autistic Complete - Complete 

10 Non-autistic Complete - Complete 

*11 A DSM-5 Level 1 Complete Installed Incomplete 
(18 days only) 

*11 B DSM-5 Level 1 Complete Installed Incomplete 
(16 days only) 

12 NPF Complete 
(14 days missing at baseline) Installed Incomplete 

(15 days only) 
 
To ensure the integrity of the analysis, a set of exclusion criteria was applied to the sleep data (see Table 10) 
to confirm that any observed changes could be confidently attributed to the lighting intervention. These 
criteria addressed inconsistencies data, technical issues, absence of verified exposure to the intervention, and 
external disruptions such as illness or school holidays. 
 
Table 10: Criteria for exclusion of data during the interpretation. 

Reason for Exclusion Description 

Inactive lighting 
simulation 

Lighting simulations were not triggered (as verified through data logger) as scheduled (see 
Table 6) either due to manual deactivation, technical issues, illness, or routine disruptions 
such as holidays. 

Inconsistent sleep onset Participant woke before the pre-set dawn simulation time, indicating that the intervention 
did not influence sleep offset that day.  

Bed exit 

 
Minor disruptions (e.g., bathroom visits) were not excluded. However, nights where the 
participant left the bed for extended periods or slept elsewhere (e.g., a parent’s bed or 
sofa) were excluded, as these could not reliably reflect the intervention’s impact. 

 
During the analysis, both weekday and weekend data were considered, with efforts made to match pre-
intervention and intervention entries by day type. Data points were excluded only when the lighting simulation 
was inactive or compromised. This ensured a balanced and valid comparison between the two periods. 

3.5.2 Sleep Data Used for Statistical Analysis 
To ensure validity of the statistical analysis, sleep data were screened using the predefined exclusion criteria 
(see Table 10), retaining only entries that reflected confirmed exposure to the lighting intervention. 
 
During the pre-intervention period (baseline and transition phases), sleep timing was primarily derived from 
parent-reported sleep diaries, providing subjective estimates of children’s sleep. In contrast, the intervention 
phase primarily relied on objective data from the Withings Sleep Analyser. Parent-reported entries were used 
to supplement or contextualise analyser data when necessary. This shift in data source between phases may 
influence the comparability of sleep patterns across periods and should be considered when interpreting 
results. 
 
In cases where the sleep analyser misclassified wakefulness (e.g., detecting "motionless wake" as sleep) or 
failed to record off-bed sleep (e.g., when a child fell asleep on the sofa after the dusk simulation), diary-
reported sleep onset or offset times were used. These substitutions were verified by cross-referencing parent 
notes with available analyser data. Table 11 summarises the scenarios and the rationale behind selecting 
alternative data sources. 
 
To minimise data loss and maintain dataset robustness, a structured decision-making framework was applied 
when determining whether to retain or replace specific data entries. For instance, in cases where the analyser 
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failed due to technical issues or misclassification, validated self-report data were substituted. This approach 
ensured retained data accurately reflected participants’ sleep timing in relation to the lighting intervention. 
 
Notably, four families (1, 2, 4, and 8) experienced unreported technical issues with the Withings Sleep 
Analyser. However, as they provided complete and consistently filled sleep diaries, these self-reported records 
were used in lieu of missing objective data. All substitution decisions followed predefined criteria (see Table 
11) to ensure consistency, transparency, and analytic integrity. 
 
Table 11: Rationale for sleep data sources. 

Scenario Primary data source Alternative Reason 

Typical sleep offset and 
onset pattern 

 
Withings Sleep Analyser 

 
- Device accurately captures bed 

entry and exit 

“Motionless wake” 
detected Withings (misclassified) Self-report sleep diary 

(sleep offset) 
Parent-verified child was awake 

despite analyser misclassification. 

Off-bed sleep (e.g., 
sofa) 

Self-report diary 
(onset) - Sleep onset undetected by device; 

diary provided verified timing. 

Ambiguous or missing 
analyser data Self-report or analyser 

  
- 

Cross-verified using parent notes; 
most reliable source selected. 

No data logger / 
Lighting interpretation 

Lighting schedules 
(Table 6) - 

Assumed exposure occurred 
according to programmed 

simulation times. 

Technical issues with 
analyser 

Withings Sleep Analyser 
 Self-report sleep diary 

Families 1, 2, 4, and 8 substituted 
with diary due to consistent 

reporting. 

 

3.5.3 Statistical Analysis  
A within-subjects design was used, where each participant served as their own control. This allowed direct 
comparisons of sleep onset and wake-up times between the pre-intervention and intervention phases, 
minimizing the influence of individual differences such as age, sleep routines, or neurodevelopmental 
diagnoses (Field, 2024). However, this design also increased sensitivity to external influences, such as illness 
or disruptions to daily routines, which may have affected outcomes (Gravetter & Forzano, 2018). 
 
All statistical analyses were conducted using IBM SPSS Statistics v.30. Normality of the data was assessed 
using the Shapiro–Wilk and Kolmogorov–Smirnov tests, supplemented by visual inspection of histograms, Q–
Q plots, skewness, and kurtosis. These tests indicated non-normal distributions, justifying the use of non-
parametric methods. The Wilcoxon Signed-Rank Test was selected based on recommendations for small, 
paired samples Walpole et al. (2014). A significance level of p < 0.05 was used for all hypothesis testing. 
To supplement significance testing, rank-biserial correlation (rₛ) was calculated to estimate the magnitude and 
direction of observed changes. Interpretation of rₛ values followed standard effect size thresholds for small, 
medium, and large effects. See Appendix F, Table 30 for detailed effect size interpretations and Table 31 for a 
summary of statistical components and their interpretation. 
 
In addition to median shifts, variability in sleep onset and sleep offset times was assessed using the 
interquartile range (IQR) and standard deviation (SD). Reduced variability was interpreted as an indicator of 
increased circadian stability and more consistent sleep routines, aligning with the intervention goals (Baron et 
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al., 2016). Box-and-whisker plots were used to visualise both directional shifts and changes in variability 
between conditions. 
 
Finally, descriptive comparisons were made between neurotypical and NPF/ASC participants to explore 
potential group-level differences in response to the intervention. However, no additional statistical tests were 
conducted for these subgroup comparisons, as the primary focus remained on within-subject effects. 
 

3.6 Qualitative Analysis 

To explore participants’ subjective experiences of the lighting intervention, a qualitative analysis was 
conducted using thematic analysis. This method was selected to identify patterns related to sleep routines, 
emotional responses, and daily adaptation. The analysis primarily adopted a latent and deductive approach, 
guided by Braun & Clarke (2006) five-phase framework. However, elements of inductive reasoning were also 
integrated, allowing themes to emerge naturally from the data while remaining grounded in the study’s aims 
and existing literature on light exposure and behavioural routines in children.  
 
Data sources included researcher field notes, digital questionnaire responses, and post-intervention interviews 
with parents. Thematic coding and organisation were done manually using Microsoft Word. Relevant sections 
of text were highlighted, assigned descriptive labels (code), and grouped into broader thematic categories 
based on conceptual similarity and frequency of appearance. 
 
The five steps of thematic analysis, as outlined by Braun & Clarke (2006) were: 

 
1. Familiarisation with the data – Repeated reading of transcripts and notes to gain a comprehensive 

understanding of participant experiences. 
2. Generating initial codes – Systematic identification and labelling of significant features across the 

dataset. 
3. Searching for themes – Organising related codes into initial themes and collating supporting data. 
4. Reviewing themes – Refining and validating the thematic structure for coherence and alignment with the 

dataset. 
5. Defining and naming themes – Clearly articulating the essence of each theme and its relevance to the 

research objectives. 
 
From this analysis, four key themes emerged: 
 
1. Establishing consistent routines. 
2. Improved sleep and morning wakefulness. 
3. Sensory comfort and adaptation. 
4. Emotional and behavioural impact. 
 
These themes capture families’ perceptions of the intervention’s benefits and limitations, offering insight into 
its role in supporting daily routines, emotional regulation, and sleep-related outcomes. 

 
4 Results and Analysis 
The lighting intervention took place during a period with limited natural daylight during early mornings and 
evenings. Sunrise times gradually advanced from 08:13 at the start of the baseline phase (January 25th) to 
06:55 by the end of the intervention (March 2nd). Correspondingly, sunset times shifted from 16:27 to 17:45 
across the same period, reinforcing the relevance of artificial light exposure in regulating sleep–wake patterns 
during the intervention window. 

4.1 Field Measurements Results 

Table 12 presents the measured melanopic EDI and CCT values recorded at full brightness during the dawn 
simulation for each participating family. The intervention aimed to deliver approximately 100 melanopic lux, 
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a level aligned with established thresholds for biological effectiveness (e.g., stimulating circadian alertness 
and supporting earlier wake times). However, several families experienced values below this target. 
 
These deviations were primarily influenced by individual bedroom environments, including factors such as 
room geometry, furniture layout, wall colour, and surface reflectivity, all of which can significantly affect 
light distribution and melanopic efficacy. In addition, Family 4 opted for a reduced CCT setting (2,800 K) to 
accommodate sensory sensitivities, which contributed to their notably lower melanopic EDI. 
 
Table 12: Measured CCT and melanopic EDI for each participating family during dawn simulation. *Family 4 wished 
for a lower CCT due to sensory sensitivity. 

Family ID Neurodevelopmental 
profile CCT [K] Melanopic EDI [lux] 

(dawn simulation) 
1 DSM-5 Level 3 4,000 90 
2 NPF 4,000 50 

3A Non-autistic 3,800 94 
3B Non-autistic 4,000 104 
4* DSM-5 Level 3 2,800 38 
5 NPF 4,000 77 
6 Non-autistic 3,800 72 
7 Non-autistic 3,800 88 
8 DSM-5 Level 1 4,000 64 
9 Non-autistic 4,200 133 

10 Non-autistic 3,800 52 
11 A DSM-5 Level 1 4,000 62 
11 B DSM-5 Level 1 4,200 74 
12 NPF 3,800 66 

 

4.2 Quantitative Analysis Result 

4.2.1 Sleep Timing Shifts (Onset and Offset) 
To evaluate the overall effect of the intervention, average shifts in both sleep onset and sleep offset were 
calculated across for the 12 participating families (excluding Families 11A and 11B). The dusk simulation, 
intended to facilitate earlier sleep onset, resulted in a mean shift of –3.9 minutes. The dawn simulation, aimed 
at promoting earlier sleep offset, produced a negligible average shift of –0.16 minutes.  
A Wilcoxon signed-rank test was used to assess the statistical significance of these changes. Neither shift 
reached significance (sleep onset: p = 0.814; sleep offset: p = 0.638). These results suggest that, at the group 
level, the intervention had limited measurable impact on sleep timing likely due to high inter-individual 
variability and the small sample size, which limited statistical power. 

4.2.2 Impact of Dusk Simulation on Sleep Onset 
The dusk simulation led to statistically significant changes in sleep onset for the majority of participants, with 
seven participants across non-autistics, DSM-5 (Levels 1 and 3), and NPF profiles exhibiting significant 
shifts. Among these, three participants with DSM-5 Level 1 and NPF profiles showed earlier sleep onset, as 
indicated by negative Z-values and effect sizes consistent with the intended effect of the simulation. 
Participants with greater support needs (DSM-5 and NPF) appeared especially responsive to the intervention. 
Detailed results are presented in Table 13. 

Table 13: Summary of the Wilcoxon test for dusk simulation. 

Family 
ID 

Neurodevelopmental 
profile Age 

Available 
baseline 
sample 

[n] 

Available 
intervention 

sample 
[n] 

Data 
pairs 
[n] 

Z-value 
Rank-

biserial 
(rs) 

p-value 
(p < 0.05) 

1 DSM-5 Level 3 6 20 16 16 3.077 2.000 0.002 



 

26 
 

2 NPF 5 17 13 13 -2.901 -1.692 0.004 
3A Non-autistic 6 19 19 19 3.309 1.368 0.001 
3B Non-autistic 9 17 16 16 2.015 0.824 0.044 
4 DSM-5 Level 3 6 21 20 20 -0.497 0.000 0.619 
5 NPF 7 21 21 21 3.439 1.400 0.001 
6 Non-autistic* 11 10 21 10 1.581 1.333 0.114 
7 Non-autistic 5 21 19 19 -0.142 0.118 0.887 
8 DSM-5 Level 1 7 21 17 17 -2.072 -0.750 0.041 
9 Non-autistic 6 21 17 17 -0.674 -0.500 0.500 

10 Non-autistic 8 21 17 17 -0.769 -0.286 0.442 
11 A DSM-5 Level 1 11 - - - - - - 
11 B DSM-5 Level 1 9 - - - - - - 
12 NPF* 6 7 16 7 -2.388 -2.000 0.017 

*Family 6 had a limited available baseline samples due to parental oversights with noting down the sleep timings & Family 12 were 
admitted during the start of transition phase.  
 
The average change in sleep onset across participants was –0.25 ± 34.07 minutes, indicating minimal change 
at the group level. However, this average masked considerable individual variation. The average change in 
within-subject variability (SD) was +1.08 ± 16.64 minutes, suggesting that while some participants developed 
more consistent bedtime routines, others experienced increased irregularity. Overall, five participants across 
non-autistic, DSM-5 (Levels 1 and 3), and NPF profiles experienced earlier sleep onsets, while six participants 
from similar neurodevelopmental backgrounds showed later sleep onsets. One non-autistic participant 
maintained their original sleep onset. These findings reflect the heterogeneous responses to the intervention. A 
simplified summary is provided in Table 14, with detailed sleep onset results for each family available in 
Appendix B, Table 23.  
 
Table 14: Overview of changes in average sleep onset times, variability, and corresponding interpretations. 

Family 
ID 

Neurodevelopmental 
profile Age Average Sleep 

Onset Change SD Change Interpretation 

1 DSM-5 Level 3 6 +36 mins later +27 mins Later, more variable 
2 NPF 5 -23 mins earlier +15 mins Earlier, more variable 

3A Non-autistic 6 +18 mins earlier -20 mins Later, and more regular 
3B Non-autistic 9 -19 mins earlier -37 mins Earlier, and more regular 
4 DSM-5 Level 3 6 -4 mins earlier -2 mins Earlier, and more regular 
5 NPF 7 +85 mins later +11 mins Later, and more variable 
6 Non-autistic 11 +14 mins earlier +14 mins Later, and more variable 
7 Non-autistic 5 +13 mins later -11 mins Later, but more regular 
8 DSM-5 Level 1 7 -15 mins earlier -3 mins Earlier, and more regular 
9 Non-autistic 6 -1 min earlier +9 mins Minimal changes, and more 

variable 
10 Non-autistic 8 +15 mins later +9 mins Later, and more variable 

11 A DSM-5 Level 1 11 - - No data 
11 B DSM-5 Level 1 9 - - No data 
12 NPF 6 -58 mins earlier +1 min Earlier, and stable variability 

4.2.3 Impact of Dawn Simulation on Sleep Offset 
The dawn simulation generally produced non-significant changes in sleep offset. Only one participant with a 
DSM-5 Level 3 profile showed a statistically significant shift, which occurred in the unintended direction as 
indicated by a negative Z-value and effect size suggesting a later rather than earlier sleep offset. High 
variability in responses, including participants waking-up before the intended lighting schedule, combined 
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with a limited sample size, likely reduced the intervention’s effectiveness. Detailed results are presented in 
Table 15. 

Table 15: Summary of the Wilcoxon test for dawn simulation. 

Family 
ID 

Neurodevelopmental 
profile Age 

Available 
baseline 
sample 

[n] 

Available 
intervention 

sample 
[n] 

Data 
pairs 
[n] 

Z-value 
Rank-

biserial 
(rs) 

p-value 
(p < 0.05) 

1 DSM-5 Level 3 6 20 10 10 2.388 2.000 0.017 
2 NPF 5 17 15 15 0.142 0.133 0.887 

3A Non-autistic 6 19 8 8 -0.140 0.500 0.889 
3B Non-autistic 9 16 10 10 -0.153 0.400 0.878 
4 DSM-5 Level 3 6 21 9 9 -0.497 0.000 0.619 
5 NPF 7 21 16 16 1.365 0.462 0.172 
6 Non-autistic 11 10 2 2 1.342 2.000 0.180 
7 Non-autistic 5 21 7 7 -1.859 0.857 0.063 
8 DSM-5 Level 1 7 21 4 4 1.826 2.000 0.068 
9 Non-autistic 6 21 17 17 0.901 0.800 0.368 

10 Non-autistic 8 21 16 16 0.035 -0.154 0.972 
11 A DSM-5 Level 1 11 - - - - - - 
11 B DSM-5 Level 1 9 - - - - - - 
12 NPF 6 7 17 7 -0.962 -0.400 0.336 

 
The average change in sleep offset across participants was +10.33 mins ± 22.82 mins, indicating a trend 
toward later sleep offset during the intervention period. However, the high variability reflects considerable 
individual variation. Similarly, the average change in within-subject variability (SD) was +6.92 mins ± 24.24 
mins, suggesting that while some participants became more consistent in their sleep offset, others became 
more irregular. Overall, three participants across non-autistic, DSM-5, and NPF profiles experienced an earlier 
sleep offset, while seven participants, including both non-autistic and neurodivergent profiles (DSM-5 and 
NPF), showed a later sleep offset. Two participants, one with a DSM-5 diagnosis and one from the NPF group 
maintained their original sleep offset. A simplified summary is presented in Table 16, with detailed sleep 
offset results for each family available in Appendix B, Table 24.  
 
Table 16: Overview of changes in average sleep offset, variability, and corresponding interpretations. 

Family 
ID 

Neurodevelopmental 
profile Age Change in AVG 

Sleep Duration 
Change in 
Variability Interpretation 

1 DSM-5 Level 3 6 + 24 mins later +25 mins Later, and more variable 
2 NPF 5 -7 mins earlier +7 mins Earlier, and more variable 

3A Non-autistic 6 +12 mins later -27 mins Later, and more regular 
3B Non-autistic 9 +12 mins later -27 mins Later, and more regular 
4 DSM-5 Level 3 6 +2 mins later -3 mins Minimal changes, and more regular 
5 NPF 7 +13 mins later +32 mins Later, and more variable 
6 Non-autistic 11 +53 mins later +38 mins Much later, and more variable 
7 Non-autistic 5 -28 mins earlier -11 mins Earlier, and more regular 
8 DSM-5 Level 1 7 -20 mins earlier -16 mins Earlier, and more regular 
9 Non-autistic 6 +33 mins later +32 mins Later, and more variable 

10 Non-autistic 8 +29 mins later +32 mins Later, and more variable 
11 A DSM-5 Level 1 11 - - No data 
11 B DSM-5 Level 1 9 - - No data 
12 NPF 6 +1 min later +1 mins Minimal changes 
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4.2.4 Sleep Duration 
The Wilcoxon test showed mostly non-significant changes in sleep duration across participants, with only two 
families both in the NPF group demonstrating statistically significant effects, one longer sleep duration and 
one shorter sleep duration. Among non-autistic participants, sleep duration remained largely unchanged. 
Similarly, no significant changes were observed among children with ASC (DSM-5 Level 1–3), though 
moderate negative effect sizes in some cases suggest individual variability in responsiveness. These findings 
indicate high variability across neurodevelopmental profiles, with limited overall impact on sleep duration 
from the intervention. Full results are presented in Table 17. 
 
Table 17: Summary of the Wilcoxon test for sleep duration. 

Family 
ID 

Neurodevelopmental 
profile Age 

Available 
baseline 
sample 

[n] 

Available 
intervention 

sample 
[n] 

Data 
pairs 
[n] 

Z-value 
Rank-

biserial 
(rs) 

p-value 
(p < 0.05) 

1 DSM-5 Level 3 6 21 21 21 -1.392 -0.526 0.164 
2 NPF 5 16 21 16 2.533 1.059 0.011 

3A Non-autistic 6 19 21 19 -1.368 -0.316 0.171 
3B Non-autistic 9 19 21 19 0.644 0.105 0.520 
4 DSM-5 Level 3 6 21 21 21 -1.843 -0.476 0.065 
5 NPF 7 21 21 21 -3.355 -1.238 0.001 
6 Non-autistic 11 10 21 10 0.204 -0.400 0.798 
7 Non-autistic 5 21 21 21 -0.434 -0.476 0.664 
8 DSM-5 Level 1 7 21 19 19 -1.429 -0.526 0.153 
9 Non-autistic 6 21 21 21 1.643 0.600 0.100 

10 Non-autistic 8 21 21 21 1.090 0.444 0.276 
11 A DSM-5 Level 1 11 - - - - - - 
11 B DSM-5 Level 1 9 - - - - - - 
12 NPF 6 7 21 7 1.782 1.333 0.075 

 
The average change in sleep duration across participants was −1.83 minutes ± 42.80 minutes. However, 
excluding Families 5 and 7, who experienced substantial reductions in sleep duration (Table 18), the average 
change increased to +14.8 minutes ± 19.87 minutes. This indicates that, for most participants, sleep duration 
slightly improved during the intervention. The high standard deviation in both cases reflects considerable 
individual variability in response. Similarly, the average change in within-subject variability (SD) was +2.75 
minutes ± 25.45 minutes, which decreased to −2.0 minutes ± 22.77 minutes when Families 5 and 7 were 
excluded.  
 
Improvements were observed across all neurodevelopmental profiles. While some participants, regardless of 
profile, experienced longer and more regular sleep, others showed longer but more variable patterns. Notably, 
three participants, predominantly from the NPF group, exhibited shorter sleep durations with increased 
variability. These findings underscore the considerable individual variability in response to the intervention. A 
summary is shown in Table 19, with sleep duration result for each family in Appendix B, Table 25. 
 
Table 19: Overview of changes in average sleep duration, variability, and corresponding interpretations 

Family 
ID 

Neurodevelopmental 
profile Age Change in AVG 

Sleep Duration 
Change in 
Variability Interpretation 

1 DSM-5 Level 3 6 +2 mins longer +9 mins Longer, and more variable 
2 NPF 5 +16 mins longer +8 mins Longer, and more variable 

3A Non-autistic 6 +1 min longer -16 mins Minimal changes, and more 
regular 

3B Non-autistic 9 +31 mins longer -32 mins Longer, and more regular 
4 DSM-5 Level 3 6 +29 mins longer -13 mins Longer, and more regular 
5 NPF 7 -1 hr 24 mins less +50 mins Much shorter, and more variable 
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6 Non-autistic 11 +23 mins longer +3 mins Longer, and more variable 
7 Non-autistic 5 -1 hr 26 mins less +3 mins Much shorter, and more variable 
8 DSM-5 Level 1 7 +55 mins longer -35 mins Longer, and more regular 
9 Non-autistic 6 +5 mins longer +10 mins Longer, and more variable 

10 Non-autistic 8 -8 mins less +42 mins Shorter, and more variable 
11 A DSM-5 Level 1 11 - - No data 
11 B DSM-5 Level 1 9 - - No data 
12 NPF 6 -6 mins less +4 mins Shorter, and more variable 

 

4.2.5 Boxplot Analysis of Sleep Onset and Offset 

To illustrate the distribution of sleep onset and sleep offset during the baseline and intervention periods, 
boxplots were generated for each family. These visualisations enable direct comparison of sleep timing 
patterns across the two phases, highlighting potential shifts in timing and changes in consistency. Figures 12–
23 display the boxplots for each participant individually. 

However, due to the small sample sizes used to derive these sleep timings (as shown in Tables 16, 18, and 20), 
these visualisations should be interpreted with caution. The limited data may reduce the reliability and 
generalisability of the observed patterns. For a comprehensive view of the full dataset, including periods 
outside the intervention, Appendix A provides the complete sleep timing data. Appendix B includes data from 
the periods reflecting the intervention’s effect, while Appendix C presents histograms displaying the full 
distribution of sleep onset and sleep offset times across the entire study period, excluding the intervention’s 
effect.  

Family 1 (DSM-5 Level 3) 
 
For Family 1, sleep offset during the intervention shifted later compared to baseline, with a decrease in 
variability. Sleep onset times also shifted to a later, more consistent pattern, indicating greater consistency of 
sleep onset (Figure 12). 
 

 
Figure 12: Sleep onset and sleep offset for Family 1. Each yellow bar represents the interquartile range, with whiskers 
and outliers shown alongside. 

 
Family 2 (NPF) 
 
For Family 2, sleep offset during the intervention shifted earlier compared to the baseline, with reduced 
variability. In contrast, sleep onset times were delayed, and the increased variability suggests disrupted sleep 
onset (Figure 13). 
 



 

30 
 

 
Figure 13: Sleep onset and sleep offset for Family 2. Each yellow bar represents the interquartile range, with whiskers 
and outliers shown alongside. 

 
Family 3A (Non-autistic) 
 
For Family 3A, sleep offset during the intervention shifted earlier compared to baseline, with reduced 
variability, suggesting more consistent wake-up times. Although the sleep onset shifted later, the decrease in 
variability indicates consistency in sleep onset (Figure 14). 
 

 
Figure 14: Sleep onset and sleep offset for Family 3A. Each yellow bar represents the interquartile range, with whiskers 
and outliers shown alongside. 

 
Family 3B (Non-autistic) 
 
For Family 3B, sleep offset during the intervention shifted earlier compared to baseline, with reduced 
variability, indicating more consistent wake-up times. Similarly, sleep onset times also moved earlier, 
accompanied by a decrease in variability, suggesting consistency in sleep onset (Figure 15). 
 

 
Figure 15: Sleep onset and sleep offset for Family 3B. Each yellow bar represents the interquartile range, with whiskers 
and outliers shown alongside. 

 
Family 4 (DSM-5 Level 3) 
 
For Family 4, sleep offset during the intervention shifted later compared to baseline, with variability similar to 
that observed in the baseline. In contrast, sleep onset times shifted earlier, accompanied by reduced variability, 
suggesting a potentially consistent sleep onset (Figure 16). 
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Figure 16: Sleep onset and sleep offset for Family 4. Each yellow bar represents the interquartile range, with whiskers 
and outliers shown alongside. 

 
Family 5 (NPF) 
 
For Family 5, sleep offset during the intervention shifted later compared to baseline, with increased 
variability. It is important to note that baseline wake-up times were influenced by subjective reporting, with 
timings often falling between 7:00 and 7:10. Sleep onset times shifted later, accompanied by increased 
variability, suggesting a potentially disrupted sleep pattern (Figure 17). 
 

 
Figure 17: Sleep onset and sleep offset for Family 5. Each yellow bar represents the interquartile range, with whiskers 
and outliers shown alongside. 

 
Family 6 (Non-autistic) 
 
For Family 6, sleep offset during the intervention shifted later compared to baseline, with increased 
variability. It is important to note that the sleep data used to calculate sleep offset consisted of only two wake-
up (n = 2) instances. Similarly, sleep onset times also shifted later, with variability remaining similar, 
suggesting little improvement or consistency (Figure 18). 
 

 
Figure 18: Sleep onset and sleep offset for Family 6. Each yellow bar represents the interquartile range, with whiskers 
and outliers shown alongside. 

 
Family 7 (Non-autistic) 
 
For Family 7, sleep offset during the intervention shifted later compared to baseline, with increased 
variability. Similarly, sleep onset times were shifted later, and the increase in variability towards later sleep 
onset suggests a potentially disrupted sleep pattern (Figure 19). 
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Figure 19: Sleep onset and sleep offset for Family 7. Each yellow bar represents the interquartile range, with whiskers 
and outliers shown alongside. 

 
Family 8 (DSM-5 Level 1) 
 
For Family 8, sleep offset during the intervention shifted later compared to baseline, with increased 
variability. Similar to Family 6, only four sleep offset instances (n = 4) were used to construct the sleep data. 
Similarly, sleep onset times were shifted later, and the decrease in variability suggests a potentially consistent 
sleep onset (Figure 20). 
 

 
Figure 20: Sleep onset and sleep offset for Family 8. Each yellow bar represents the interquartile range, with whiskers 
and outliers shown alongside. 

 
Family 9 (Non-autistic) 
 
For Family 9, sleep offset during the intervention shifted later compared to baseline, with similar variability, 
indicating little improvement or consistency. While sleep onset times shifted earlier, the increase in variability 
suggests potentially disrupted sleep onset (Figure 21). 
 

 
Figure 21: Sleep onset and sleep offset for Family 9. Each yellow bar represents the interquartile range, with whiskers 
and outliers shown alongside. 

 
Family 10 (Non-autistic) 
 
For Family 10, sleep offset during the intervention shifted earlier compared to baseline, with decreased 
variability, indicating consistency. Sleep onset times shifted earlier, with the variability being less, suggesting 
consistency in sleep patterns (Figure 22). 
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Figure 22: Sleep onset and sleep offset for Family 10. Each yellow bar represents the interquartile range, with whiskers 
and outliers shown alongside. 

 
Family 12 (NPF) 
 
For Family 12, sleep offset during the intervention shifted later compared to baseline, with increased 
variability, suggesting potentially disrupted wake-up times. Similar to Family 5, the data was influenced by 
subjective reporting, with the majority of the reported sleep offset falling around 7:00. While sleep onset times 
shifted earlier, the decrease in variability suggests a potentially earlier and more consistent sleep onset (Figure 
23). 
 

 
Figure 23: Sleep onset and sleep offset for Family 12. Each yellow bar represents the interquartile range, with whiskers 
and outliers shown alongside. 

 
Summary 
 
The effects of the intervention on sleep onset and offset varied widely across participants. Several families 
demonstrated improvements in sleep timing consistency, as seen through reduced variability and directional 
shifts aligned with healthier routines (e.g., Families 1, 3B, and 10). These positive outcomes suggest that the 
intervention may have supported the establishment of more regular sleep schedules for some children. 
 
However, a number of families experienced disrupted or inconsistent patterns, such as increased variability in 
sleep onset or offset (e.g., Families 5, 6, and 7), or conflicting trends between onset and offset. In some cases, 
improvements in one measure were not mirrored in the other (e.g., Family 12 showed more consistent sleep 
onset but more variable wake-up times). 
 
These inconsistencies likely reflect a combination of factors, including individual sensitivity to light, 
differences in neurodevelopmental profiles, and family-specific routines and constraints. For instance, while 
some autistic children (e.g., Family 1) showed clearer improvements, others (e.g., Family 4) exhibited mixed 
outcomes. Additionally, limited sample sizes and reliance on subjective reporting in some families may have 
affected the reliability of the observed patterns (see Table 20). 
 
Overall, the results highlight the complexity of using lighting-based interventions in real-world home 
environments and reinforce the importance of personalised, context-sensitive strategies for supporting sleep in 
neurodiverse children. 
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Table 20: Summary of Sleep Pattern Changes Across Participants. 

Legend 
✓ = Positive change (improved timing and/or reduced variability) 
✗ = Negative change (disrupted timing and/or increased variability) 
(–) = Mixed/uncertain effect or insufficient data 
 

Family 
ID 

Neurodevelopmental 
Profile Age Sleep Onset Sleep Offset Key Observations Overall 

Effect 

1 DSM-5 Level 3 6 
Shifted later, 

reduced 
variability 

Shifted later, 
reduced 

variability 

Improved consistency in 
both onset and offset ✓ 

2 NPF 5 
Shifted earlier, 

increased 
variability 

Shifted earlier, 
reduced 

variability 

Disrupted onset, but more 
consistent offset ✗ 

3A Non-autistic 6 
Shifted later, 

reduced 
variability 

Shifted earlier, 
reduced 

variability 

Increased consistency 
despite delayed onset ✓ 

3B Non-autistic 9 
Shifted earlier, 

reduced 
variability 

Shifted earlier, 
reduced 

variability 

Improved consistency in 
both onset and offset ✓ 

4 DSM-5 Level 3 6 
Shifted earlier, 

reduced 
variability 

Shifted later, 
similar 

variability 

More consistent onset; 
minimal change in offset – 

5 NPF 7 
Shifted later, 

increased 
variability 

Shifted later, 
increased 
variability 

Increased variability and 
disrupted sleep pattern ✗ 

6 Non-autistic 11 
Shifted later, 

similar 
variability 

Shifted later, 
increased 
variability 

Limited improvement; 
inconsistent offset ✗ 

7 Non-autistic 5 
Shifted later, 

increased 
variability 

Shifted later, 
increased 
variability 

Increased variability in both 
onset and offset ✗ 

8 DSM-5 Level 1 7 
Shifted later, 

reduced 
variability 

Shifted later, 
increased 
variability 

More consistent onset; 
offset remained inconsistent – 

9 Non-autistic 6 
Shifted earlier, 

reduced 
variability 

Shifted later, 
similar 

variability 

Improved onset 
consistency; offset 

unchanged 
– 

10 Non-autistic 8 
Shifted earlier, 

reduced 
variability 

Shifted earlier, 
reduced 

variability 

Consistent pattern with 
reduced variability ✓ 

11A DSM-5 Level 1 11 - - No data available – 
11B DSM-5 Level 1 9 - - No data available – 

12 NPF 6 
Shifted earlier, 

reduced 
variability 

Shifted later, 
increased 
variability 

Consistent onset; disrupted 
offset due to subjective 

reporting 
– 

 

4.2.6 Recommendations for Screen Time 
Adherence to the recommendation to reduce evening screen exposure (particularly blue light) varied across 
families. Families 1, 3A/B, 5, and 11A/B either did not adhere to the recommendation or followed it only 
partially. In contrast, Families 2, 8, and 12 reported more consistent compliance with the guidelines and also 
described noticeable improvements in both sleep routines and perceived sleep quality. These subjective 
reports were supported by statistical results (see Table 21), where all three families exhibited negative Z-
values and rank-biserial correlations, indicating earlier sleep timing during the intervention phase. This 
alignment between self-reported improvements and objective sleep shifts suggests that screen time may have 
been a significant confounding variable in the study. 
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4.3 Qualitative Results and Interpretation 

A thematic analysis of the post-intervention interviews revealed four overarching themes that captured 
families’ experiences with the lighting intervention: 

1. Establishing Consistent Routines 
2. Improved Sleep and Morning Wakefulness 
3. Sensory Comfort and Adaptation 
4. Emotional and Behavioural Impact 

Each theme is illustrated below with participant quotes and supporting subthemes (see Appendix D, Table 29 
for a detailed breakdown) 

1) Establishing Consistent Routines 

Families consistently reported that the lighting intervention helped create structured bedtime and wake-up 
routines. Many children began associating light dimming with bedtime and dawn simulation with waking, 
reducing the need for verbal reminders from caregivers. 

“The lighting helped establish a routine. We used to sleep at 11 or 12 PM, but now the lights start dimming at 
8 PM and turn off at 9 PM. Now, we usually sleep by 9 or 10 PM.” 

“Yes! When she saw the light dimming, she knew it was bedtime on her own. Before, we had to tell her it was 
time for bed.” 

Subtheme – Routine and Daily Life Impact: 
Parents noted a broader impact on family organisation and evening dynamics, with some describing how 
lighting routines facilitated calming activities like reading or tooth brushing. 

“It gave me time to read them a story while the light dimmed at night. It affected the whole family, making our 
sleeping and waking habits depend on the lighting system.” 

 

2) Improved Sleep and Morning Wakefulness 

Parents described the dawn simulation as particularly effective for waking children, often making the 
process smoother and more autonomous. The dusk simulation supported earlier bedtimes and sleep 
preparation, though some children needed time to adjust or had difficulty falling asleep until the light fully 
turned off. 

“We depended on the dawn simulation for waking up, it was a perfect way to wake up!” 

“Yes! There was a slight improvement. Nighttime awakenings became less frequent, which was a positive 
change. The pre-sleep preparation made him more ready to sleep than before.” 

However, a few families faced challenges such as early waking or technical issues with the dusk simulation. 

“The issue is that he wakes up at 4 AM instead of sleeping through the night.” 
“We had to manually dim the lights sometimes because of technical problems.” 

Subtheme – Comparison to Previous Lighting Setup: 
Several parents viewed the new lighting system as a significant improvement over their previous 
arrangements, especially in how it supported healthier sleep-wake cycles. 



 

36 
 

“Before using the new system, my child often woke up late, and I would send them late to school. After using 
this system, they wake up much earlier, which is a significant positive change.” 

 

3) Sensory Comfort and Adaptation 

Parents generally agreed that changes in light colour temperature (CCT) and intensity affected their 
children’s mood and sensory comfort. Blue-enriched light was linked to alertness, while warm light was 
associated with relaxation. 

“When I wanted them to play, I used a bluish light. When I wanted them to relax, I used a warm colour.” 

Preferences varied across children. Some appreciated the brightness of the morning light, while others disliked 
the dimness of the evening settings. 

“He liked the blue light because it made the house feel brighter. However, he found the warm light 
bothersome because it was dim.” 

Subtheme – Screen Use and Recommendations: 
Families who reduced blue light from screens in the evening reported easier sleep onset. However, full 
adherence was sometimes difficult due to existing routines or the needs of other family members. 

“Reducing “blue light” was a goal, but sometimes screen time increased… this research helped us commit to 
a certain period without blue light.” 

 

4) Emotional and Behavioural Impact 

Several parents described how the lighting helped their children become more emotionally regulated and 
independent in their routines. The dusk simulation, in particular, created a calming environment that 
signalled bedtime. 

“When the light starts dimming, we begin our pre-sleep routine… Now, he goes to his room to sleep 
independently, which is very good.” 

“There was a quiet and relaxed feeling in the house during the dusk simulation period.” 

While not all parents observed clear emotional changes, many noted positive behavioural shifts in how 
children responded to bedtime cues. 

Subtheme – Willingness to Continue Using the System: 
Every family expressed interest in continuing the use of the lighting system. Some even considered expanding 
it throughout the home. 

“Yes! Of course! It makes it easier to maintain sleeping and waking routines, and I’m willing to change all 
our lighting systems to this type.”  

4.4 Flicker Measurement Result 

A set of light bulbs (E27 and GU10) used in the intervention was evaluated for flicker characteristics using the 
Gigahertz-Optik BTS256-EF measurement system (see Figure 10). Based on informed expertise from the 
laboratory supervisor, Johannes Lindén, it was assumed that all bulbs from the same production batch would 
exhibit consistent flicker behaviour at the time of purchase. 
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The results, summarised in Table 22, indicate that the E27 bulb demonstrated stable, low-flicker performance 
across all tested brightness levels, indicating minimal risk of visual discomfort. In contrast, the GU10 bulb 
showed increased flicker and stroboscopic visibility at lower brightness levels, particularly below 25%. The 
SVM values rose significantly as brightness decreased, and flicker frequency dropped to levels potentially 
perceptible to sensitive individuals. This aligns with post-intervention feedback from one family who reported 
visual discomfort during the intervention, which may be associated with flicker sensitivity. 

Table 22: Results of the SVM and flicker frequency [Hz] measurements for the E27 and GU10. 

Brightness 
level 

E27 GU10 
4 000 K 2 200 K 4 000 K 2 200 K 

SVM 
 

Flicker 
[Hz] 

SVM 
 

Flicker 
[Hz] 

SVM 
 

Flicker 
[Hz] 

SVM 
 

Flicker 
[Hz] 

100 % 0.012 2,141 0.011 2,141 0.014 2,041 0.013 2,040 

50 % - - - - 0.018 2,041 0.018 2,040 

25 % - - - - 1.631 1,674 1.560 1,388 

10 % - - - - 2.647 583 2.504 582 
Low 

(<1 %) 0.022 2,141 0.021 2,141 2.731 583 2.522 582 

 

4.5 Energy Consumption and Efficiency Considerations 

To assess the sustainability of the lighting intervention, a simple energy consumption estimate was conducted 
over a 6-month period. Each household was equipped with two lamps and one controller: 
 
 2x GU10 bulbs: 4.2 W active / 0.25 W standby 
 2x E27 bulbs: 9 W active / 0.5 W standby 
 Philips Hue Bridge: 3 W active / 0.1 W standby 
 
The dawn and dusk simulations were programmed to run 1 hour per lamp per day (2 hours total active use), 
with the system in standby mode for the remaining 22 hours. 
 
Active (2 hours/day): 
Total active power: (9 W + 4.2 W + 3 W ) = 16.2 W 
→ 16.2 W × 2 h = 32.4 Wh/day 
 
Standby (22 hours/day):  
Total standby power: (0.5 W + 0.25 W + 0.1 W) = 0.85 W  
→ 0.85 W ×  22 h =  18.7 Wh/day 
 
Total Daily Consumption: 
32.4 Wh +  18.7 Wh =   51.1 Wh/day 
 
Six-Month Estimate:  
51.1 Wh

day� × 180 days = 9 198 Wh ≈ 9.2 kWh 
 
Cost Estimate: 
At an electricity price of 1 SEK/kWh: 
 
9.2 kWh × 1 SEK/kWh = 9.2 SEK 
 
With an initial equipment cost of approximately 3,000 SEK, the system incurs minimal operating costs over 
six months while supporting improved sleep routines. 
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5 Discussions 

5.1 Interpretation of Quantitative Results 

The quantitative findings of this study were largely inconclusive, reflecting considerable individual variability 
The dusk simulation showed the most potential, with 7 out of 12 families exhibiting statistically significant 
shifts in sleep onset, consistent with the intended effect. However, the dawn simulation produced a significant 
change in only one family, and notably, the change reflected a later wake time.  
 
For sleep duration, only two families showed significant changes, with opposite outcomes: one experiencing 
an increase in total sleep time, while the other saw a decrease. These mixed findings indicate a heterogeneous 
response to the intervention, irrespective of neurodevelopmental profile. 
 
The boxplot analysis of sleep timing (Section 4.2.5) provided complementary insights. into individual-level 
trends that were not captured by statistical testing. While not all children showed statistically significant 
effects, some exhibited directional shifts or reduced day-to-day variability in sleep patterns. These subtle 
trends may still hold clinical relevance, particularly in populations where routine and predictability are linked 
to better emotional regulation and sleep hygiene. Section 5.1.1 elaborates on these trends by 
neurodevelopmental subgroup (autistic vs. non-autistic). 
 
Several factors may explain the limited and variable impact observed: 
 
Individual Differences in Response 
Children, especially those with ASC, often respond differently to environmental interventions (Zaniboni & 
Toftum, 2023). What benefits one child may be ineffective or even disruptive for another (Nagib & Williams, 
2018). These inter-individual differences likely contributed to the broad range of outcomes seen in the study. 
 
Inconsistent Use of the Intervention 
Illness, travel, and disruptions in routine occasionally interrupted use of the system, especially the dawn 
simulation, where missed exposures were common. Reduced exposure frequency likely diluted the measurable 
effect of the intervention. 
 
Evening Screen Use 
Although screen use was not formally monitored in this study, post-intervention interviews suggested high 
usage in some households, particularly in Family 11A and 11B, who shared a bedroom and frequently used 
screen devices long after the dusk simulation had started. Evening exposure to blue light is known to delay 
melatonin secretion (Westwood et al., 2023), especially in light-sensitive children (Eto et al., 2021), and this 
may have counteracted the intended impact of the dusk lighting simulation, particularly for light-sensitive 
individuals. 

5.1.1 Response Patterns Across Autistic and Non-Autistic Children 
Distinct patterns emerged across the three participant groups in response to the lighting intervention. Among 
children with ASC (Figure 24), a general shift toward later sleep onset and offset times was observed, 
accompanied by reduced variability. Although sleep onset tended to occur later, they became more consistent, 
suggesting that the dusk simulation helped stabilise evening routines. Similarly, the dawn simulation may also 
have contributed to more predictable sleep offset, albeit also slightly delayed. 
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Figure 24: Overview of sleep onset and offset for ASC participants. 

Children in the NPF group (Figure 25), showed more divergent responses. Families 2 and 12 displayed earlier 
sleep offset and stable or earlier sleep onsets, indicating a positive adaptation to the intervention. Conversely, 
Family 5 exhibited increased variability in both onset and offset times, underscoring the potential for 
individual differences even within the same diagnostic category. 

 

Figure 25: Overview of Sleep onset and offset for NPF participants. 

Among the non-autistic participants (Figure 26), responses were also heterogeneous but generally more 
favourable. Families 3A, 3B, 9, and 10 experienced earlier or more stable sleep timings, suggesting a 
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beneficial effect. In contrast, Families 6 and 7 demonstrated increased variability or inconsistent responses, 
particularly in sleep onset.  

 

Figure 26: Overview of sleep onset and offset for non-autistic participants. 

Overall, the lighting intervention appeared to yield more consistent benefits among non-autistic participants, 
with several showing earlier or more stable sleep patterns. In contrast, children with neurodevelopmental 
conditions showed more varied responses ranging from improvements to increased variability. 

These findings underscore the importance of individual lighting strategies, particularly for neurodiverse 
children. Sensory sensitivities, especially among those with ASC, may influence how lighting cues are 
processed (Belek, 2019), affecting both the comfort and effectiveness of the intervention. Tailoring 
interventions to account for these sensitivities could improve outcomes in future implementations. 

5.2 Lighting Design 

Several design principles outlined in Section 2.8.1 were implemented based on recommendations from Black 
et al. (2022), Nagib & Williams (2017), and Zaniboni and Toftum (2023), who emphasise considerations such 
as lamp placement and flicker risk, especially for children with ASC. Given the atypical light sensitivities 
often observed in this population (McAllister et al., 2022), lamp positioning was carefully adjusted to 
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minimise direct exposure and harsh shadows, creating a more visually comfortable and supportive lighting 
environment.  
 
Environmental factors within each household, such as bedroom layout, furniture arrangement, bed type (e.g., 
bunk vs. single), and surface reflectance, had a measurable impact on how light was distributed throughout the 
space. For example, bunk beds often obstructed vertical light paths, limiting light exposure to the lower 
sleeping area (see Figure 9a and Figure 9c), while coloured walls and textiles (see Figure 9b) reduced overall 
reflectance, diminishing the effective melanopic EDI (see Table 12) from the target 100 melanopic lux. In 
some cases, shelves or headboards partially blocked light sources, producing uneven light patterns. These 
environmental factors introduced variation in light delivery that could not be controlled centrally but were 
important to acknowledged when interpreting results. 

Rather than making invasive modifications to improve photometric outcomes, such as placing the luminaires 
unusually close to beds or rearranging furniture, the intervention design prioritised real-world applicability 
and user comfort. Preserving each family’s everyday living environment to ensuring the intervention remained 
acceptable, adaptable, and sustainable within their actual routines. While this approach limited the ability to 
achieve uniform melanopic EDI levels across households, it reflects the practical constraints of implementing 
circadian lighting interventions in neurodiverse family settings. 

Although flicker was not part of the initial design scope, post-installation measurements were conducted to 
assess and document potential flicker risks (see Section 4.4), addressing concerns that emerged during the 
intervention. 
 
Achieving the target melanopic EDI of 100 lux, intended to provide as a circadian cue, proved challenging in 
most households. For instance, Family 4 (DSM-5 Level 3) opted for alternate CCT settings due to sensory 
sensitivities, further reducing effective melanopic intensity. These challenges align with findings from office-
based studies, where even higher targets (≥ 250 melanopic lux) were difficult to achieve with artificial light 
alone (Soler & Voss, 2021; Ticleanu et al., 2025).  

In summary, while these design choices limited consistent achievement of target melanopic EDI, they ensured 
the intervention remained realistic, respectful, and inclusive of each family’s lived context. 

5.3 Individual factors: Ages, Diagnosis, Illness, Challenges, and Routines 

Participants in this study ranged in age from 5 to 11 years (mean = 7.29 years, SD = ±2.1), spanning both 
preschool and primary school stages. These developmental differences likely influenced how children 
responded to the lighting intervention (Bowers & Moyer, 2017; Sadeh, 2007), as younger children (5–7 years) 
typically have distinct sleep needs and adaptation patterns compared to older children (8–11 years) 
(Hirshkowitz et al., 2015), potentially contributing to variability in the observed outcomes.  
 
Although the original recruitment criteria aimed for well-defined diagnostic categories, some participants 
classified under NPF group had not yet received a formal diagnosis. These children showed strong indicators 
consistent with ASC and were included based on parental consent. While this broadened the study's 
inclusivity, it also introduced additional heterogeneity in developmental profiles, which may have contributed 
to variation in responses. 
 
The sample was also gender-imbalanced, with the majority of participants being male and only two females. 
This mirrors the higher prevalence of autism diagnoses among boys (Loomes et al., 2017), but also limits the 
generalisability of the findings. Girls may exhibit different sensory sensitivities or sleep-related challenges and 
should be more fully represented in future studies. 
 
Unexpected events also impacted the consistency of exposure. Illnesses and a mid-study school break 
(February 17–21) disrupted household routines, affecting both sleep-wake patterns and exposure to the 
lighting intervention. These disruptions were particularly relevant for the dawn simulation, which depended 
on consistent morning use.  
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Beyond neurodevelopmental diagnosis, individual factors such as daily routine regularity and age-related 
autonomy appeared to influence the intervention’s impact. Children with more structured routines likely 
adapted more readily to the lighting cues, while those with irregular schedules may have required a longer 
adjustment period. Older children, who may have more control over bedtime behaviors, might also have 
responded differently to the intervention. 

Although these variables likely shaped intervention outcomes, no formal statistical analysis was conducted to 
isolate their specific effects. As such, their influence remains speculative and should be explored in greater 
detail in future research. 

5.4 Limitations 

While this study offers valuable insights into the impact of home-based lighting intervention on sleep patterns 
in neurodivergent children, several limitations must be acknowledged: 
 
Inclusion of Children with Undefined Diagnoses 
Some participants included under the NPF category had not yet received a formal diagnosis, due to prolonged 
assessment timelines in Sweden. Although inclusion was based on clear developmental indicators and parental 
consent, this diagnostic ambiguity introduced heterogeneity that may have influenced intervention responses. 
Future studies should aim for more clearly defined diagnostic categories to minimise confounding effects. 
 
Cultural and Sampling Limitations 
All participants were from Arabic-speaking households and were recruited primarily through the local support 
group Mitt Speciella Barn. Despite wider outreach, no families outside this community participated. This 
homogeneity limits the generalisability of the findings to broader or more culturally diverse populations. 
Future studies should prioritise inclusive recruitment strategies that reflect the diversity of neurodivergent 
communities. 
 
Seasonal and Environmental Factors 
The study was conducted during the Swedish winter (January to March), a period of minimal natural daylight. 
Given the role of light exposure in circadian regulation (Duffy & Wright, 2005), this lack of ambient light 
may have actually increased the intervention’s overall impact, as children were more reliant on artificial 
lighting and thus more likely to benefit from optimized light exposure. Children with ASC, who often exhibit 
light sensitivity and irregular sleep (McAllister et al., 2022), may be especially vulnerable to mistimed or 
insufficient light cues (Bromundt et al., 2019; Foster, 2021).  
 
Short Duration of the Intervention 
The three-week intervention period may have been too brief to produce consistent or measurable circadian 
effects, particularly in neurodiverse children who often require longer periods to adapt to environmental 
changes (Martinez-Cayuelas et al., 2022). Extending the duration could have allowed for more gradual 
acclimatisation, potentially enhancing the impact of the lighting intervention. This consideration is especially 
relevant for children with ASC, who may need prolonged exposure to new sensory stimuli in order to develop 
stable behavioural and physiological responses an observation also expressed by parents during post-
intervention interviews. 
 
Technical and Implementation Issues 
Multiple families (2, 10, 11, and 12) experienced internet disruptions that interfered with the automation of the 
dusk simulation, requiring manual activation and potentially affecting consistency. Though dawn simulations 
remained functional, this variability may have influenced results. Additionally, Families 1, 2, 4, and 8 
encountered connectivity issues with the Withings Sleep Analyser, but did not report them, resulting in 
missing or incomplete objective sleep data. In such cases, self-reported sleep diaries had to substitute for 
automated measurements. These issues highlight the need for better technical support and clearer 
communication protocols in future studies. 
 
Inconsistencies in Data Collection Methods 
Sleep data collection varied across phases. During the baseline, sleep timing was based on parent-reported 
diaries, while the intervention phase relied primarily on data from the Withings Sleep Analyser. This shift may 
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introduce bias, as objective measurements tend to be more accurate than subjective reports. Any comparisons 
between baseline and intervention data must be interpreted with caution. 
 
Data Quality  
Several participants experienced missing or inconsistent data from the sleep trackers due to technical 
malfunctions or improper use. This necessitated increased reliance on self-reports, further reducing the 
robustness of the quantitative analysis. Moreover, the dawn simulation phase saw fewer usable data points 
than the baseline, partially due to illness and routine disruptions, highlighting the vulnerability of the within-
subject design to external events (Gravetter & Forzano, 2018). 
 
Lighting Metric Recommendation 
The melanopic EDI thresholds used in this study were based on adult guidelines (Brown et al., 2022), which 
may not reflect children’s heightened physiological sensitivity to light. Children experience 1.5 to 2 times 
greater melatonin suppression than adults due to anatomical differences such as larger pupils and more 
transparent lenses (Eto et al., 2021; Higuchi et al., 2014). Evening exposure to such lighting may have a 
disproportionately strong biological effect on children (Westwood et al., 2023). Future research should adopt 
child-specific melanopic metrics to better assess and tailor circadian lighting interventions for younger 
populations. 
 
Intervention Bias 
Another potential limitation is intervention bias. Parents of children with ASC often receive limited support, 
so participating in a study where someone takes an active interest in their child’s well-being may naturally 
increase their optimism and hope. This heightened positive expectation could had influenced how parents 
perceive the effects and engaged in the intervention, potentially skewing the results in a more positive 
direction. 

5.5 Flicker Measurement 

Flicker measurements were conducted as a technical validation step to ensure lighting comfort during the 
intervention. The E27 bulbs demonstrated stable, low-flicker performance across all brightness levels, 
indicating minimal risk of visual disturbance. In contrast, the GU10 bulbs exhibited increased flicker at 
dimmed settings, particularly below 25% brightness, where SVM values exceeded established comfort 
thresholds, and flicker frequencies dropped to potentially perceptible levels. This technical issue may explain 
the visual discomfort reported by one family (Family 1) during dusk simulation. 

Although flicker risk was not a primary focus of the study, these findings highlight the importance of selecting 
appropriate hardware in circadian lighting interventions, especially for neurodiverse children, who may be 
more susceptible to sensory disturbances. Future implementations should prioritise low-flicker components 
and verify performance under dimmed conditions to support visual comfort and intervention success. 

5.6 Interpretation of Qualitative Results 

In contrast to the quantitative results, which showed limited statistical significance, the qualitative findings 
from post-intervention interviews provided more positive insights into the impact of the lighting system. The 
thematic analysis highlighted several key areas where families experienced notable benefits: establishing 
routines, improvements in sleep onset and offset, sensory comfort, and emotional and behavioural responses. 

A central theme across the interviews was the role of the lighting system in helping families establish or 
reinforce consistent daily routines. Many parents reported that the gradual dimming and brightening of the 
lights acted as clear cues for transitioning into bedtime and wakefulness. This structure facilitated smoother 
transitions, especially for children who typically struggled with irregular sleep patterns. The system seemed to 
support more independent routines, making bedtime and morning transitions less stressful for both children 
and parents. 

In terms of sleep quality, several families observed improvements, particularly among children who had 
previously experienced difficulties with irregular sleep-wake cycles. Parents noted that children achieved 



 

44 
 

sleep offset more easily and with less assistance in the morning, a positive change that contributed to smoother 
starts to the day. Notably, Family 4 (DSM-5 level 3) shared that their child, who previously had delayed sleep 
onset and offset times, was now waking up significantly earlier, suggesting that the dawn simulation may have 
triggered a circadian phase shift through entrainment. However, these benefits were sometimes tempered by 
technical issues or inconsistent use, suggesting that for optimal effect, the system needed to be used 
consistently and without disruption. 

The sensory characteristics of the lighting, particularly brightness and colour temperature were frequently 
mentioned. For some children, the warm evening tones were calming and promoted relaxation, while the 
cooler morning light supported alertness. Several families noted, however, that children with sensory 
sensitivities required a period of adaptation. While no participant expressed phobia toward the system, some 
initial discomfort was reported, especially in response to the blue morning light. Family 1 (DSM-5 Level 3) 
reported discomfort during the dusk phase, likely due to GU10 bulb flicker, as indicated in Section 4.4. 
Interestingly, this discomfort disappeared once the child moved to a different room, highlighting the 
importance of individualised sensory environments. These observations are consistent with previous research 
on sensory sensitivities in children with ASC (Belek, 2019; Nagib & Williams, 2018). 

Emotional and behavioural responses were also largely positive. Many parents described the lighting system 
as contributing to a calmer, more predictable household environment, reducing bedtime conflicts and 
supporting smoother transitions. The dawn simulation was associated with increased morning alertness and 
better cooperation. Although not every family observed significant behavioural changes, the overall 
impression was that the lighting system supported emotional regulation and had a beneficial impact on daily 
routines and family dynamics. 

Importantly, many children were intrigued by the automated nature of the lighting system. Several perceived 
the app-controlled system as "intelligent," enhancing their engagement and acceptance of the new routines. 
The predictability of the lighting cues helped signal when to initiate bedtime activities such as brushing teeth, 
reading, or preparing for sleep. The consistent presence of the system across multiple rooms reinforced these 
routines throughout the household. 

It is also important to reiterate that intervention bias may have influenced parent-reported outcomes, as 
participation in a supportive study environment can heighten optimism and engagement, potentially leading to 
more favourable perceptions of the intervention’s effects. This limitation is particularly relevant given the 
subjective nature of many qualitative findings and should be considered when interpreting the overall impact 
of the intervention. 

In summary, the qualitative data suggest that despite inconclusive quantitative outcomes, the lighting 
intervention delivered meaningful and personalised benefits. The system was perceived as valuable for 
establishing structured routines, improving sleep-related behaviours, and supporting emotional regulation. 
While individual differences in sensory preferences and behavioural responses were evident, most families 
expressed a willingness to continue using the system, indicating its perceived value beyond measurable 
improvements in sleep. 

5.7 Integration of Quantitative and Qualitative Results 

Taken together, the quantitative and qualitative analyses present a complex and multifaceted picture of the 
lighting intervention's impact. While the quantitative findings offered limited statistical evidence for 
consistent improvements in sleep outcomes, the qualitative data provided insights into the perceived benefits 
for families. By integrating these two strands of analysis, a more comprehensive understanding of the 
intervention emerges, one that acknowledges both measurable outcomes and lived experiences. 

As previously discussed, intervention bias may have contributed to more favourable parent-reported 
outcomes, and this should be considered when interpreting the divergence between subjective experiences and 
objective sleep measures. 
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Quantitative results revealed a heterogeneous and largely inconclusive response across participants. While the 
dusk simulation led to statistically significant shifts in sleep onset for some families, these effects were not 
widespread or uniform. The dawn simulation showed minimal measurable change, with only one family 
experiencing a significant, but counterintuitive, delay in sleep offset. Sleep duration also lacked consistent 
trends, indicating that the intervention did not uniformly alter sleep patterns across the sample. 

However, as discussed in Section 4.2.5, boxplot analyses revealed individual-level trends, such as reduced 
variability and directional shifts in sleep timing, which were not captured by statistical tests but may still be 
meaningful, particularly in populations where predictability supports emotional and behavioural regulation. At 
the group level, the intervention appeared to yield more consistent benefits among non-autistic participants, 
with several showing more stable or earlier sleep patterns. In contrast, responses were more varied among 
children with neurodevelopmental diagnoses, as detailed in Section 5.1.1. These findings highlight the 
importance of tailoring lighting interventions to individual needs, particularly for children with ASC, who 
may experience increased sensitivity to lighting cues affecting their responsiveness and overall comfort with 
the system. 

In contrast, the qualitative findings revealed that many families perceived meaningful benefits in terms of 
daily structure, mood regulation, and bedtime cooperation. Parents frequently reported that the lighting cues 
supported smoother transitions into sleep onset and offset routines, particularly for children who had 
previously struggled with unpredictability or resistance around sleep. These accounts suggest that, even in the 
absence of consistent changes in sleep timing or duration, the intervention facilitated emotional and 
behavioural improvements that may not be captured through objective sleep metrics alone. 

This divergence between quantitative and qualitative findings likely stems from the different dimensions of 
experience each method captures. While the quantitative analysis focused narrowly on sleep onset, duration, 
and timing, the qualitative data explored broader changes in affect, behavioural regulation, and routine quality 
factors that are especially relevant in neurodiverse populations. Standard sleep metrics may not fully reflect 
improvements in bedtime cooperation or morning readiness, which can nevertheless have significant 
implications for family wellbeing. 

Individual variability emerged as a key theme across both datasets. Quantitatively, responses varied 
irrespective of neurodevelopmental diagnosis, and qualitatively, interviews underscored how factors such as 
sensory sensitivities, age, and pre-existing routine structures shaped families’ engagement with the 
intervention. Children with more predictable routines appeared to benefit more immediately, whereas those 
with irregular schedules or heightened sensory needs required longer periods of adaptation. This aligns with 
existing literature emphasising the importance of context-sensitive, personalised interventions for children 
with ASC and related neurodevelopmental differences (Belek, 2019). 
 
Technical and contextual disruptions further contributed to variability in outcomes. Illness, school holidays, 
and inconsistent use of the system particularly during the dawn simulation limited its effectiveness for some 
families. Several parents noted that the system worked best when used reliably and uninterrupted. However, 
the challenge of predicting individual sleep offset routines and aligning light cues precisely with circadian 
rhythms remains a limitation, underscoring the complexity of implementing light-based interventions in real-
world settings. 
 
In summary, while the intervention yielded limited and inconsistent changes in objective sleep parameters, it 
nonetheless provided meaningful support for families in establishing routines and improving bedtime 
experiences. The integration of findings highlights the value of a mixed-methods approach, particularly in 
populations where standardised metrics may not capture all dimensions of impact. Future research should seek 
to combine objective sleep data with structured behavioural observations and parent-reported outcomes to 
better capture the multifaceted effects of lighting interventions in neurodiverse contexts. 
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5.8 Practical Implications  

The lighting system in this study offers a practical, low-energy solution to improve sleep quality. With 
minimal energy use of 9.2 kWh over six months per household, the system is both cost-effective and easy to 
use. The setup, which operates approximately for two hours per day and remains in standby for the remaining 
22 hours, ensures that energy usage is kept low without significant disruption to daily routines. 

Although the initial cost of ~3 000 SEK for the lighting system may seem high, the benefits in terms of 
improved sleep quality far outweigh the energy use. Enhanced sleep is associated with improved mental health 
(Baron et al., 2016), cognitive function (Humphreys et al., 2013), and overall well-being (Stefanopoulou et al., 
2024), which may, in turn, reduce healthcare costs and improve quality of life. In this context, the system’s 
energy use is negligible when compared to the potential health gains. 

The system is also sustainable due to its low operational costs and minimal maintenance requirements. 
However, to increase accessibility, reducing the initial cost through subsidies, insurance reimbursement, or 
bulk purchasing initiatives could encourage broader adoption.  

In conclusion, although the lighting system’s energy consumption is minimal, the potential health benefits 
make it a cost-effective and sustainable solution for supporting sleep and well-being, particularly for 
individuals experiencing sleep challenges.    

5.9 Suggestions for Future Studies 

Future research should investigate the long-term effects of lighting interventions in larger, more diverse 
samples to improve generalisability. Expanding the intervention to other frequently used areas of the home 
may further enhance routine support and circadian alignment. 

We recommend systematically measuring each child’s daily exposure to natural sunlight, including both total 
hours spent outdoors and the timing of that exposure. Research by Boubekri et al. (2020) showed that 
elementary-aged children with greater daylight exposure slept up to 36 minutes longer and had better sleep 
quality, while Wright et al., (2013) demonstrated that natural light–dark cycles can precisely align melatonin 
onset and offset with sunset and sunrise, stabilising sleep–wake timing. Including sunlight exposure metrics 
alongside CCT and melanopic EDI will help clarify the interactive effects of natural and artificial light on 
circadian entrainment. 

Future studies should also focus on sleep quality, using multiple objective measurement tools, such as 
combining actigraphy with Withings Sleep Analyser to reduce misclassification and improve data accuracy. 

Additionally, incorporating other environmental modifications, such as soundproofing, texture adaptations, or 
temperature regulation, as highlighted by Nagib & Williams (2017, 2018) and Shell (2016), may yield more 
comprehensive benefits for neurodiverse children and their families. 

To maximise intervention efficacy and adherence, clear communication and family support are essential. We 
recommend practical strategies such as providing concise guides, reminders, daily system checks, and regular 
check-ins to enhance engagement and data reliability. 

By combining rigorous metrics, holistic environmental interventions, and practical family support, future 
research can deepen our understanding of how light and environment interact to support sleep health and 
routine stability in neurodiverse populations. 
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6 Conclusions 

This study examined whether integrative, energy-efficient home lighting systems, specifically dusk and dawn 
simulations using smart LED lighting, can enhance sleep quality and duration in children with ASC living in 
Nordic daylight conditions. The intervention was implemented in real-life home environments during winter 
to address challenges associated with reduced daylight, sensory sensitivities, and disrupted circadian rhythms, 
which are commonly observed in this population. 

Quantitative findings revealed few statistically significant or consistent effects on sleep onset or sleep offset 
times across participants. However, individual-level trends suggested increased sleep duration in several 
families. These mixed results are likely due to individual variability in routines, environmental influences such 
as daylight exposure and screen time, and the relatively short duration of the intervention. Notably, families 
who adhered to recommendations to reduce screen use after sunset reported better sleep outcomes, a finding 
also reflected in the quantitative data. This suggests that limiting blue light exposure may have enhanced the 
impact of the lighting intervention.  

Another contributing factor may have been the calming effect of the automated dusk lighting and the alerting 
effect of the dawn simulation. By mimicking natural light transitions, these cues appeared to support 
relaxation at bedtime and promote alertness in the morning, helping some children fall asleep more easily and 
wake more readily. 

Qualitative feedback from parents was more uniformly positive, with many indicating perceived 
improvements in children's sleep routines, emotional regulation, and smoother morning transitions. These 
subjective outcomes underscore the importance of considering lived experiences and sensory  
Responsiveness especially in neurodiverse populations when evaluating home lighting interventions. 
 
While energy savings were not the primary focus of this analysis, the intervention demonstrated the feasibility 
of maintaining comfort and potential sleep benefits using low-energy LED systems aligned with sustainable 
building goals. Importantly, the lighting intervention was designed for home use and based entirely on 
accessible technology. This means it can be replicated by laypersons without specialized equipment or 
expertise, making it a practical and scalable solution for families seeking to support better sleep for 
neurodiverse children. 
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Appendix A – Sleep Onset, Offset, and Duration: Without Intervention Effects 

Sleep onset 
 

Table 23: Average sleep onset times and standard deviations for each family during the baseline and intervention phases. 
Colour coding: Green = earlier sleep onset, Red = later sleep onset 

 
Family 

1 
Family 

2 
Family 

3A 
Family 

3B 
Family 

4 
Family 

5 
Family 

6 
Family 

7 
Family 

8 
Family 

9 
Family 

10 
Family 

11A 
Family 

11B 
Family 

12 

Average 
sleep 
onset 

Baseline 19:33 21:10 20:27 20:37 22:23 19:47 21:43 20:28 21:07 21:35 21:22 21:42 21:42 22:17 21:08 

Intervention 20:15 20:49 20:24 20:23 22:21 20:56 21:40 20:42 20:50 20:29 21:58 21:47 21:47 21:34 21:08 

SD Average 
SD 

Baseline 00:27 00:20 00:35 00:46 00:29 00:51 00:19 01:13 00:29 00:47 02:23 00:25 00:25 00:31 00:43 

Intervention 00:42 00:26 00:31 00:31 00:25 00:58 00:29 00:51 00:18 04:30 00:33 00:26 00:26 00:50 00:51 

 
Sleep offset 
 

Table 24: Average sleep offset and standard deviations for each family during the baseline and intervention phases. 
Colour coding: Green = earlier sleep offset, Red = later sleep offset 

 
Family 

1 
Family 

2 
Family 

3A 
Family 

3B 
Family 

4 
Family 

5 
Family 

6 
Family 

7 
Family 

8 
Family 

9 
Family 

10 
Family 

11A 
Family 

11B 
Family 

12 

Average 
Waking 

Up 

Baseline 05:32 08:25 06:33 07:12 06:21 06:59 07:09 08:17 05:38 07:34 07:53 07:00 07:00 07:32 07:05 

Intervention 06:11 08:25 05:55 06:48 05:18 07:09 07:23 08:17 04:58 07:46 08:02 06:54 06:54 07:37 06:58 

SD Average  
SD 

Baseline 00:50 00:19 01:53 00:54 01:13 00:06 00:54 01:02 00:40 01:06 00:42 00:21 00:21 00:52 00:48 

Intervention 01:42 00:18 02:06 01:39 02:03 00:30 01:12 00:53 00:54 01:20 00:41 00:19 00:19 01:13 01:05 

 
Sleep duration 
 

Table 25: Average sleep duration and standard deviations for each family during the baseline and intervention phases. 
Colour coding: Green = increase in sleep duration, Red = decrease in sleep duration 

 Family 
1 

Family 
2 

Family 
3A 

Family 
3B 

Family 
4 

Family 
5 

Family 
6 

Family 
7 

Family 
8 

Family 
9 

Family 
10 

Family 
11A 

Family 
11B 

Family 
12 

Average sleep 
duration 

Baseline 09:30 11:14 10:06 09:05 07:58 11:11 09:26 11:49 08:30 09:59 09:56 09:18 09:18 09:15 09:45 

Intervention 09:29 11:36 08:49 10:25 06:57 10:12 09:43 11:35 08:08 10:12 10:04 09:06 09:06 10:03 09:40 

SD Average SD 

Baseline 02:19 00:12 01:37 03:39 01:05 00:53 00:39 00:45 00:43 00:36 00:35 00:23 00:23 00:57 01:03 

Intervention 02:40 00:23 02:59 01:45 01:50 00:39 01:06 00:49 01:02 00:55 00:17 00:23 00:23 01:28 01:11 
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Appendix B – Sleep Onset, Offset, and Duration: Baseline vs. Intervention 
Outcomes  

Sleep Onset 
Table 26: Average sleep onset times and standard deviations for each family during the baseline and intervention phases. 
Colour coding: Green = earlier sleep onset, Red = later sleep onset 

 
Family 

1 
Family 

2 
Family 

3A 
Family 

3B 
Family 

4 
Family 

5 
Family 

6 
Family 

7 
Family 

8 
Family 

9 
Family 

10 
Family 

11A 
Family 

11B 
Family 

12 

Average 
Sleep 
Onset 

Baseline 19:36 21:15 20:55 21:31 22:22 20:01 21:43 20:24 21:04 21:33 21:50 - - 22:17 21:13 

Intervention 20:12 20:52 21:13 21:12 22:18 21:26 21:57 20:37 20:49 21:32 22:05 - - 21:19 21:18 

SD AVG 
SD 

Baseline 00:25 00:12 00:51 01:14 00:28 00:50 00:19 01:06 00:22 00:48 00:28 - - 00:31 00:38 

Intervention 00:52 00:27 00:31 00:37 00:26 01:01 00:33 00:55 00:19 00:57 00:26 - - 00:32 00:38 

 
Sleep Offset 
 
Table 27: Average sleep offset and standard deviations for each family during the baseline and intervention phases. 
Colour coding: Green = earlier sleep offset, Red = later sleep offset 

 
Family 

1 
Family 

2 
Family 

3A 
Family 

3B 
Family 

4 
Family 

5 
Family 

6 
Family 

7 
Family 

8 
Family 

9 
Family 

10 
Family 

11A 
Family 

11B 
Family 

12 

Average 
Waking 

Up 

Baseline 05:45 08:27 07:13 07:13 07:06 07:00 06:52 08:03 05:26 06:54 07:57 - - 07:15 07:06 

Intervention 06:09 08:20 07:25 07:25 08:08 07:13 07:45 07:35 06:03 06:59 07:26 - - 07:16 07:19 

SD AVG  
SD 

Baseline 00:15 00:12 00:49 00:49 00:22 00:02 00:12 00:43 00:22 00:04 00:42 - - 00:33 00:25 

Intervention 00:40 00:19 00:22 00:22 00:19 00:34 00:50 00:32 00:06 00:18 00:36 - - 00:34 00:28 

 

Sleep Duration 

Table 28: Average sleep duration and standard deviations for each family during the baseline and intervention phases. 
Colour coding: Green = increase in sleep duration, Red = decrease in sleep duration 

 Family 
1 

Family 
2 

Family 
3A 

Family 
3B 

Family 
4 

Family 
5 

Family 
6 

Family 
7 

Family 
8 

Family 
9 

Family 
10 

Family 
11A 

Family 
11B 

Family 
12 

Average 
sleep 

duration 

Baseline 10:13 11:12 10:24 09:57 08:27 11:25 09:07 12:20 08:20 09:20 10:30 - - 09:05 10:02 

Intervention 10:15 11:28 10:25 10:28 09:56 10:01 09:30 10:54 09:15 09:28 09:22 - - 09:59 10:05 

SD AVG 
SD 

Baseline 00:29 00:12 00:55 01:09 00:36 00:38 00:02 00:46 00:29 00:48 00:17 - - 00:47 00:36 

Intervention 00:38 00:20 00:39 00:37 00:23 01:28 00:05 00:49 00:11 00:58 00:59 - - 00:49 00:40 
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Appendix C – Histogram of Sleep Patterns (All Phases, No Intervention Effect 
Applied) 

These histograms illustrate sleep timings across the entire study period, regardless of whether the intervention 
produced an effect. 
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Family 3B 
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Family 6 
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Appendix D – Weekly Digital Questionnaire 
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Appendix E – Breakdown of the Thematic Analysis 

Table 29: The thematic analysis for the post-intervention interview. 

Theme Thematic analysis Participant’s quotes 

General Impression 

 
Parents reported a positive overall experience, 
highlighting the system’s ease of use and its 
beneficial impact on family routines. 

 
"My impression is very good because the 
lighting system had a positive effect on the 
whole family. We found that the lighting makes 
a big difference with its different settings." 
 
"The (lighting) system is linked to sleeping and 
waking up, making it easy to organise our 
family’s bedtime habit." 
 

Impact on Sleeping 
and Waking 

Routine 

 
Parents found the dawn simulation effective in 
helping children wake up immediately, though 
some required an adjustment period. The dusk 
simulation also helped regulate sleep, as 
children began associating it with winding 
down before bedtime. However, some 
struggled to fall asleep until the light fully 
turned off. 
 
Some families experienced technical issues with 
the dusk simulation and resorted to manual 
dimming. Others reported that their children 
woke up too early, reducing the intended benefit 
of the dawn simulation. 
 

 
"There have been improvements. My son used 
to sleep at 11 or 12 PM, but with the lighting 
and melatonin, he now sleeps at 10 PM when 
the lights dim. However, the issue is that he 
wakes up at 4 AM instead of sleeping through 
the night." 
 
"We depended on the dawn simulation for 
waking up, it was a perfect way to wake up!" 
 
"Yes! There was a slight improvement. 
Nighttime awakenings became less frequent, 
which was a positive change. The pre-sleep 
preparation made him more ready to sleep than 
before." 

Emotional and 
Behavioural 

Changes 

 
Parents noticed that the dusk simulation had a 
calming effect, mentally preparing their child 
for sleep. Children were also quicker to wake 
up with the dawn simulation. 
 
However, not all parents observed noticeable 
behavioural or emotional changes. 
 

 
"When the light starts dimming, we begin our 
pre-sleep routine, like brushing his teeth. I tell 
him to turn off the TV, and he does so by 
himself. Before, he used to fall asleep with the 
TV on. Now, he goes to his room to sleep 
independently, which is very good." 
 
"There was a quiet and relaxed feeling in the 
house during the dusk simulation period." 
 

Sensory Comfort 
and Adaption 

 
Parents generally agreed that CCT and light 
intensity influenced their children’s mood and 
comfort. The blue light increased alertness and 
energy, though some found it intrusive. 
Meanwhile, the warm light was associated with 
calmness and relaxation. 
 

 
"He preferred the blue light because it meant 
we would wake up. As a father, I used the 
colour system to influence their mood. When I 
wanted them to play, I used a bluish light. 
When I wanted them to relax, I used a warm 
colour." 
 
"He liked the blue light because it made the 
house feel brighter. However, he found the 
warm light bothersome because it was dim, and 
he prefers strong, intense lighting." 
 

Routine and Daily 
Life Impact 

 
Parents agreed that the lighting intervention 
helped establish structure and organisation in 
their children’s sleep and wake routines. 
Children also began associating the lighting 
with their bedtime and wake-up schedules. 
 
However, parents noted that the system lacked 
flexibility during holidays, illness, or irregular 

 
"The lighting helped establish a routine. We 
used to sleep at 11 or 12 PM, but now the lights 
start dimming at 8 PM and turn off at 9 PM. 
Now, we usually sleep by 9 or 10 PM." 
 
"Yes! When she saw the light dimming (dusk 
simulation), she knew it was bedtime on her 
own. Before, we had to tell her it was time for 
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sleep patterns, making it difficult to adapt to 
unpredictable routines. 
 

bed. Now, she also wakes up by herself (dawn 
simulation) without us needing to wake her up." 
 
"It gave me time to read them a story while the 
light dimmed at night. It affected the whole 
family, making our sleeping and waking habits 
depend on the lighting system." 
 

Screen Use 
Recommendation 

 
Parents who followed the recommendations to 
reduce blue light exposure noticed 
improvements in their children’s ability to fall 
asleep. 
 
However, some struggled to fully implement 
these recommendations due to existing bedtime 
routines, the child’s reluctance, or the need 
for brighter lighting for other family 
members at night. 
 

 
"In general, I know that blue light is harmful 
and has negative effects on children and even 
on adults. Reducing it was a goal, but in certain 
circumstances, we still needed to use it. 
Sometimes, screen time increased, but this 
research and routine helped us commit to a 
certain period without blue light, making it 
easier to manage." 

Comparison to 
Previous Lighting 

Setup 

Parents found the new system to be a significant 
improvement over their previous setup, praising 
its flexibility, customisability, and ease of use. 
They also highlighted its positive impact on 
sleep and wake-up routines. 

 
"Before, we didn’t have a system that 
controlled light intensity and colour. That’s the 
big difference this lighting system is much 
better." 
 
"Before using the new system, my child often 
woke up late, and I would send them late to 
school. After using this system, they wake up 
much earlier, which is a significant positive 
change." 
 

Willingness to 
Keep the System 

All families expressed a willingness to continue 
using the system, with one family even 
considering replacing all household lighting to 
match the intervention system. 

 
"We got positive results! The whole family feels 
this is an appropriate lighting system." 
 
"Yes! Of course! It makes it easier to maintain 
sleeping and waking routines, and I’m willing 
to change all our lighting systems to this type." 
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Appendix F – Supplementary Statistical Information 

To supplement significance testing, Rank-Biserial Correlation (rₛ) was calculated to quantify both the 
magnitude and direction of change in participants sleep patterns (see Equation 1). Interpretation of rₛ values is 
provided in Table 30.   

Rank-Biserial Correlation (rₛ) formula 

𝑟𝑟𝑠𝑠 =  2∗(𝑛𝑛+ − 𝑛𝑛−)
(𝑛𝑛 − 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇)

  (1) 

Where:  
𝑛𝑛+= the number of positive ranks 
𝑛𝑛−= the number of negative ranks 
𝑛𝑛 = the total number of non-tied pairs (i.e., the number of sleep timings that showed a change between phases; 
timings that stayed the same are counted as ties and are excluded) 
 
Table 30: Interpretation of rank-biserial correlation (rₛ) effect sizes used in the study. 

Effect size (rs) Indication Interpretation 
rₛ ≈ 0 

 No effect No meaningful change. Sleep onset and offset remained similar between pre-
intervention and intervention phases. 

(–0.3 < rₛ ≤ –0.1) 
or  

(0.1 < rₛ ≤ 0.3) 
Small effect Minor or inconsistent changes. Some participants showed small shifts  

(e.g., ~5–10 min earlier/later), but the overall impact was weak or varied. 

(–0.5 < rₛ ≤ –0.3) 
or  

(0.3 < rₛ ≤ 0.5) 
Medium 

effect 
Moderate changes with more consistent direction. Participants generally shifted 
their routines (e.g., 10–30 min earlier/later), suggesting intervention influence. 

rs  > 0.5 Large effect Strong, consistent improvements. Clear impact of the intervention with 
substantial changes in sleep routines. 

 
To support the evaluation of changes in sleep timing between the pre-intervention and intervention phases, 
 
Table 31, outlines the key statistical components applied in this study. The structure and interpretation of these 
statistical results, including significance testing outputs (e.g., p-values, Z-values), rank distributions, and 
effect size guidelines are based on principles outlined by Walpole et al. (2014).  
 
Table 31: Overview and interpretation of statistical output used in the analysis. 

Wilcoxon Signed Rank Test 
Result Component Description & Interpretation 

Null Hypothesis (H₀) 

In statistical testing, the null hypothesis (H₀) represents 
the default assumption of no effect, serving as the 
benchmark against which evidence is evaluated. In the 
Wilcoxon signed-rank test, H₀ asserts that the median of 
paired differences (pre-intervention vs. intervention sleep 
offset/onset times) equals zero, implying that any 
observed deviation arises from random variation. H₀ is 
assessed via the p-value; a p-value < 0.05 typically 
provides sufficient evidence to reject the no-effect 
assumption. 

p-value 

Indicates whether to reject H₀: 
• p < 0.05 → Reject H₀; evidence of a systematic change 
in sleep offset/onset times. 
• p ≥ 0.05 → Fail to reject H₀; observed differences are 
consistent with chance. 
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Z-value 

The absolute magnitude of the Z-value reflects the 
strength of deviation from H₀ (no difference), while the 
sign indicates the direction of change:  
• Positive Z: Later sleep onset or sleep offset.  
• Negative Z: Earlier sleep onset or sleep offset.  
Together, the Z-value’s size and direction inform the 
strength and nature of the intervention’s effect. 

Sample Size (n) 

While the Wilcoxon Signed-Rank Test is suitable for 
small, non-parametric datasets, Walpole et al., (2014) 
recommend a minimum of 6–10 paired observations to 
ensure adequate statistical power. Samples below this 
threshold (n ≤ 5) may yield unstable p-values and 
exaggerated effect sizes, requiring cautious interpretation. 

Rank-Biserial Correlation 
Result Component Description & Interpretation 

Positive Ranks (𝒏𝒏+) 
Number of cases where the intervention phase values 
were higher than pre-intervention (e.g., later sleep onset 
or sleep offset). 

Negative Ranks (𝒏𝒏−) 
Number of cases where intervention phase values were 
lower than pre-intervention (e.g., earlier sleep onset or 
sleep offset). 

Ties Number of cases where no change occurred between pre-
intervention and intervention phases. 

Total (𝒏𝒏) Total number of paired observations. (Note: ties are 
excluded from n in rank-biserial correlation calculations.) 

Outcome 
Result Component Description & Interpretation 

Interpretation of Outcome 

 
A statistically significant p-value (< 0.05) from the 
Wilcoxon signed-rank test, together with its associated 
Z-value, indicates not only that the intervention 
produced a measurable shift in sleep patterns. The Z-
value reflects how far the observed ranks deviate from 
what would be expected under the H₀, with larger Z-
values denoting stronger evidence of change.  

The direction of this change is further clarified by the 
rank-biserial correlation (rₛ):  
• A positive rₛ (and typically a positive Z) reflects later 
sleep onset or sleep offset, which is not the intended 
outcome for either simulation.  
• A negative rₛ (and typically a negative Z) reflects 
earlier sleep onset or sleep offset, aligning with the 
objectives of both the dawn and dusk simulations.  

For example, a Wilcoxon result showing Z = –2.02, p = 
0.043, and rₛ = –0.57 for sleep onset indicates that the 
intervention led to significantly earlier bedtimes with a 
large effect size. This combination of statistical outputs 
provides strong support for the effectiveness of the dusk 
simulation in advancing sleep routines. 
 
Variability, assessed by the interquartile range (IQR) or 
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standard deviation (SD), describes the day-to-day 
consistency of sleep onset and sleep offset. Lower 
variability (narrower IQR/smaller SD) indicates more 
stable sleep patterns, while higher variability reflects 
irregular schedules. Reduced variability is associated 
with stronger circadian stability, better sleep quality, and 
favourable health outcomes (Baron et al., 2016). Thus, 
variability was included as a complementary measure of 
intervention efficacy.  
 
Box-and-whisker plots were used to visualise directional 
shifts and variability across phases. Changes in the 
spread of the box and whiskers were interpreted as 
indicators of variability:  
• In the dawn simulation, a shift toward earlier sleep 
offset accompanied by a narrower IQR/SD indicates that 
the intervention facilitated earlier and more consistent 
sleep offset patterns.  
• In the dusk simulation, a narrower distribution of sleep 
onset times reflects not only earlier bedtimes but also 
enhanced regularity in evening routines, supporting the 
intervention’s goal of promoting stable sleep patterns. 
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