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Abstract

For the past century, people have gradually transitioned to spending their time in-
doors where, compared with the outdoors, light levels are significantly lower during the
day and higher at night. This mismatch of lighting has been associated with related
health problems like rising depression rates and sleep issues. As such, bright-light ther-
apy has been established as a treatment for mood and sleep disorders. However, existing
devices face major barriers to adoption; light boxes require people to stay in one place
for a long time, and wearable products often lack social acceptability. As a result, the
research literature has been constrained to short interventions with limited exploration of
dose, duration, and individualized understanding of response to light. This thesis presents
the design, engineering, and clinical evaluation of a pair of smart light therapy glasses
(Lumos glasses) developed to improve convenience, social acceptability, and comfort. The
hardware provides the foundational infrastructure for an intelligent, data-driven approach
to personalized circadian health. The glasses use a nanotechnology lens with wavelength-
based reflection, which allows key light therapy components to be compacted into a classic
glasses shape. A hardware-software platform was developed featuring calibrated light ther-
apy optical systems, on-device sensors for reliable wear detection, melanopic ambient light
detection, an FCC-approved Bluetooth module with a custom antenna, as well as a com-
patible cloud-connected mobile app. More than 100 units were manufactured and deployed
in a double-blind, randomized, placebo-controlled crossover clinical trial. Participants re-
ceiving bright-light showed significant improvements in sleep disturbance (PROMIS) and
psychomotor vigilance (PVT) relative to active dim-light control. Stratified analyses re-
vealed that participants with darker eyes generally exhibited more significant improve-
ments under bright-light compared to dim-light control. In contrast, mood (using the
Montegomery Asberg Depression Rating Scale) and working memory (word-pair recall)
reached statistical significance only after accounting for eye color. Exploratory models
also showed that daily use and exposure to ambient light were correlated with improved
outcomes, while higher baseline severity strongly predicted room for change. Age and
sex contributed smaller, secondary effects. For working memory, dark-eyed participants
showed significant Phase 1 gains under bright-light, while other subgroups demonstrated
positive associations between daily usage and recall performance. This yielded meaningful
insights that adherence and individual pigmentation influence optimal light dosage. This
work demonstrates that mobile sensor-driven light therapy can overcome long-standing
adherence barriers and enable in-depth research about dose-response and personalization.
By combining engineering innovation with clinical validation, the Lumos Smart Glasses
provide a foundation for next-generation circadian health technologies that are practical,
effective, and scalable.
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Preface

This thesis represents a continuation of my undergraduate work on the Lumos smart light
therapy glasses, an idea | rst conceived in 2017 to address my personal struggles with
mental health and sleep worsened by insu cient sunlight. In 2018, | took a break from my
undergraduate studies to heal, and in that time | invented our core patent to use nano-tech
re ective lenses for light therapy. This innovation later convinced Dr. Jamie Zeitzer from
Stanford Sleep Sciences to join me as a co-founder in Lumos, a Waterloo-based startup.
In 2019, | returned to the University of Waterloo to complete my undergraduate degree,
taking on Lumos as my fourth-year design project under the supervision of Dr. Zhao
Pan. During that time, | re ned the engineering design, including optical simulations,
electronic systems, and design for manufacturability. The project received multiple awards
and represented the University of Waterloo in both the Ontario and Canadian Engineering
Competitions, earning the inaugural Research and Entrepreneurship Award.

The scope of this thesis builds directly on that foundation. | continued the development
of Lumos glasses toward a randomized controlled trial (RCT) to study its e ects on sleep,
mental wellness, and performance. The trial was conducted through the Department of
Psychology at the University of Waterloo, with Dr. Jonathan Oakman as principal in-
vestigator, myself as student investigator, and Dr. Zhao Pan as engineering supervisor.
The project was funded by the Government of Canada through the Mitacs program, with
Lumos Health as industry sponsor. The protocol underwent rigorous scienti ¢ review and
was approved by the University of Waterloo's Research Ethics Board.

This work lies at the intersection of engineering, psychology, and psychiatry. This
interdisciplinary space o ers opportunities to bridge technological innovation with human-
centered science, drawing on engineering design, neurobiology, clinical ethics, and rigorous
research methodology. Over the past several years, I've dedicated myself to learning across
these elds, and | consider this work to be the beginning of a lifelong endeavor.



Chapter 1

Introduction

Since the invention of the light bulb in the century following the industrial revolution,
humanity has moved a majority of activities indoors. Today, the average American spends
over 90 percent of their time indoors, where light levels are orders of magnitude lower
than in nature. Light is a powerful regulator of human physiology where the Intrinsically
photosensitive retinal ganglion cell (IPRGC) modulates circadian rhythms, a ecting mela-
tonin, cortisol, serotonin, dopamine, and many other important brain and hormone circuits
[62]. However, research and data from this study demonstrate that the median real-world
light exposure is often insu cient to robustly engage circadian and melatonin-suppressing
pathways [89] [109], and may also contribute to other mood and sleep ailments [25]. This
points to a major problem in modern society: the human body has not yet adapted to an
indoor lifestyle.

A growing body of research suggests that many modern disturbances in sleep, mood,
and general well-being may arise from insu cient exposure to bright-light during the day
and excessive exposure to arti cial light at night. Studies of preindustrial and hunter-
gatherer populations indicate that, in the absence of arti cial lighting, individuals expe-
rience abundant daytime light and minimal nocturnal light exposure, resulting in more
stable circadian rhythms and consistent sleep duration [106, 35, 90]. Building on this,
recent population-scale and laboratory studies have demonstrated that greater daytime or
outdoor light exposure is associated with improved mood, sleep, and circadian alignment,
whereas nighttime light exposure predicts higher risks of depression and other psychi-
atric conditions [25, 29, 68, 22]. Systematic reviews further emphasize that increasing
daytime light exposure and minimizing evening and nighttime illumination constitute ef-
fective, non-pharmacological strategies for supporting circadian health and psychological
well-being [63, 88]. Together, these ndings support the hypothesis that optimal circadian
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health may be achieved by mimicking naturalistic light{dark cycles: substantial daylight
during waking hours and minimal light after dusk.

For individuals who may have limited access to su cient bright-light during the day,
bright-light therapy has been shown to be an e ective frontline treatment for sleep and
mood disorders, especially seasonal a ective disorder [27], and more recently for non-
seasonal depression as well [60, 46]. Extending this line of thinking, longer durations of
circadian e ective light exposure, particularly those that mimic natural outdoor lighting
patterns could yield greater improvements in sleep and mood outcomes.

Some studies suggest that exposure duration may play a more critical role than intensity
in producing circadian phase shifts[36], yet longer treatment sessions are often infeasible
due to the size, immobility, and comfort limitations of current light therapy devices . As
a result, adherence tends to decline as treatment duration increases, and there remains a
lack of systematic research examining how duration and intensity interact to in uence ther-
apeutic outcomes in depression and sleep improvement. Typical lamp-based treatments
require users to remain stationary for 35 to 45 minutes per day, which has been described
as a signi cant time commitment [/6], while even wearable implementations report di -
culty maintaining one-hour sessions [108]. Systematic reviews have similarly emphasized
that adherence and user acceptability require far greater attention in future research [41].
Moreover, incorporating personalized parameters such as eye color, brightness, and dosage
timing would necessitate much larger sample sizes to preserve statistical power, further
contributing to the scarcity of duration-focused studies. For instance, individuals with
lighter-colored eyes may experience stronger e ects, as eye pigmentation has been linked
to greater light sensitivity and susceptibility to seasonal a ective disorder [48, 43].

With rising global rates of depression and sleep problems, it is imperative that the
scientic and medical communities advance light therapy research given its signi cant
impact on health outcomes. However, the current form factor of most light therapy devices
limits the ability of researchers and clinicians to deliver individualized, targeted treatment
and to study its e ects under real-world conditions.

1.1 New Paradigm: Socially Acceptable, Convenient
Light Therapy

This thesis presents a new paradigm in approaching light therapy with an important com-
ponent of product design and engineering. A pair of smart light therapy glasses was






	Author's Declaration
	Abstract
	Acknowledgements
	Dedication
	List of Figures
	List of Tables
	List of Abbreviations
	Preface
	Introduction
	New Paradigm: Socially Acceptable, Convenient Light Therapy
	Clarifying Blue-Light Safety

	Engineering Scope of the Work
	Clinical Objectives and Scope of Work

	Engineering Development
	Operating principle
	Hardware Evolution and Prototyping
	Light Engine Design and Eye Safety
	Light engine design overview
	Photobiological Safety Considerations
	Calibration of the Light Engine
	Photobiological Safety Testing of Lumos Glasses
	Optical Simulations
	Calibration Procedure
	Time-Dependent Spot Smearing and Boost Mode
	External Validation with Market-Leading Device

	Ambient Light Sensor Design and Calibration
	Geometric Placement and Orientation
	Spectral Response and Calibration
	Circuit Design

	User Detection Sensor Iteration
	Capacitive sensing
	Infrared proximity sensing

	Electrical System
	Firmware Architecture (High-Level Summary)
	App and Software
	Chapter Conclusion

	Clinical Results
	Overview
	Methods
	Design
	Participants
	Clinical team
	Randomization, Allocation Concealment, and Masking
	Intervention
	Device Use, Sensing, and Data Capture
	Measures
	Sample Size and Power
	Ethics, Registration, and Data Handling

	Results
	Participant Flow and Sample
	Baseline Characteristics
	Device Usage and Light Exposure
	Outcome: Mood and Depression (madrs)
	Mood (madrs)â•ﬂMultiple regression (summary)
	Outcome: Sleep Disturbance (promis)
	Sleep (promis)â•ﬂMultiple regression (summary)
	Outcome: Psychomotor Vigilance (pvt)
	Psychomotor Vigilance (pvt)â•ﬂMultiple regression (summary)
	Outcome: Working Memory (Word Recall)
	Word-Pair Recall (word) and Usage Time
	Per-participant analysis â•ﬂ Word-Pair Recall (equal-weight endpoint method)
	Side Effects and Adverse Events


	Discussion
	Overview of Primary Findings
	Outcome-Specific Interpretations
	Mood and Depressive Symptoms (MADRS)
	Sleep Disturbance (PROMIS)
	Psychomotor Vigilance (PVT)
	Working Memory

	Moderators of Treatment Response
	Cross-Outcome Synthesis
	Power and Sensitivity Considerations
	Clinically Meaningful Thresholds
	Effect Sizes in Context of Bright-Light Therapy
	Interpretation in Context
	Ambient Light in General

	Limitations
	Implications and Future Work

	Conclusion
	References
	APPENDICES
	Personal Notes and Behind the Scenes
	Photobiological Safety and Blue-Light Hazard Framework
	Misconceptions About blue-light Hazard
	Retinal Damage Mechanisms and Spectrum
	IEC 62471 Standard
	Radiance Measurement Geometry
	Optical Simulations
	Time-Dependent Spot Smearing and Boost Mode

	Measurement Instruments and Scoring
	Overview
	Instrument Summary Table
	MADRS-S (Depression)
	PROMIS Sleep Disturbance—Short Form
	Psychomotor Vigilance Task (PVT)
	Paired-Associate Memory (Word-Pair) Test
	Administration Platforms

	Power Analysis and Sample Size Derivation
	Detailed MADRS Stratified Analyses
	Overview
	Light-Eyed Participants (Blue, Green, Hazel)
	Brown-Eyed Caucasian Participants
	Dark-Eyed Non-Caucasian Participants
	Summary

	Expanded MADRS Multiple Regression Analyses
	Overview
	Depression (madrs) Multiple regression
	Per-participant analysis (equal-weight endpoint method)


	Detailed PROMIS Sleep Analyses
	Overview
	Light-eyed participants
	Brown-eyed Caucasian participants
	Dark-eyed non-Caucasian participants

	Detailed PROMIS Sleep Analyses (Multiple Regression)
	Overview

	Detailed PVT Stratified Analyses
	Overview
	Dark-eyed non-Caucasians (73.4)
	Brown-eyed Caucasians (81.15)
	Light-eyed (88.9)

	Detailed PVT Multiple Regression Analyses
	Overview
	Usage time
	Ambient Light (lux) Effects â•ﬂ Brown-eyed Caucasian Participants (81.15)
	Baseline performance
	Age and baseline reaction speed
	Rebaselined models and age
	Participant-level endpoint analysis

	Detailed Working Memory (Word Recall) Analyses by Eye Group
	Overview
	Light-eyed (88.9)
	Brown-eyed Caucasians (81.15)
	Dark-eyed (73.4)
	Summary

	Detailed Word-Pair Recall Usage Analyses
	Overview
	All participants (all eyes combined)
	Light-eyed participants (88.9; Beta arm)
	Brown-eyed Caucasian participants (81.15; Beta arm)
	Summary

	Detailed Word-Pair Recall Covariate Analyses
	Overview
	Baseline Performance (word)
	Age Effects (word)
	Sex Effects (word)

	Power and Sensitivity Diagnostics
	Minimum Detectable Partial 2 Across Outcomes and Strata
	Contrasts Near the Detectability Boundary
	Full Comparison of Observed vs. Detectable Partial 2

	Third-Party Photobiological Safety Test Report (IEC 62471)
	Study Protocol (Version 18; March 14, 2024)
	Glossary

