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Abstract

The present research delves into the development and refinement of a sensory light fixture
“Breathe”, leveraging principles of fluid mechanics to offer a multisensory experience aimed
at alleviating mental health issues. By synchronising visual input, movement, and auditory
senses, “Breathe” aims to create a multisensory connection, fostering a cognitive feedback loop
that relaxes the user into a state of presence. The initial prototype, inspired by the traditional
bubble tube sensory light, presented some drawbacks. High-speed imaging played a vital role
in the refinement of the prototype. Through assessment of key parameters such as droplet
velocity, aspect ratio, generation time, and size, the prototype was iteratively improved. A set
of performance criteria were devised based on the insights from the initial high-speed imaging
experiments and user feedback. The improved prototype exhibited a considerable reduction in
droplet velocity and longer generation times, especially in the critical 0—45-degree angle range,
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resulting in a more immersive and engaging sensory experience. “Breathe’s” business plan
highlighted the product’s potential scalability, envisioning various product ranges, from
personal deskside to public installations. The projected profits of £197'955 by 2024, combined
with a lean operational approach, highlighted the product's commercial viability. While the
improved prototype showcased improvements under set design criteria, further research is
necessary to optimize droplet dynamics and explore various fluid compositions, tube
configurations, and chamber geometries. The potential of “Breathe” sensory fixture for

therapeutic and relaxation applications is vast, and its exploration promises a unique

amalgamation of fluid dynamics, design, and well-being.
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Nomenclature

Aspect Ratio (of a droplet): The proportion of its width to its height. Offers insights into the
stability and morphology of droplets formed within the sensory light fixture.

Capillary Number (Ca): A dimensionless parameter comparing the influence of surface
tension and viscous forces in the movement of fluid interfaces.

Droplet: A small amount of liquid that has been detached from the main bulk, is often
spherical. Droplet formation is the main visual component driving the multisensory
experience within the light fixture.

Droplet Coalescence: When two droplets merge together to form a single, larger droplet.
Droplet Generation Time: The period of time between the genesis of subsequent droplets.
Droplet Size: Measured as the diameter of individual droplets

Hydrodynamic Focusing: A technique for controlling droplet formation, often confining one
fluid stream within another

Liquid-Liquid Instabilities: When two immiscible liquids come into contact, resulting in
intricate flow patterns, as presented in the sensory light

Rayleigh-Taylor Instability: An instability that occurs at the interface between two fluids of
different densities, under the influence of a gravitational or acceleration field. This principle is
employed in the sensory light to enhance the visual experience.

Reynold's Number (Re): A dimensionless parameter describing a fluid’s flow regime
indicating whether the flow is laminar or turbulent

Sensory Light: A lighting device that fosters tranquility through multisensory (auditory,
tactile, visual) stimulation

Surface Tension: The property of a liquid's surface that allows it to resist external forces. It
plays a fundamental role in droplet formation and stability.

Viscosity: A measure of a fluid's resistance to shear or flow. Different viscosities can lead to

varied droplet behaviors and visual effects in the sensory light.
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1 Introduction

1.1 Mental Health and Phone Addiction

In an era where digital screens dominate our waking hours, one must pose the question:
“How does excessive screen time affect our mental well-being?” The average individual
spends nearly 7 hours a day on screen, from smartphones to computers, accounting for over
40% of their waking hours [1][2][3]. Such individuals are unwittingly exposing themselves to
a plethora of adverse health effects, including dietary issues, sleep disturbances, vision
problems, and mental health concerns[4]. A study conducted by Twenge, J. M., et al. found
that excessive screen time contributed to depressive symptoms, stress, anxiety and decreased
attention span in young adolescents in the United States [5]. This has been frequently
associated with extensive social media use, resulting in brain alterations that disrupt
emotional regulation and cognitive function, as well as physical, psychological, and
neurological problems [6]. It is a catalyst for ADHD-related behavior, closely coinciding with
substance dependence effects, for its ability to activate dopamine receptors and reward
pathways[6]. This phenomenon, known as the “Red Mind” effect, is a psychological state
characterized by overstimulation, stress, and hyperactivity, negatively impacting mental well-
being, cognitive function, and overall health [7]. Smartphones are becoming more accessible
with social media presence more established in the day-to-day, causing screen-time related
health effects to worsen. It is imperative, therefore, to explore avenues such as sensory
fixtures and multisensory therapy, offering a promising solution to the detrimental effects of

digital saturation.

s

Figure 1 A sensory light fixture in use



1.2 Sensory Tools & Technologies for Mental Health and Phone Addiction

Sensory light fixtures (see Fig. 1[8]) have been shown to provide significant therapeutic
benefits in the realm of multisensory therapy[9]. This project encompasses the design and
optimization of an existing prototype of a sensory light fixture created by the principal
researcher of this report (See Previous Work). The technical examination of this existing
prototype forms a core part of this study, aiming to identify and rectify its flaws through a
rigorous high-speed imaging experiment. The proposed design incorporates droplet formation
to offer a soothing and engaging focal point, grounding users in a sense of tranquility while
providing cognitive stimulation[10][11]. The novelty of this project lies in the application of
these sensory fixtures to a broader context, as a means to divert attention of screens and

provide therapeutic benefits that address the core problem of phone addiction.

1.3 Technical Examination of the Existing Prototype

“Breathe”, the presented sensory fixture prototype, stands as a testament to the potential of
fluid mechanics in therapeutic applications. This project is a rigorous technical examination
of the existing prototype, requiring further refinement and optimization. It will investigate the
calming effects produced by oil-water flows and Rayleigh-Taylor Instabilities. The literature
review incorporates an examination of fluid dynamics principles, which form the foundation
of the sensory light. A high-speed imaging experiment will be conducted on the sensory light
at different angles of inclination to measure the existing prototype’s performance, providing
insights on parameters such as “Droplet Velocity, Aspect Ratio, Generation Time & Size”.
The shortcomings of the current prototype will be critically analyzed to determine what needs
to be fixed, helping to develop and optimize the sensory light during the prototyping stage.
High-speed imaging will be re-conducted on the refined prototype, utilizing pre-established
design parameters to assess its performance. This iterative process will pave the way for

subsequent stages, ensuring the final product is therapeutically effective.



1.4 Project Overview

The design aim of this project is to examine and quantify previously constructed sensory light
design through a high-speed imaging experiment. The sensory light stimulates visual,
auditory, and tactile senses using Rayleigh-Taylor Instabilities in oil-water flows. Users

can physically manipulate the fixture to generate varying fluid dynamics effects. Experiments
using high-speed imaging serve as a design reference for both the initial and improved
prototypes. These observations help to create a business and production plan for mass market

deployment, together with market research.

1.5 Aim

e Utilize fluid dynamics principles to refine existing sensory light fixture in order to
deliver therapeutic advantages through multisensory therapy, with a focus on phone

addiction and mental health issues.

1.6 Objectives

e Carry out a high-speed imaging experiment to analyze the behavior of Rayleigh-
Taylor instabilities in oil-water flows, providing insights for the refinement of the new
sensory light fixture prototype.

e Prototype, test and refine the sensory light fixture, ensuring its design effectively
incorporates insights gained from the high-speed imaging experiment, by establishing
a set of design criteria

e Re-conduct high speed imaging on refined prototype, assessing performance against
design criteria

e Develop a comprehensive business plan that outlines the strategies for producing the

sensory light fixture

The following literature will examine Rayleigh-Taylor instabilities in oil-water flows and
related droplet generation mechanisms, laying the foundations for the sensory fixture's

therapeutic potential.



2 Literature Review

2.1 Overview

The following literature review delves into principles of fluid dynamics, emphasizing their
relevance in the sensory light prototype. It explores the behaviors of oil-water flows,
highlighting phenomena like Rayleigh-Taylor Instabilities and their therapeutic
implications[12], [13]. It aims to highlight primary mechanisms of droplet generation such as
hydrodynamic focusing and droplet coalescence. The review underscores the psychological
benefits of observing fluid motion, referencing established concepts like the "Blue Mind"
effect[14], [15]. The significance of high-speed imaging in capturing these fluid behaviors is

also discussed, emphasizing its role in the design and refinement of sensory fixtures.

2.2 Fundamentals of Fluid Dynamics in Sensory Light Therapy

Fluid dynamics, a subfield of fluid mechanics, uncovers fluid flow behavior across diverse
scenarios, from ocean tides and weather patterns to blood circulation and design of complex
engineering systems[ 16]. Pertinent to this investigation, it deciphers the underlying
mechanism behind the proposed sensory light effect. This refers to the visual and tactile
stimulation produced by the movement of fluids, particularly Rayleigh-Taylor Instabilities
within oil-water flows within the sensory light fixture. Consideration of factors like surface
tension, viscosity difference, manipulated by surfactants, is crucial. These principles will be

pivotal in optimizing the performance and design characteristics of the sensory fixture.

2.2.1 Liquid-to-liquid flows & instabilities

Understanding liquid-to-liquid flows and instabilities is crucial in oil-water systems. Such
flows can arise from the interaction of immiscible liquids, like oil and water, leading to
various flow regime and instabilities, from interphase mixing to stratified flows. The
viscosity of oil and water can affect these flow pattens, dictating how the two fluids interact
at the interface. Factors such as surface tension forces, wall-wetting properties, and tube
material also affect oil-water systems, Brauner finds [17]. Liu et al. identified a correlation

between flow split ratio and oil/water separation, which consistent across diverse Reynold’s



numbers. Reynold’s numbers, a dimensionless quantity, represents the ratio of inertial forces

to viscous forces and describe the flow regime of fluid systems.

Liquid-liquid systems can result in a wide variety of flow patterns, as discussed by Brauner,
with visual representations observed in Fig 2 [17]. These can be categorized into four
essential prototypes: stratified layers (Fig 2a/b), large slugs (Fig 2q/r), dispersed fine drops
(Fig 21/j) and annular flow (Fig 2m/n) [17].
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Figure 2- various possible flow patterns observed in
horizontal liquid to liquid systems

The complexity of these patterns poses challenges in predicting their behavior, but also offers

a plethora of possibility for its applications within the desired sensory light effect.

2.2.2 Rayleigh-Taylor Instability
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Figure 3— Rayleigh-Taylor Instability development over time



Rayleigh-Taylor Instability occurs when a denser fluid is placed over a lighter fluid, leading
to the growth of perturbations at their interface, which is significant in the context of sensory
light therapy due to its captivating visual patterns (see Fig. 3). Flow patterns are highly
dependent on fluid properties (i.e., viscosity), flow rates and the system’s geometry, Garoosi
et. al finds [18]. The early-stage prototype, which is targeted for optimization, consists of a
circular chamber divided into two identical parts, linked by acrylic tubes. When the denser
fluid (waster) is placed on top, it forms a downwards droplet effect, while the oil droplet rises
upwards to keep the system in equilibrium. This creates a visually captivating, synchronized
spectacle of droplet formation, potentially useful for the sensory fixture. Ueda et al. found
droplet formation is influenced by an upward hydrodynamic force due to the wake and a
downward force due to gravity[19]. Factors like system velocity, gravity and surface tension

may also impact the magnitude of Rayleigh-Taylor Instability [19].

2.2.3 Application to the sensory light fixture

Understanding the behaviors of oil and water under various conditions, is key in optimizing
the design and functionality of the sensory light fixture, ensuring optimal visual effects.
Sensory light fixtures, predominantly used for therapeutic aid in children with learning
impairments, are designed to alleviate stress and anxiety by stimulating multiple senses
simultaneously [20][21]. The study conducted by Ashby et. al validates the advantages of
sensory light therapy as a calming exercise, offering a feeling of security and unique
simulation at the discretion of the user[22]. This all-engaging, multisensory experience, aims

to reduce stress and anxiety levels, as confirmed by Chan et. al [23].

2.2.4 Mechanisms of Droplet Generation and Interaction in Liquid-Liquid Flows

Droplet Generation: The sensory light fixture utilizes Rayleigh-Taylor instability in oil-water

flows to generate droplets. The denser fluid (water drops) is forced downwards while the oil
drops are propelled upwards, creating a spectacle of droplet formation. Lovick et al. state this
process is comparable to the breakdown of disturbance waves, (as confirmed by Hewitt and
Hall-Taylor), with both phases destabilizing each other, resulting in the generation of oil and

water droplets [24][25].



Droplet Coalescence: Droplets often interact, merging to form larger droplets, creating a

visually fascinating spectacle [26]. Material used for the tube influences drop size
distributions, with steel pipes producing smaller droplets when compared to acrylic pipes,
under identical flow conditions, as disputed by Angeli et al. [27]. Droplet coalescence, an
important separation mechanism in oil-water flows is a non-linear function of time, as
deducted by Hafskjold et al. [28]. Wang et al. devised a model to represent coalescence in oil
droplets, where different stages were observed including droplet convergence, using high
speed imaging techniques (see Fig 4)[29] [30][31]. High-speed imaging will be used in this

investigation to examine fluid motion, including drop coalescence, within the sensory light.
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Figure 4— Evolution of droplet coalescence

Hydrodynamic focusing: As evidenced by Chang et al., this element is crucial in guiding
flows within a system and has established applications and droplet creation tools[32]. The
water and oil are directed through two tubes, causing the water to drop and the oil to rise to
maintain equilibrium. The fluids are hydrodynamically focused through cylindrical tubes,
resulting in spherical droplet formation, as deducted by Funfschilling et al (see Fig 5)
[33][34]. Foroughi et al deduces a relationship between slug, annular and droplet flow
patterns and could provde insights into oil-water behavior within the sensory light [35]. The
width of the focused stream may be influenced by adjusting the relative volumetric flow rates
of central and side streams, Babakhani et. al concluded [36] [32]. Quantifying hydrodynamic
focus of the flow and associated parameters allows for consistent and controlled fluid flow in

the light fixture, enhancing the sensory experience.



(e)1/1,0.280 (H1/1,-0.293 (2)¢/1,=0.333 (h)¢/1,=0.400

Figure 5— Hydrodynamic Focusing occurring at the tube

2.2.5 Influence of Surface Tension & Viscosity on Oil-Water Dynamics

The roles of surface tension and viscosity, especially the variance in viscosity, are essential in
modifying oil-water flows and related instabilities [37][38][39]. In Rayleigh Taylor
instabilities, surface tension’s success in stabilizing disturbances is dependent on the growth
rate, representing the pace of fluid system perturbation, as deducted by El-Ansary et al. [40]
[41]. Variations in surface tension impact mixing and dispersion behavior in oil-water flow,
thus droplet formation, as disputed by Chen et al. [42]. Surface tension can be manipulated or
reduced by adding surfactants in oil-water systems. This agrees with findings by Xu et al,
with sodium dodecyl-di(oxyethylene) ether sulfate (AES) deemed to be the most effective
agent in reducing surface tension [43]. Surfactant concentration may also impact the degree

of ordering of the interfacial oil molecules, as deducted by Hosseinpour et al. [44].

Viscosity, a measure of the fluid’s resistance to shear flow, plays a significant role in the
behavior of Rayleigh-Taylor Instabilities [45]. Mikelian et al. demonstrates that viscosity
directly influences perturbations at the interface [46]. This is congruent with the findings of
Loh et. al., observing a higher viscosity ratio result in a limited flow pattern, when comparing
low and high viscous oil-water flows in pipelines [47]. Use of drag-reducing polymers, such
as polyacrylamides and polysaccharides can modify flow dynamics by reducing drag, as
argued by Al-Yaari et al. [47] [48]. Incorporating substances such as glycerol to oil can alter
the viscosity contrast, impacting the interfacial tension and phase inversion dynamics in oil
water flows [49][35]. Analyzing the effects of additives like surfactants on surface tension

and viscosity is crucial for the sensory light's development.

While fluid dynamics can provide the foundational principles of the sensory light's behavior,

it's essential to delve into the therapeutic implications of such fluid motions.



2.3 Mental Health Benefits and Neurostimulations of Fluid Motion

2.3.1 Sensory rooms and their impact on mental health

Sensory rooms, designed to offer safe and interactive sensory stimulation, are particularly
beneficial for individuals with mental illness (such as Autism, Dementia and Asperger’s),
addiction, sensory processing disorders or trauma history, Chalmers et al. finds [S0][51].
These rooms offer a variety of stimuli including sounds, colors, lights, tactile features, and
aromas, resulting in auditory, proprioceptive, tactile, vestibular, olfactory, and visual
stimuli[50][52] Studies reveal a significant stress reduction in patients after exposure to the
sensory room, indicating its mental health benefits, in agreement with the findings of Knight
et al. [51][53]. Multisensory therapy (or Snoezelen) can induce relaxation, improve focus,

reduce aggressive behavior while promoting overall positive behaviors[23] [54].

Figure 6 - Bubble Tube sensory light fixture under
observation to achieve multisensory stimulation.



2.3.2 Psychological Benefits of Observing Fluid Motion

Sensory light fixtures, often featuring droplet formation, are a staple in Snoezelen therapy.
They offer a soothing, engaging focus points for patients, grounding the user to a sense of
tranquility while providing cognitive stimulation (See Fig. 6) [51][50]. Pusuluri et al.
developed the bubble tube, a cylindrical water-filled pipe equipped with an air blower and
LED lights, aiming to provide both visual and auditory stimuli in sensory therapy [10]. A
study conducted by Ashby et. al, show significant improvement in patient attention span and
positive emotions after 8-10 multisensory therapy sessions with the bubble tube [55][56].
Exposure to the bubble tube led to decreased heart rates and behavioral disturbances, as
observed Hotz et al. in children recovering from brain injury[57]. While the bubble tube
offers visual patterns, it lacks physical interactivity for the user. The following case study
affirms the project’s motivation for producing a fluid based sensory light that links physical

interaction with visual stimuli to establish a stronger multisensory connection.

2.3.3 Grounding & Therapeutic Influence of Fluid Motion

Wallace J. Nichols “Blue Mind” effect describes the tranquility and well-associated with
observing water, contrasting the anxiety-inducing “Red Mind” effect of digital
overstimulation, as discussed by Tajane et al. [15][58]. Nichols argues observing chaotic
fluid motion can stimulate mood-enhancing neurotransmitters, akin to meditation[15] [59].
This agrees with the findings of White et al., concluding environments with larger bodies of
water tend to have a significant impact on affection and grounding [59]. Observing fluid
motion increasea dopamine while decreasing cortisol (stress hormone), as disputed by Conrad
et al. [14]. A 2016 survey in Wellington New Zealand, reported higher exposure to blue
spaces resulted in lower psychological distress [14][60]. Looking at water can also reduce
risk of death by 12-17%, as argued by Crouse et al. when examining Canadians residing by
the coast. The European Union introduced Blue Health in 2020, a four-year cross-disciplinary
project, exploring the multitude of positive psychological effects of observing aquatic
environments [61]. These studies underscore the potential of manipulating fluid motion
through Rayleigh-Taylor instabilities in a sensory light can mimic the calming and grounding

effects of observing water.
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2.3.4 Potential of Fluid Dynamics in Neurostimulation and Promoting Positive Mental

Health

Fluid motion’s therapeutic potential for neurostimulation and multisensory therapy is a
burgeoning field. The bubble tube case study confirms the efficacy of utilizing chaotic fluid
motion in Snoezelen therapy, as shown by Novakovic et al.[62]. Multi-sensory therapy is
designed to stimulate senses simultaneously, providing a holistic sensory experience,
strengthening the overall physiological and psychological effects [13]. The proposed sensory
light aims to provide a holistic sensory experience by combining visual stimuli of fluid
motion combined with the user’s physical interaction, creating a calming cognitive feedback
loop as argued by Staal et al. [63]. The “Blue Mind” effect, which associates observation of
fluids with reduced stress further justifies the context of this study [59][14]. Exploring
Rayleigh-Taylor instabilities in sensory lights ensures a fascinating, ever-changing pattern of

fluid motion and a novel approach to multisensory therapy.

Having established the therapeutic potential of fluid motion, it's crucial to understand the

methodologies employed to study these fluid behaviors.

2.4 Investigating Oil-Water Flows through High-Speed Imaging

Experiment

2.4.1 Introduction to High-Speed Imaging & Its Applications In Sensory Light Design

High-speed imaging captures intricate fluid behaviors, such as droplet creation and Rayleigh-
Taylor Instabilities, at unparalleled rates [64][65][66]. It offers insights into droplet
dynamics, such as velocity, generation time, aspect ratio and size, essential for the sensory
light’s design. Key parameters, including frame rate, spatial resolution, and lighting

conditions, dictate the reliability and accuracy in data sampling [67][68][69].
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2.4.2 High Speed Imaging in Oil-Water flows and Rayleigh-Taylor Instability

Within the context of oil-water flows, high-speed imaging accurately reveals flow pattern
morphologies, including the dynamics of Rayleigh-Taylor Instabilities [70]. It is instrumental
in understanding the behavior of droplets in oil-water flows, including their formation,
coalescence, and the influence of factors like surface tension and fluid composition [71]

[72][73].

2.4.3 Challenges & Limitations of High-Speed Imaging

Despite its capabilities, high-speed imaging presents challenges, such as limited depth of field
and refractive differences in oil-water flows [74] [75]. However, recent advancements, like
deep-learning algorithms, offer solutions to these challenges, enhancing image resolution and

capturing accuracy [76] [77].

2.4.4 Role of High-Speed Imaging in the Design and Refinement of the Sensory Fixture

The project leverages high-speed imaging to inform the sensory light's design, focusing on
droplet dynamics at varied angular inclinations. Measuring and quantifying the interactivity
of the sensory light, emphasizes the therapeutic potential of varied droplet formations, with
the sensory light's visual-tactile feedback loop being a key stress-reliever [78] [79][9]. This
will allow for prototype refinement, assessing performance against design criteria deducted in

light of the high-speed imaging experiments.

With this foundational knowledge, one can now review the previous work on the prototype,

understanding its strengths and areas of improvement.
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3 Previous Work
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Figure 7— Previously made prototype of “Breathe” sensory light aimed
to be used for high-speed imaging study

This section delves into the features and critiques of the previously developed prototype of

the sensory light, emphasizing its potential in multisensory therapy.

3.1 Introduction to Previous Work

The “Breathe” sensory light, an innovative blend of fluid mechanics principles and sensory
therapy, consists of a circular chamber divided into two sections interconnected by tubes (see
Fig. 7). The structure aims to create an ergonomic feel, with the circular structure
symbolizing continuity and functionality. When with fluids of different densities (distilled
water on top, mineral oil on the bottom), and flipped, the chamber showcases the Rayleigh-

Taylor Instability. This phenomenon involves the interplay of two fluids of different
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densities, results in a mesmerizing, rhythmic droplet formation resulting due to
hydrodynamic focusing at the tubes, offering a soothing visual experience[41], [80]. The
prototype is also aided by a backlighting component, aiming to highlight the effect and
strengthen the multisensory connection. The proposed sensory light demonstrates how fluid
mechanics can extend beyond traditional applications, such as tackling mental health through

multisensory therapy[10].

3.2 Current Prototype’s Therapeutic Potential

The sensory fixture product introduces Rayleigh-Taylor Instability to multisensory therapy, a
novel concept. The droplet formation engages visual, tactile, and auditory senses for an all-
engaging therapeutic tool[22].Snoezelen therapy benefits mental health, especially in children
with learning disabilities[ 10], [57]. The sensory fixture enhances this effect with its dynamic
visual element - the rhythmic movement of droplets. This calming spectacle encourages focus

on the present, diverting attention from stressors.
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Figure 8— User interacting with sensory light
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The ergonomic circular shape was designed to invite physical interaction, as shown by Fig. 8.
Users manipulate the fixture to initiate the effect and control droplet flow, enhancing
therapeutic benefits[12]. Physical manipulation is central to its therapeutic potential, creating
a cognitive feedback loop that foster’s presence in the user[10], [55]. Unlike the bubble tube
(see Fig 6.) which is stationary, the proposed design offers a more engaging experience
through multisensory interaction[10]. It’s alignment with high-speed imaging, with its flat
surface and circular shape, facilitates precise angle measurement, critical in assessing the

current prototype’s drawbacks[65], [81].

3.3 Critique of the Sensory Light Prototype and High-Speed Imaging

Approach

While the current sensory light prototype holds promise, it exhibits limitations, especially at
varied angles of inclination. Achieving optimal visual display dynamics and maintaining user
engagement at stepper angles requires a deeper understanding of droplet generation times and

velocity, along with extensive testing and user feedback [82].

A high-speed imaging experiment was designed to measure the angles that restrict the
Rayleigh-Taylor Instability and user interaction and quantify the effects of changing angles
on visual outputs, including droplet velocity, size, generation time and aspect ratio[40]. The

insights from this method will be pivotal in identifying flaws and guide future prototyping.
Given the insights and drawbacks highlighted in previous work, the challenge lies in devising

a methodology that not only addresses these limitations but also amplifies the sensory light’s

therapeutic potential.
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4 Methodology

4.1 Experiment Set Up

Phantom Sensory Light 20W LED backlight
Miro M340 Prototype

LTI
I

Marker facilitating

Base to provide
stability

Rails to adjust

camera height angle measurement

Figure 9— Experimental Set Up

The high-speed imaging experiment was designed to ensure accurate capture of the fluid
dynamics aspects of the sensory light, with a central focus on the droplet formation on the top
and bottom of the circular chamber resulting from the Rayleigh-Taylor Instability[81], [83].
The experiment utilized the Phantom Miro M340 high-speed camera, positioned 40cm away
from the sensory light, focusing on the target zone, as shown by Fig 9 [84]. The prototype is
positioned on a base, ensuring stability throughout the collection period. The angle of
inclination, denoted as a, was varied in increments of 15 degrees, ranging from 0 (horizontal)
to 135 degrees. The high-speed capture was aided by a 20W LED backlight placed 20cm
behind the sensory fixture, and a marker placed next to the sensory light to facilitate angle
measurements[84]. Thus, allowing for observation of droplet formation at different angles,

quantifying the multi-sensory connection achieved from physical manipulation and resulting
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varied visual output[10], [62]. The set-up distance was marked and maintained throughout the
entire data collection procedure to ensure accuracy in results, and to provide a suitable
reference point for converting pixel distance to millimeters in post-processing[67], [75]. The

camera was paired with image capture software Dantec Dynamic Studio.

Different frequencies were established for each angle of inclination (Table 1). This setup
facilitated the recording of droplet generation at varying velocities, frame rates and
intervals[65], [67]. At the case of 0 degrees, droplet formation is extremely rapid, requiring a
higher frequency due to the shorter time frame. Whereas at 135 degrees, where droplet
generation is delayed, was captured with a low frequency, to capture necessary details

throughout the longer time period[67].

Table 1 - Frequency (Hz) used for each angle.

o Frequency

Angle (°) (Hz)
0 90
15 90
30 90
45 90
60 90
75 90
90 45
105 45
120 15
135 5

4.2 Data Collection

Quantifying droplet formation within the sensory light allowed for measurement of key
parameters. These include droplet generation time, droplet velocity, droplet size and aspect
ratio and its variation upon inclination angles. This was crucial in understanding how the
visual output of the fluid dynamics within the sensory light varies as the light is physically
manipulated. Such is the main mechanism driving the multi-sensory connection, as the user
physically interacts with the light, resulting in a clear change of the fluid motion within[12],
[13]. This creates cognitive feedback loop that is desired in multisensory or Snoezelen
therapy, driving positive mental health effects such as decreased stress and anxiety levels

while grounding and providing focus to the user [53]. Measurements were collected for both
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the top and bottom chamber of the sensory light in order to investigate which are most
effective in offering multisensory stimulation throughout the various angles. Quantifying the
fluid dynamics behind the multisensory effect of the sensory light will provide fundamental

basis for confirming and optimizing it’s benefits in the next prototype iteration.

4.3 Post-Processing of Images

Post-processing is a critical step within the project methodology, where raw data collected
from the high-speed imaging experiment is transformed into a format that can be analyzed
and interpreted[81]. This procedure was carried out on the ImagelJ software, a powerful open-

source tool that provides a range of functionalities for image processing and analysis[85].

4.3.1 Image Sequence Integration:

|H|I|H|I|IH|||HI‘\H||IHI|H|I|IHI|IHI|HII‘
Ocm 1 2 3 4 5

Figure 10— Line marking the
trajectory of the droplet throughout
the sampling period.

This step entails loading the image series into ImageJ. This software is capable of handling
large volumes of data, making it an ideal tool for managing the extensive image sequences
generated by the high-speed camera used. Fig 10. shows a sample of the raw image sequence
imported into ImageJ before conducting any sort of post-processing[85]. In the given cases
where the angle was varied (15-135), the image sequence was rotated by that given angle to
ensure data collection was horizontal for the entire post processing step. Once the images are

integrated, the next step involves manipulating the image to be optimal for data sampling.
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Figure 11— Image Processing Workflow: (a) Raw Image Sequence, (b) Brightness and
Contrast Manipulation, and (c) Binarization Function Application

4.3.2 Cropping, Brightness and Contrast Manipulation:

Once the image sequence is imported, the desired section is cropped (see Fig 11A) and the
brightness and contrast of the images are manipulated (see Fig 11B). This step is crucial for
enhancing the visibility of the droplets in the oil-water flows and reducing the noise from the
sampling[67]. The goal here is to obtain a clear 2D image of the droplet, which will increase

the accuracy of the subsequent measurements and analyses, as argued by Damsohn et al [70].

4.3.3 Binarization and Outline Function Application:

Images are binarized into 2D black and white format after being adjusted for brightness and
contrast to improve droplet visibility. The outline function is then applied to the binarized
images (see Fig 11C). This function outlines the shape of the droplet, focusing on the outer
structure, which is the area of interest for this study[67], [70]. The processes of binarization
and outlining are vital for distinguishing the droplets and readying the images for subsequent

in-depth measurements[85].
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4.4 Measuring Velocity:

-
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Figure 12— Line marking the trajectory of the
droplet throughout the sampling period.

4.4.1 Velocity Measurement Process:

Measuring droplet velocity involved tracking their trajectory throughout the sampling period
and extracting relevant data. A line was drawn vertically through the droplet (as shown in
Fig. 12) in the binarised image sequence, marking the path of the droplet's movement. This
method allowed for the tracking of the droplet's position over time, providing the necessary

data for velocity calculation[67], [68].
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Figure 13 — Plot profile for a given frame
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4.4.2 Data Extraction and Manipulation:

The StackProfileData macro plugin (see Appendix A) was employed to generate CSV files
that contained the profile plot data over time for the given line (see Fig 12)[85]. The color
values for each pixel are shown (255 for white, 0 for black). In order to identify the droplet's
outer boundary for falling droplets, CSV data analysis was utilized to retrieve the last black
value from each frame. The plot profile was used to understand which relevant values to

extract for each case, as seen by Fig 13 above[67].

4.4.3 Data Smoothing and Cropping:

The extracted data was slightly noisy and required smoothing for accurate velocity
calculations. Spline fitting was performed on the position data using a polynomial of degree
3, which was chosen empirically. The data was then cropped to focus on one droplet

generation, providing a more focused dataset for velocity calculation[81], [86].

4.4.4 Velocity Calculation:

The velocity of the droplets was calculated from the smoothed and cropped position data.
Velocity was computed as the rate of change of position over time, formulated as

(pos_frame 2-pos_frame 1)/dt, with dt being 1/frequency (Eq. 1). This calculation was
performed using Python code, which is provided in Appendix B for reference. This procedure
was executed for the bottom section of the sensory light, for 0, 30 and 60 degrees. Velocity
measurements were disregarded for the superior chamber as three-way flows are present here,

skewing results, as evidenced by Thoroddsen et al. [81].
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4.5 Measuring Droplet Generation Time:

L2
Figure 14 Droplet release points for 15 degrees, top
(left) and bottom (right) chambers of the sensory light

4.5.1 Determination of Droplet Release Points:

Utilizing the high-resolution image sequence capture, the exact point of droplet detachment
from the tube were identified. Establishing a standardized point where the droplet is released
throughout the top and bottom, and the complete range of angles ensured that the data
captured was both accurate and representative of the fluidic behavior within the sensory light
[67], [86]. Fig 14 illustrates the droplet generation time for a 15-degree inclination,

identifying the release between frames 11 and 82.

4.5.2 Calculation of Generation Time:

By comparing the frame rates of consecutive droplet releases, the generation time was
computed as the difference between the two frames, divided by the inverse of the recording
frequency.

Frame # Bubble Release Point 2— Frame # Bubble Release Point 1

Bubble Generation Time = T (Eq. 2)

Frequency

This approach provided a quantitative measure of the time taken for each droplet to form and

detach, allowing for a standardized measurement to be taken across all sampling points[86].
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This measurement process was systematically executed for both the top and bottom sections
of the sensory light, varying angle of inclination from 0 to 135 degrees at 15-degree

Increments.

4.6 Measuring Droplet Aspect Ratio Over Time:

In order to measure the droplet’s aspect ratio over time, the images were binarized as shown
in Fig 11B. This binarization process isolated the droplets from the background, enabling a
precise analysis of their shape and size [87]. The images were converted to a monochrome

display and interpreted using Matlab's imread function as a 2D matrix [85].

This method helped determine the droplet's aspect ratio over time by identifying x and y
direction peaks at different inclination angles.[88]. The aspect ratio, identified as the height to
width ratio of the droplet, was assessed by examining droplet from generation to release.
bAspect ratio will vary based on how the droplet behaves at different angles, quantifying the

effect of manually adjusting the angle on the sensory light's visual feedback.

4.7 Measuring Droplet Size for Each Inclination Angle

A pivotal aspect of the study was the quantification of droplet size as a function of the
sensory light's orientation. To ensure consistency and accuracy in measurements, specific
points within the image sequence were earmarked for analysis, particularly focusing on the
moment of droplet release[65], [81]. This criterion was chosen as it provided a clear and

unobstructed view of the droplet, facilitating precise diameter measurements.

Measuring the diameter of each droplet, involved calculating the conversion between pixels
and millimeters. This was executed by measuring the width of the release tube in pixels and
knowing its width in millimeters allowed for an accurate conversion to be carried out. In this
case, Imm was equated to 24 pixels[85]. This approach ensured precision in gauging the

droplet diameters across different observation points throughout the 0-135 degree range.
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Having outlined the methodology and steps undertaken for data collection and image
processing, presented below are initial findings derived from the high-speed imaging

experiment.

5 Results from First Prototype Iteration

5.1 Overview

The high-speed imaging findings emphasized on four principal parameters: droplet velocity

analysis, droplet generation time assessment, aspect ratio examination & droplet size
distribution study[82], [87], [89], [90]. These metrics were selected to bridge theoretical
predictions with tangible performance criteria, while quantifying the interactivity of the

sensory light itself.

5.2 Droplet Velocity Analysis

Droplet Velocity Over Time At Different Inclination Angles
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Figure 15 Velocity of droplets over time in top chamber at different inclination angles
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Fig. 15 shows the velocity trajectory of the droplets varies significantly according to the
angle of inclination a phenomenon also observed in droplet dynamics on inclined
surfaces[91]. The initial decrease in velocity across all angles is primarily due to
hydrodynamic focusing caused by the tube during the nascent phase of droplet formation [92]
[93]. As droplets fully detach, their dynamics are significantly influenced by buoyancy and
viscous drag from surrounding oil. This causes the velocity to approach an asymptotic value
of terminal velocity for a particular inclination angle [94]. The inclination angle’s influence,
predominantly introducing tangential kinetic energy. This causes a temporal lag, evident from
0 to 60 degrees, suggesting at steeper angles, the droplet necessitates extended duration for

complete detachment from the conduit, and commence its free ascent[95], [96].
At a flat 0 degrees, gravitational forces expedite velocity stabilization [95]. Conversely, at 30

degrees, there’s a pronounced delay in stabilization [91], [97]. By 60 degrees, the detachment

process is far more prolonged, leading to a further delay in reaching its terminal velocity.

5.3 Droplet Generation Time Assessment

Droplet Generation Time Vs. Angle of Inclination
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Figure 16 Droplet generation time for top and bottom chamber of sensory light at varying angles of inclination
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Fig. 16 exhibits droplet generation time across superior and inferior chambers of the sensory
light at varying angles of inclination. The superior chamber displays a marked increase in
generation time, especially from 75-135 degrees, escalating from 4.6 to 28.8 seconds.
Contrarily, droplet generation time remains fairly consistent within the inferior chamber,
exhibiting minimal variance from 0.6 to 2.3 seconds. Within this section, a cessation in
droplet formation is evident within the 90—135-degree, attributed to changes in surface
tension and pressure variances[89][98]. At lower inclination angles, generation time remains

congruent, but as the angle increases, a divergence is observable.

5.4 Aspect Ratio Examination

Examining aspect ratio over time at various angles of inclination allowed for observation of
the transformative effects of angle inclination on droplet morphology. The aspect ratio,
defined by width/height provided key insights into droplet’s shapes dynamics in relation to
the measured angle[98]. A value less than 1 indicates a droplet that is elongated vertically

more the horizontally, and a high variation in aspect ratio indicates higher interactivity[99].

Aspect Ratio Over Time At Varying Angles (Top)
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Figure 17. Aspect ratio at varying angles of inclination over time, top of the sensory light
Fig. 17 delineates the temporal evolution of aspect ratio across various inclination angle for
the top of the sensory light, resulting in a distinct curve change. As the angle increases, a
variation in the rate of change of aspect ratio over time is observed. At higher angle ranges

the aspect ratio surges, implying a more pronounced horizontal stretch upon exiting the tubes.
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The rate of decrease also varies with angle, with a steeper decrease observed for 90 and 105
degrees, corroborated by experimental findings showing droplets transition from spherical to
ellipsoidal regimes[87][100]. Certain angles, including 75 and 135, show a slight increase in
aspect ratio towards final cycles of generation, indicating the droplet is stretching

horizontally at key points due to the inclination.

See Appendix C-E for Supplementary Graphs for Aspect Ratio Over Time

5.5 Droplet Size Distribution Study

Droplet Size At Varying Angles
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Figure 18 Droplet size distribution study at various angles of inclination

Fig. 18 illustrates droplet size distribution across measured angles of inclination. From 0 to
30 degrees, both top and bottom sections exhibit droplet formation of consistent sizes and
minor fluctuations. As angle of inclination increases, the top section displays a decreasing
trend in droplet size. The bottom tends to produce larger droplets across all angles, hinting at
different dominant forces of droplet formation [101]. The 75-degree range emerges as a
notable angle, where beyond this, the size of the droplets of top section drops more
precipitously, suggesting the influence of counterbalancing effects of surface tension forces

and inlet momentum direction changes[101], [102].
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These results show a distinct relationship between droplet morphology and inclination angles.
The detailed analysis presented below will contextualize findings and identify refinements for

future prototype iterations.

6 Discussion from First Prototype Iteration

6.1 Droplet Velocity Analysis

The study focused on the inferior section of the sensory light for velocity analysis. The
presence of air in the top section and resulting three-way flows could introduce discrepancies

in the results.

6.1.1 Findings

Irrespective of the inclination angle, droplet velocity displays an initial reduction in velocity
as the droplet commences its exit through the tube, stabilizing and reaching terminal velocity
post detachment. This behavior aligns with Weber et al.’s insights on inclination’s impact on
velocity [103]. At steeper angles, surface tension and viscous forces at the tube counteract
gravitational forces, causing droplets to remain attached for longer [102][103], [104]. This
extended detachment, influenced by buoyant forces dependent on density difference between
oil and water, leads to calmer visual dynamics and overall reduced interactivity within the

75—-135-degree range.

6.1.2 Insights

Resistance faced by the droplet during exit indicates surface tensions caused by the tube and
potential improvements. Curved, helical, or fluted tubes, might facilitate droplet detachment
at higher angles of inclination [105][104]. Measuring droplet velocity in terms of incline
angle has introduced a dynamics control parameter for the sensory light. Different angles can
offer varied visual outputs, ranging from rapid droplet movements as observed at 0 degrees to
slower, elongated attachments at steeper angles. This confirms the multisensory stimulation
achieved by manipulating the sensory light. The surrounding fluid’s viscosity plays a pivotal

role in shaping these dynamics[101], [105].
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6.1.3 Identified Prototype Adjustments

Introducing a dynamic base in prototype refinement will allow users to manipulate the
inclination in real time and enhance user interactivity. Adjusting the oil-water composition,
through addition of surfactants or glycerol, can manipulate droplet velocity and therefore

enhance the sensory experience [82] [106].

6.2 Droplet Generation Time Assessment

6.2.1 Findings

The droplet generation time graph delineates the relationship between the sensory light’s top
and bottom chambers across 0-135 degrees. Beyond 90 degrees, the inferior section ceases
droplet formation. The 0—75-degree range reveals a steeper rate of increase for the bottom
section, indicating droplet formation challenges beyond this inclination[107]. The 75-degrees
mark emerges as a critical angle, with impediments in droplet formation, possibly due to an

increased dominance of one fluid phase over the other and chamber constraints[ 108].

6.2.2 Insights

Post 75-degree range reveals intricate force dynamics, attributed to increased viscous drag
and altered surface dynamics [109][104]. Uniform changes in droplet generation times across
inclination angles are crucial for the sensory fixture’s performance. Prolonged generation
times at higher angles diminish user engagement, so focus will be shifted to promote
interactivity across the lower angle ranges (0-60). The top chamber presents inconsistencies
with its three-way flows, causing unpredictable droplet behavior, an identified flaw in the

prototype.
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6.2.3 Identified Prototype Refinements

The refined prototype targets to reduce viscosity contrast, slows droplet generation while
permitting interaction within the 0-60 degrees range, where the sensory light operation should
be focused to preserve interactivity. Modifying surface tension characteristics can optimize
sensory light duration and interactivity[82], [101]. Exploring microstructures in the chamber,

serving as nucleation points, might foster more predictable droplet formation [110].

6.3 Aspect Ratio Examination

6.3.1 Findings
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Figure 19 Examination of droplet elongation and release at various
angles of inclination, top chamber of the sensory light

The top chamber’s analysis reveals a pronounced angle dependency on the aspect ratio of
droplets. Notably droplet elongation tends to distort horizontally after 15 degrees. Beyond the
45-degree mark, inconsistencies arise in aspect ratio evolution, suggesting the influence of
surface tension from the detachment tube directly impacts droplet morphology, as shown by
Fig 19[111]. This could be attributed to a shift in dominant forces governing the Rayleigh-
Taylor Instability and variations in contact angles [46], [80] Frictional forces also play a role,
restricting droplet flow at higher angles of inclination [112]. The rate of shape changes

correlates directly to time, with droplet formation time rising as angle increases[112].
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Regardless of inclination, all droplets tend to become more circular as they exit the tube, with

an average aspect ratio after release to be around 0.985.

See Appendix F for droplet elongation and release at the bottom of the sensory light.
6.3.2 Insights

This study focused on the top chamber due to its capacity to inspect a broader range of
angles. Despite the presence of three-way flows, it provided more consistent results in terms
of aspect ratio. The three-way flows, involving air, oil, and water, introduce complexities, yet

the top chamber's results remained more consistent, underscoring its reliability for this study.

6.3.3 Identified Prototype Refinements

Consistent droplet formation could be achieved by altering the fluid composition, such as
introducing a viscous agent to the oil, or substituting the type of oil all together [113],
[114][108]. Aiming for a sustained dynamic effect, refinements include achieving higher
variations in aspect ratio across inclination angles and incorporating an easy-to-navigate user
interface. The high-speed imaging experiment underscores the variability in visual output due
to physical manipulation. Manipulating the air gap, responsible for the top section’s three-
way flow, can modulate droplet dynamics by either intensifying their chaotic nature (more
air) or rendering them more predictable (less air) [115][116]. Understanding the means for
either slowing down or speeding up droplet generation, whilst validating this shift in results

will be key in refining next prototype iteration.

6.4 Droplet Size Distribution Study
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Figure 20 Evolution of droplet swerving occurring at the bottom section of the sensory light.
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Figure 21 - Evolution of droplet coalescence occurring at the bottom section of the sensory light.

6.4.1 Findings & Insights

The droplet size was determined by analyzing diameter post-droplet release across the
various inclinations. The droplet size varies by merely 2mm throughout the top and bottom
chamber, indicating higher predictability within these arrangements[117]. As observed by Fig
20, droplets tend to swerve each other and eventually burst after navigating in the liquid pool.
In contrast, when colliding at the appropriate angle, gravitational and surface tension
conditions, droplets tend to coalesce as depicted in Fig 21 [118], [119]. Beyond 75-degree
mark, there is a noticeable reduction in diameter, likely due to diminished gravitational
influence and pressure variance, impacting fluid volume in droplets. [115]. The reduction in
size underscores the sensory fixture’s dynamic adaptability based on its orientation,

confirming the multisensory connection as previously established.

6.4.2 Identified Prototype Refinements

Orientation influences droplet size. Lower angles generate consistent droplet sizes, coupled
with faster generation times. As inclination increases, droplet diameter decreases as droplet
formation slows, emphasizing the angle’s role in influencing droplet morphology[116], [117].
Beyond 75 degrees, the top sections experience a reduced volume, varying 2.5mm throughout
the entire sampling range. Droplet size is governed by factors like viscosity, surface tension
and density variations. The addition of additives to modulate viscosity could potentially
promote larger droplet formation at higher angles[114]. Adjusting fluid composition might
enhance certain attributes at the expense of others, so combining these adjustments with user

feedback is essential to achieve the desired sensory experience [82], [106].

32



6.5 Qualitative Error Analysis

Despite careful setup, potential errors may arise, introducing minor uncertainties to the
presented data. The camera's frame rate and resolution might influence droplet velocity and
aspect ratio data accuracy [81], [83]. Variations in lighting conditions can affect image
quality and subsequent data extraction[83], [84]. The marker aiding angle measurements, if
misaligned, can skew angle data, impacting interpretations of droplet dynamics. Additionally,

converting pixel distance to millimeters may introduce scaling errors if setup distances vary.

High-speed imaging demonstrated that visual dynamics change with the angle of inclination,
and adjusting fluid composition can alter droplet velocity. Determining the optimal velocity

requires user feedback, leading to the next phase focused on user perspectives.

7 User Interviews & Feedback

The refinement of the existing sensory light prototype is rooted in a comprehensive
understanding of the target audience's needs and preferences. A series of interviews, both in
person and online, were conducted with various demographic group. These sessions
prioritized hands on interaction with the sensory light, allowing participants to physically
engage and establish a multisensory connection. Interviews also tackled user’s daily
challenges with stress, anxiety, and mobile addiction, thereby enhancing comprehension and

potential impact of “Breathe” sensory fixture better[3].

7.1 Feedback on the First Prototype and Suggestions for Improvement

The interviewees were presented with a demo of the first prototype of the Sensory Fixture.
55-year-old Swiss woman Monica enjoyed the droplet effect but emphasized sustainability
and classic design. Mihai, a 21-year-old university student, valued the calming effect of the
lamp and suggested improvements within the base to ensure easier transition between angles

of inclination.
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7.2 User Preferences for Droplet Velocity & Identified Trade-Offs

The high-speed imaging experiment demonstrated that the controllability and user interaction
is quantified by measuring inclination angle versus parameters like droplet velocity and
generation time[65], [67]. This proves the multisensory potential of the sensory light.
However, there's a trade-off: more interactive and dynamic droplet movements might speed
up the duration of the sensory light, potentially reducing its calming effect. Interestingly, 70%
of the interviewees preferred the slower movement, while 30% favored a faster pace. This
occurs because, slower droplets decrease the user’s neurological pace, leading to a more
pronounced sense of grounding and awareness[ 120]. The sensory light shows potential in
droplet generation in both directions, necessitating further research on optimal dynamics and
user exposure to varied experiences. Cognitive stimulation will be measured using heart rate,

skin conductance, eye-tracking, and EEG (electroencephalogram) analysis[121].

7.3 Presentation of Insights

1. Stress and Anxiety Management: Allison (psychologist) and Victor (student)
acknowledged the impacts of stress and anxiety on a regular basis using diverse

techniques like time management, music, and outdoor walks for relief.

2. Excessive Screen Time & Mental Health: Many respondents emphasised how
inconvenient phones and social media can be, with many like Daniel admitting
phoning addiction. The link between extensive screen time and negative emotional

impacts was also universally recognized. [6], [58].
3. Aesthetics and Functionality of Lamps: Many, like Rebeca, prioritized the aesthetic

appeal of lamps, while also valuing features like adjustable brightness and ergonomic

design.

7.4 Presentation of Insights from a Psychologist

An interview with Allison, a 48-year-old psychologist with 15 years of experience, provided

a professional perspective on the application of Rayleigh-Taylor instability within a sensory
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light. Allison's insights into stress management and the calming effects of aesthetic lamps
were aligned with the project's objectives. Her endorsement of the potential of multisensory
therapy, particularly the variation in patterns and effects achievable within the realm of fluid

mechanics, added a layer of scientific validation to the project[55], [62].

7.5 Synthesis of Findings and Conclusion

The interviews collectively revealed the complexity of human interaction with sensory
stimuli and the nuanced preferences that must be considered in the development of a sensory

fixture product [62], [79].

Technical input from friends and family struck a compromise between the relaxing impact of
slower motion and the requirement for rapid droplet engagement for interactivity at higher

angles of inclination.

Presented below are the main findings from the interviews:

e Ergonomics and Interactivity: The majority favoured a slower, soothing droplet
pace, highlighting the the need for enhanced interactivity and ergonomic design.

e Fluid Dynamics and User Experience: High-speed imaging experiments quantified
the potential in manipulating fluid composition. Glycerol was considered to decelerate
droplet velocity, as this slower motion was preferred by the majority[49].

o Aesthetics and Functionality: Aesthetics are crucial for a calming ambiance, but
must harmonize with functional features, as feedback on the prototype emphasized.

e Future Research Directions: Determining optimal droplet velocity remains a
research priority. Upcoming studies will measure cognitive and relaxing stimulation

through heart rate, EEG readings, and other metrics[121].

Insights provided from the high-speed imaging experiments along with user feedback,
provided a clear understanding for the next prototype iteration. These findings, coupled with
the empirical data, paved the way for the deduction of quantifiable design criteria, used to

assess the refined prototype in the second round high speed imaging experiment.
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8 Final Design & Selected Performance
Criteria

Figure 22 - CAD rendering & visualization of Breathe Sensory Light in living space

8.1 Key Insights from High-Speed Imaging Experiment

The high-speed imaging experiments provided empirical evidence on pivotal metrics,

namely: droplet velocity, aspect ratio, generation time and size.

Droplet Velocity: Experimental findings indicated a counterproductive effect of faster
droplet velocities on the intended calming visual sensation[92]. A challenge was observed
wherein reduced droplet velocity led to diminished interactivity at increased inclination
angles. Thus, the design imperative became evident: achieving an optimal balance between

reduced droplet velocity and preserved interactivity in the critical angle range.
Droplet Aspect Ratio: Low variation in droplet aspect ratio across varying inclination angles

were evident in the initial prototype. A higher variation in aspect ratio is essential for a

dynamic & chaotic sensory experience, aiding its interactive multisensory potential[12], [62].
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Droplet Generation Time: The temporal gap between successive droplet genesis was
identified as a key metric. It was posited that a rhythmic and consistent droplet generation
pattern would be imperative for a soothing sensory experience[50][122]. Design
modifications in the refined prototype aimed to prolong this inter-droplet temporal gap at

various angles of inclination.
Droplet Size: Congruent with velocity and aspect ratio, the diameter of the droplets emerged

as a significant factor influencing the overall visual experience[90]. The refined prototype

aimed to achieve a higher variation in droplet size.

8.2 Selected Quantitative Performance Criteria for Prototype Refinement

Given the empirical data and insights from the initial high-speed imaging experiments, the

following quantitative success criteria were delineated for the refined prototype (see Fig 22):

1. Reduced Droplet Velocity: A targeted reduction in average droplet velocity by at
least 15%[103], [123].

2. Increased Droplet Generation Time: An increase in the temporal gap between
successive droplets by at least 30% [122].

3. Higher Variation in Aspect Ratio: Target a droplet aspect ratio range of 5.0-0.5[87].

4. Maintained Interactivity: Ensure interactivity is preserved up to 60 degrees for the
bottom section and 120 degrees for the top.

5. Droplet Size Variability: A minimum droplet size variation of 2 millimeters across
0-120 degrees[88].

6. Improved Base: Prototype a dynamic vase that allows seamless transition between
inclination angles.

7. Smooth Droplet Detachment: Seamless detachment of droplets, indicative of
minimal turbulence.

8. Droplet Velocity Variation: A pronounced variation in droplet velocity throughout
0-120 degrees[49].

9. Droplet Longevity: Requirement for droplets to remain in the chamber for 5 seconds
post-detachment.

10. Enhanced Interactivity: Increased interactivity via droplet coalescence and

swerving.
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These criteria directly correlate with the observed inconsistencies and user feedback gathered
from the initial design. Emphasis on droplet velocity reduction and increased generation time
was inferred directly from user feedback[13]. Similarly, the criterion regarding aspect ratio
variability was influenced by the observed deviations from the high speed imaging

experiment.

The outlined performance criteria will serve as benchmarks, against which the efficacy of this
design in delivering the intended sensory experience will be evaluated in the second round
high speed imaging experiment. This will inform subsequent prototyping and testing phase,
ensuring that the tangible representation of theoretical concepts is in alignment with our

research findings and user feedback.

9 Physical Prototyping & Testing

Figure 23 - CAD rendering for Refined Prototype of the “Breathe” sensory light, fully attached (left), separated from lighting
component (right)

The prototyping process was a crucial phase in the development of the “Breathe” sensory
light, providing a tangible representation of theoretical concepts explored within the high

speed imaging experiment while allowing for real-world testing and refinement.
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The final prototype rendering equipped with a dynamic base and backlit panel, is shown in

Fig. 23 above.

9.1 Fluid Composition & Droplet Velocity

The primary objective was to slow down droplet generation to enhance the calming effect of
the device. To achieve this, glycerol was added to the oil composition. The optimal glycerol
to oil ratio for was found to be between 2-5% for optimal droplet generation and coalescence,
according to Wang et al[49], [114] . Other fluids such as blue dye, distilled water, and

industrial-grade mineral oil were also employed in the prototypes.

9.2 Initial Prototyping for Glycerol Composition Testing
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Clear industrial grade mineral oil

Repurposed glass bottle
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Figure 24 - Configuration of initial glycerol testing

Initial testing for fluid composition was constructed using two glass bottles. Their metal caps
were hot-glued together, and two Smm holes were drilled into each cap. Straws of 20mm
length were then glued into these holes. One bottle was filled with mineral oil and the other
with water. The bottles were quickly screwed together using the modified metal caps,

creating a chamber that mimicked the Rayleigh-Taylor Instability observed in the sensory
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light (see Fig 24). This initial prototype was crucial for testing various glycerol compositions.
Four different glycerol concentrations (2%, 3%, 4%, and 5%) were tested [49], [114].
Qualitative observations were made on droplet coalescence for each configuration (see Fig
24). The 3% glycerol composition was found to be optimal, based on both visual assessments

by peers and the effectiveness of the Rayleigh-Taylor Instability[49].

9.3 Refinement and Validation of the New Prototype

Figure 25 - filling up refined prototype (3% glycerol
composition) with syringe

With the optimal glycerol composition identified, attention was turned to the new prototype.
A hole was drilled into the chamber to empty the existing fluids. The chamber was then filled
with a 100ml syringe, the 3% glycerol-oil composition on one side and distilled water and
blue dye on the other. The hole was sealed with a Smm acrylic dowel, ensuring an airtight fit
(see Fig 25). To ensure accurate comparison with the previous prototype in second round

high speed imaging, the air gap was measured and maintained the same.
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Figure 26- 3mm laser cut borders for the sensory light, spraypainted black.
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Figure 27 Gluing border using Epoxy adhesive and clamping for adhesion
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Figure 28 - Wet Sanding & polishing from 180-1000 grit
sand-paper.
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Additional refinements included the use of two-part epoxy glue to seal the chamber, laser-cut
acrylic borders for aesthetic enhancement (see Fig 26-27), and meticulous sanding and
polishing to achieve an ergonomic design (see Fig 28). The sensory light was then spray-

painted black, providing a seamless finish.

The wooden base of the sensory light was also constructed and refined through a similar
process of sanding, wet sanding, and polishing. Hard plastic corners were added to the

bottom of the base for stability.

9.4 Displaying the Sensory Light

Figure 29 - Display of refined sensory light design (left), testing the effect under various color
configuration (right)

The latest prototype has not yet integrated the backlit panel, planned to be a 250mm circular
LED lighting component. For display purposes, a frosted acrylic sheet was placed behind a
50W light to complete the sensory light fixture (see Fig 29, left). Various colors
configurations were tested for its compatibility with the sensory effect (see Fig 29, right).
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Figure 30 - User physically modifying angle of inclination (left), user generating turbulent liquid-liquid flows from fast
rotation(right)

The integration with the refined base ensured users could easily switch between different
inclination angles, tailoring the sensory experience to their preferences (see Fig 30, left). This
was achieved by polishing and achieving a smooth finish on both the sensory light and the
base, allowing smooth angle transition without the need for bearings or support bracket.
Interestingly, rotating the sensory light rapidly generated turbulent liquid-liquid flows, a
supplementary layer of interactivity to be explored in future prototyping stages (see Fig 30,
right).

Initial observations showed generation cycle of the sensory light was extended from 7:40
minutes to approximately 10:00 minutes with the refined prototype, offering a more
prolonged and immersive user experience [57]. Having established design criteria and
refined the prototype, it is re-evaluated using high-speed imaging in subsequent sections to

validate the refined prototype's performance.
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10 Results from Refined Prototype

10.1 Overview

In the pursuit of refining the “Breathe” sensory light, high-speed imaging was employed to
analyze the performance of the second prototype iteration. The primary aim was to contrast
observed results with pre-established performance criteria (see Final Design), determining the
prototype’s effectiveness. The inclusion of glycerol, which influenced droplet morphology &

generation times, was a significant design choice validated via this analysis[49], [114].

10.2 Presence of Three-Way Flows & Data Accuracy

In the assessment of droplet generation time, size, and velocity, only the bottom of the
sensory light was analyzed due to the superior section’s three-way flows caused by the air
gap, compromising result accuracy[82], [92]. However, aspect ratio was examined for the top

section, given its importance in assessing variability and availability of more sampling points.

10.3 Droplet Velocity Analysis

Droplet Velocity Over Time At Different Inclination Angles (Refined Prototype)
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Figure 31 - Velocity of droplets over time in bottom chamber at different inclination angles, refined prototype
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Droplet Velocity Over Time (O degrees)
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Figure 32 - Velocity of Droplets over time, 0 degrees, First vs Refined Prototype

The refined prototype’s droplet trajectory was plotted for inclination angles of 0, 30, and 60
degrees, (see Fig 31). Direct comparisons between the first and refined prototype, revealed
significant variations. At 0 degrees, the refined prototype had a reduced initial velocity
difference of 77.03%, which slightly reduced to -14.77% by the end of the observation period
(see Fig 32). Graphical representations for 30 and 60 degrees are displayed in Appendix G-H.
At 0 and 60 degrees, the temporal lag and slower droplet generations resulted in an overall
velocity difference of -19.75% and -14.77%, respectively. On aggregating the data, the

refined prototype's velocity was marginally lesser by -15.41% on average.

10.4 Droplet Generation Time Assessment

Droplet Generation Time Vs. Angle of Inclination (Bottom)
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Figure 33 - Droplet generation time vs angle of inclination, bottom chamber, First vs
Refined Prototype
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The refined prototype, especially in the bottom section, consistently took longer to generate
droplets across various angles (see Fig 33). For instance, at inclinations like like 0°, 15°, and
60°, the refined prototype showed increases of about 19.77%, 48.10%, and 155.19%,
respectively. Similarly for the top section, the refined prototype exhibited a consistent
increase in droplet generation time up to 60 degrees, with a pronounced spike beyond 75
degrees (see Appendix K). Quantitatively throughout all inclination angles, the refined

prototype exhibited a 247.56% and 64.21% increase in droplet generation time, respectively.

10.5 Aspect Ratio Examination

Aspect Ratio Over Time At Varying Angles (Top) - Refined Prototype
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Figure 34 - Aspect ratio over time at varying angles of inclination, top chamber, Refined Prototype

In the top section, the refined prototype exhibited a pronounced decrease in aspect ratio over
time, indicating droplets elongating vertically, enhancing the dynamic and chaotic sensory
experience (see Fig. 34). Aspect ratio varied between 4.8-0.5 for the refined prototype, a
substantial increase compared to the 4.0-0.6 observe in the first prototype. Analyzing the
bottom section, the refined prototype displayed a steeper decline in aspect ratio between 0
and 60 degrees, emphasizing the influence of the refined design on droplet morphology (see
Appendix I). Direct comparisons at specific angles, such as 30 and 45 degrees, emphasized
the refined prototype's superior performance (See Appendix J-b and J-d). At 30 degrees,
aspect ratios were about 24.66% higher, while at 45 degrees, the difference was around

35.94%
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10.6 Droplet Size Distribution Study

Droplet Size At Varying Angles (Bottom)
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Figure 35 - Droplet size vs angle of inclination, bottom chamber, First vs Refined Prototype

The bottom section showcased a sharper decline in droplet size for the refined prototype
between 0 and 60 degrees. At 0 degrees, the refined prototype's droplets were about 14.03%
larger. Yet, from 75 degrees onwards, droplet generation ceased in the refined prototype,
indicating challenges at higher angles (see Fig 35). On average, the refined prototype
displayed an increase of 5.05% and 6.98% in droplet size in the top (see Appendix L) and

bottom sections, respectively, compared to the first prototype.

Following detailed analysis of the refined prototype's results, the subsequent discussion aim

to contextualize these findings against the set performance criteria.

S
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11 Discussion of Performance of Refined Prototype

Against Evaluated Performance Criteria

11.1 Evaluating Droplet Velocity Against Performance Criteria

The introduction of glycerol to the mineral oil in the refined prototype has influenced droplet
dynamics. Its higher viscosity, combined with mineral oil, alters the viscosity contrast,
leading to a marked decrease in droplet velocities[49], [114]. The heightened surface tension
due to glycerol can impact droplet generation time, potentially leading to larger, slower-
forming droplets[122]. This viscosity-surface tension interplay indicates a transition towards

laminar flow regime in the refined prototype, resulting in smoother droplet detachment[96].

Reduced Droplet Velocity: The refined prototype achieved an average velocity reduction of
15.41%, aligning closely with the targeted 15% reduction. While velocity was measured at
angles of 0, 30, and 60 degrees, it’s imperative to extend this analysis to other angles,

ensuring uniformity across the sensory light’s spectrum.

Higher Variation in Droplet Velocity: The refined prototype's dynamic behavior highlights
a pronounced variation in velocity across different inclination angles in comparison to the
first prototype, suggesting that fluid alterations have introduced more variability in droplet

movement[82], [92].

Droplet Longevity and Enhanced Interactivity: Reduced velocity up to 60 degrees
suggests prolonged longevity. Qualitative observations indicate droplets tend to form at a

measured pace, averaging a life span of 4 seconds, close to the set 5-second benchmark.

11.2 Evaluating Droplet Generation Time Against Performance Criteria

The incorporation of glycerol into the mineral oil has led to a more controlled ascent of
droplets due to reduced buoyancy-driven forces[81], [103]. This is further accentuated by
glycerol's propensity to increase surface tension, resulting in a more stable fluid interface and

overall longer generation times [108], [124].
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Increased Droplet Generation Time: The refined prototype showed an notable in droplet
generation time across inclinations, averaging 247.56% for the top and 64.21% for the
bottom, aligning it with the 30% target. This elongation generation time, especially beyond
60 degrees in the top section, may pose challenges in maintaining the desired interactivity.
This arises as a critical tilt angle where gravitational forces can't overcome increased surface
tension and viscosity, inhibiting droplet generation[40], [46]. Future prototypes might

investigate various fluid additives or chamber shapes.[125].

Maintained Interactivity: The refined prototype balanced droplet velocity and user

engagement, maintaining interaction within the key angle range of 0-45 degrees.

Improved Base: The dynamic base of the sensory light allows angle adjustments (see Fig 30,
left), influencing droplet velocity and generation times, and paired with the turbulent effect

(see Fig 30, right), it enhances user interaction [53].

11.3 Evaluating Droplet Aspect Ratio Against Performance Criteria

Aspect Ratio Variability and Fluid Dynamics Principles:

The targeted aspect ratio range of 5.0-0.5 was not only met but exhibited a rich variability
across different angles of inclination, suggesting a more dynamic evolution in droplet
morphology[87]. At inclinations of 0° and 15°, the refined prototype demonstrated steep
declines in aspect ratios, indicative of significant vertical droplet elongation. The reduced
viscosity contrast and capillary number, a dimensionless parameter that signifies the relative
effect of viscous forces over surface tension, has a direct bearing on droplet dynamics,

influencing their formation, detachment, and overall morphology[82], [101], [103].

Interactivity and Prototype Performance:

Enhanced interactivity, as evidenced by the observed droplet coalescence and swerving,
underscores the refined prototype's performance[28]. Such behaviors are emblematic of fluid
systems operating in reduced Reynolds numbers, emphasizing the dominance of viscous
forces over inertial ones[96]. Despite diminished interactivity over 60 degrees, the prototype

performs best in the 0-45 degrees, the most commonly interacted with range.
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11.4 Evaluating Droplet Size Against Performance Criteria

Droplet Size Variability and Fluid Dynamics Implications:

The refined prototype’s ability to produce larger droplets, especially from 0 to 60 degrees, is
a direct consequence of the altered fluid composition. By modulating the viscosity contrast
between the two immiscible fluids, the dynamics at the interface are modified, leading to the
formation of larger droplets[90], [126]. Smaller droplets necessitate more energy to overcome
the increased interfacial forces, explaining the observed larger droplet sizes in the refined
prototype[100]. This observation aligns with the performance criterion targeting a minimum

droplet size variation of 2 millimeters across 0-120 degrees.
Having assessed the improved protype performance, and validated the multisensory

connection of the refined prototype, subsequent section will delve into the market opportunity

for "Breathe" in the commercial landscape.

12 Commercialization of A Novel Sensory Light
“Breathe”

12.1 Market Analysis

The ambient lighting industry is anticipated to reach £104.87 billion by 2026, while the
worldwide LED market, worth £70.94 billion in 2022, will increase at an 11.0% CAGR
through 2024. [127][128]. While "Breathe" is a niche within this sector, these figures

underscore a robust market opportunity for its entrance.

Total Available Market

$14.03 Billion

Serviceable Available Market

10% of TAM - $4.21 Billion

Serviceable Obtainable Market

5% of TAM - £0.21 Billion

Figure 36 - Geoffrey Moore’s bowling alley market strategy
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Problem

Within this expansive market, "Breathe" focuses on students aged 18-25 as its beachhead

segment, aligning with Geoffrey Moore’s Bowling Alley Analogy (see Fig. 36)[129]. The

UK had approximately 2.66 million students in 2020-21, with an added 562,060 the next year

[130]. "Breathe" aims to tap into this demographic, using platforms like Instagram and

TikTok for marketing.Using a top-down approach based on the $140 billion LED and

ambient lighting sectors, 'Breathe’ has a TAM of £14.03 billion. Targeting apt segments, the

SAM is £4.21 billion, with an initial SOM of £0.21 billion.

12.2 Competition

Amidst this promising landscape, "Breathe" confronts competition. Notable competitors

include Phillips Hue, a customizable smart lighting system; Aurora, a relaxation lamp with

mobile-controlled light and sound; Hooga, amalgamating light, sound, and aroma [131]—

[133]. Each brings distinct difficulties, such as Philips Hue’s strong brand recognition. Yet,

"Breathe" distinguishes itself through its spinning feature, circular design, and use of

Rayleigh-Taylor Instability, which together create an unparalleled sensory immersion.

12.3 Lean Canvas

Solution

People seeking ways to
reduce stress and anxiety

* Calming effect of water
o Proven to reduce

Unique Value
Proposition

Innovative bubble

Unfair Advantage

* Extensive research into
sensory lights

Customer Segments

* Desk-side version for
students, aged 14-21,

levels stress and anxiety dropping effect » Insights from medical both male and female

¢ Looking to improve ¢ Customisable light « Scalability of sizes to experts « High end lighting fixture
feeling present and a settings appeal to different « Range of scientific for adults, aged 25-60,
state of mindfulness o Unique relaxing customer segments studies examining water both male and female

* Reduce screen time in atmosphere . and its calming effects e Large scale lighting

today's fast paced and
technology driven world

Key Metrics

Number of sensory light
fixtures sold

Customer satisfaction
Number of locations
where lamp is available
Engagement levels and
social media growth
App-subscription
retention rate

Personalised light
settings (16 different
colours, brightness levels
varied bubble drop rate)
Functions as a
productivity timer

Ability to adapt light
effect via variation of
density of fluids, directing
chambers etc

Paired with an app:
meditation timer, ability
to track progress, insight
and advice from
professionals

Channels

Online marketplaces
Home and garden stores
Specialty stores (wellness
stores)

E-commerce - through
personal website

Social media pages
(Instagram, YouTube,
Pinterest, TikTok)

fixture for restaurant &
hotel owners

Early Adopters

« Sensory light fixtures
originally used to aid
children with learning
impairments such as
autism

Health benefits - reduced
stress/anxiety, promoted
socialisation, improved
balance and orientation

Cost Structure Revenue Streams

Design and development costs, manufacturing and quality control, marketing,
sales, social media management, customer service and support, overhead costs

B2C sales - one time sales of sensory light fixtures, B2B sales - large scale light
fixtures sold for installations, exhibitions, venues and public spaces, monthly
subscription fee for the app

Figure 37 - lean canvas for “Breathe” Sensory Light
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The Lean Canvas, devised by Ash Maurya, is adept at analyzing start up business ventures

like "Breathe", minimizing assumption risks (see Fig 37).

12.3.1 Problem, Solution, and Unique Value Proposition

Rising screen time, averaging 11 hours for adults, is linked to heightened stress and anxiety

[11, [7], [58]. "Breathe” leverages water's tranquility, offering a captivating sensory

alternative to screens.

12.3.2 Revenue Streams and Cost Structure

"Breathe" adopts a B2C sales strategy, pricing its sensory lights from £44. Distribution
includes online marketplaces, specialty stores, and its website. An future mobile app will
further enrich user experience. Manufacturing costs vary between £23 and £59, with other

costs covering salaries, marketing, and supplier dealings.

12.3.3 Customer Segments

"Breathe" primarily targets students and households. The desk-sized model, tailored for
students, also functions as a study timer (see Fig 38). The medium-sized variant caters to
adults, providing serene household ambiance (see Fig 39). B2B opportunities arise, with
potential installations in restaurants and hotels, leveraging user-generated content and word

of mouth promotions (see Fig 40).
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Figure 40 — “Breathe” for public spaces
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Product designer: Responsible for
designing, prototyping and developing
the sensory light fixtures.

(357)

Engineer: Responsible for developing
and testing the technology

Cen)

Manufacturer: Responsible for
producing, assembling, and packaging

-

Marketing and sales: Responsible for
promoting, selling and social media
management

(g

Customer service: Responsible for @
handling customer inquiries and support
requests.

Distribution partners: Responsible for C@
handling the logistics of getting the 6
sensory light to customers. =3 _>

Legal: Responsible for handling

intellectual property issues and other
legal matters related to the business. —_—

(-2)

-

-

Finance: Managing the financial aspects
of the business, including budgeting, =
forecasting, and accounting.

(rez)

Management: Responsible for [‘&
overseeing the overall operations of the i
business and making strategic decisions.

(zez)

Figure 41 — list of key employees and partners

12.3.4 Key Resources and Partnerships:

Operational efficiency requires strategic partnerships (see Fig. 41). Collaborations with
manufacturers, legal consultants, and marketing agencies ensure quality production at cost-

effective rates. Potential investments will strengthen “Breathe’s” market entrance.



12.4 Manufacturability and Process Flow Diagram

1. 2. 3.

The Idea: Designing: Prototyping:

* Conduct lean business canvas * Ensure that sensory light fixture » Build/test a prototype of the
« Identify opportunities validate product is functional, aesthetically sensory light

need pleasing, and easy to use * Conducting laboratory testing,
« Conducting market research, gathering « Conducting user research, user testing

feedback from potential customers prototyping and testing * Ensure that the product is ready

Identifying potential revenue streams. Refining final product design. for mass production.

6. 5.

Quality Control: Manufacturing: User Testing:
* Ensure high standards by * Find material supply and « Find any tweaks that need to be
conducting quality control partners made before manufacturing.
checks. * Sourcing materials, negotiating * Gathering feedback from users,

* Inspecting materials, contracts identifying areas for
components, and finished * Establishing relationships with improvement,
products manufacturers. * Making changes to design or

Must meet all specifications and functionality of the product.
standards.

S w15

8.

Qe

7. 9.

Packaging: Shipping: App Design:

« Package for shipping to protect « Distribute the sensory light « Develop app that allows users to
product and easy for customers fixtures to customers access customisable light
to use « Establishing relationships with effects and mindfulness

* Designing and sourcing distribution partners, setting up guidance from experts
packaging materials fulfilment centres « Working with app developers

» Developing packaging processes « Developing efficient and cost- and designers to create a user-
meeting all relevant standards effective shipping processes. friendly and engaging app that
and regulations. meets the needs and

preferences of our customers.

A
10 qalo]
Key Metrics:

* Measure success of the product

FI NAL by tracking number of sensory

lights sold, the number of app
PRODUCT subscribers .
* Understand how the product is
performing and identify areas
for improvement.

Figure 42 — Breathe process flow diagram

The production of "Breathe" involves a streamlined process flow diagram, ensuring efficient

production and cost management. Fig 42 provides a visual representation of the production

stages, enabling timely identification of bottlenecks and optimization opportunities. A

detailed manufacturing breakdown, which will be periodically reviewed is depicted in Fig 43
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Inner ring of bearing is 450mm outer diameter black 450mm diameter clear
bolted to the wall on four \ polycarbonate scratchproof polycarbonate scratchproof
fixed points Sheet, 5Smm thickness - 4 laser Sheet, 3mm thickness

cut rings bonded using Tensol

glue

48W Ultrathin LED
(400mm diameter),
friction fit inside lazy
suzan bearing

Rectangular divider with

two pipes, one for liquid
Plastic structure bolted to flowing up, one for liquid
frame on four fixed points flowing down

450mm lazy suzan bearing
(two concentric rings), inner
ring bolted to wall, outer ring is
freely rotating

Figure 43 — Manufacturability breakdown for “Breathe” sensory light
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12.5 Financial Projections

Potential profitability and long-term viability of “Breathe” was assessed through financial

projections, providing a clear fiscal roadmap for the 2024-2026 period.

Table 2 - Component costs, selling price and net per unit margin for “Breathe” desk side and “Breathe” home living

Desk Side Version Home Living Version

Components Cost Components Cost
Chamber £ 9.00 Chamber £ 5.00
Water & Dye £ 5.00 Water & Dye £ 0.50
Mineral Oil £ 10.00 Mineral Oil £ 1.00
20W Backlit Panel £ 15.00 20W Backlit Panel £ 7.00
Wooden Base £ 7.00 Wooden Base £ 3.00
Assembly £ 5.00 Assembly £ 2.50
Packaging £ 3.00 Packaging £ 1.00
Shipping £ 5.00 Shipping £ 3.00
Total Cost £ 59.00 Total Cost £ 23.00
Selling Price £ 109.00 Selling Price £ 44.00
Net Margin £ 50.00 Net Margin £ 21.00

The Desk Side costs £59 per unit with a net margin of £50, translating to a 47.7% margin. In
contrast, Home Living version costs £23 per unit, yielding a net margin of £21, a 45% margin
(see Table 2). Table 3 shows expected retail price and costs for “Breathe” with projected

inflation rates accounted to be 1.8% in 2025 and 2.1% in 2026.

Table 3 Retail price and cost for desk side/home version sensory lights, inflation adjusted at 1.8% in 2025, and 2.1% in 2026

Desk Side
Year 2024 2025 2026
Retail Price £ 44.00 £ 44.79 £ 45.73
Cost £ 23.00 £ 23.41 £ 23.91

Home Version
Year 2024 2025 2026
Retail Price 109.00 £ 110.96 113.29

59.00 £ 60.06 61.32

(a2}
m

(np]

Cost

(np]

Targeting 5% of the ambient lighting market, sales forecasts (Table 4) are conservative but
achievable with strategies like influencer marketing through TikTok and Instagram,

positioning e-commerce as the primary revenue source.
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Table 4 Sales forecast for “Breathe” desk side and home living, 2024-2026

Desk Side Version | Home Living Version
Year Units Sold
2024 7,095 2,682
2025 10,116 3,402
2026 14,425 4,314

Start-up costs for Breathe are around £36,000 (see Table 5), covering essential sectors while

operating under a lean approach. Funding plans include crowdfunding like Y-Combinator,

and private investments. Additional £ 100,000 is sought in 2024, once production has

commenced to ensure smooth operations post-production launch.

Table 5 Start-up costs, initial investment required to commence operation

Product Development f 25,000.00
Legal & Accounting £ 8,000.00
Website Development f 3,000.00
Total £ 36,000.00

As operations expand, variable costs, especially marketing, are set to rise (Table 6).

Outsourcing manufacturing inflates these costs initially. Economies of scale are set to be

achieved by year 5 of operation. As Breathe transitions to in-house manufacturing and

production volume increases, these expenses are aimed to be minimized over time.

Table 6 Variable costs for “Breathe” operation, 2024-2026

Year 2024 2025 2026
Variable Unit Costs £ 321,423.00 £ 441,139.68 £ 609,436.23
Marketing Costs £ 11,000.00 £ 15,000.00 £ 22,000.00
Total f 332,423.00 f 456,139.68 £ 631,436.23

Fixed costs, driven by increased workforce and operational needs will rise from £74,230 in

2024 to £163,740 by 2026 (Table 7). Crowdfunding and investment rounds are planned to

address potential cost surges, with a £2000 annual contingency fund for added security.

Breathe aims to reduce fixed costs by employing a smaller, skilled workforce, allocating 10%

of equity for employee premiums.
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Table 7 Fixed costs for “Breathe” operation, 2024-2026

Storage & Fulfilment | £ 15,000.00 | £ 18,000.00 f 21,000.00
Utilities £ 960.00 | £ 1,040.00 £ 1,580.00
Salaries £ 54,350.00 | £ 85,680.00 £ 131,480.00

Business Insurance £ 1,400.00 | £ 2,800.00 £ 6,430.00
Digital Services £ 520.00 | £ 850.00 £ 1,250.00
General Expenses £ 2,000.00 | £ 2,000.00 £ 2,000.00
Total £ 74,230.00 | £ 110,370.00 £ 163,740.00

Table 8 Financial summary for Desk Side Version, 2024-2026

Given the following financial assumptions and sales forecasts, presented is a financial
summary for revenues and profits obtained (Table 8/9). Profits are expected to be 30% higher
for the desk side version despite the lower margins. In coming years, “Breathe” aims to

reduce production costs and amplifying marketing efforts for optimal profits.

Desk Side Version
Year 2024 2025 2026
Units Sold 7095 10116 14425
Avg. Selling Price £ 4400 | £ 4479 | £ 45.73
Yearly Revenue £ 312,224.65 | £ 453,150.30 | £ 659,643.22
Variable Unit Costs | £ 163,185.00 | £ 236,815.56 | £ 344,901.75
Yearly Profit £ 149,016.31 | £ 216,306.17 | £ 314,747.76
Table 9 Financial summary for Home Living Version, 2024-2026
Home Living Version
2024 2025 2026
Units Sold 2682 3402 4314
Avg. Selling Price £ 109.00 | £ 110.96 £ 113.29
Yearly Revenue £ 292,383.56 | £ 377,480.88 | £ 488,789.81
Variable Unit Costs £ 158,238.00 | £ 204,324.12 | £ 264,534.48
Yearly Profit £ 134,120.90 | £ 173,159.49 | £ 224,224.61

operations in coming years.

By 2024, Breathe projects £ 197'955 in net profit (Table 10 & Fig. 44) which will be

allocated to pay back investors for start-up costs and the purchase of new inventory to scale
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Table 10 Projected revenue, expenses and net profit for Breathe, 2024-2026

Year 2024 2025 2026
Total Revenue f 604,608.21 f 830,631.18 f 1,148,433.03
Total Expenses £ 406,653.00 £ 566,509.68 f 795,176.23
Net Profit £ 197,955.21 £ 264,121.50 £ 353,256.81
Projected Revenue & Profit Forecasts, Breathe Sensory Light
1.2Mr I Revenue
Profit
Mf
800k f
% 600k
S
<<
400k
200k

2024

2025
Year

2026

Figure 44 - Projected revenue & profit forecasts for Breathe, 2024-2026

Breakeven analysis is a financial tool that determines the point at which Breathe's revenue

will cover its costs, indicating no net loss or gain. Essential for identifying and mitigating

associated business risks, this analysis builds confidence in the venture (Table 11). Given the

positive projections from similar products, it underscores Breathe's viable business model and

its potential for sustained success in the ambient lighting market.

Table 11 Breakeven targets for Breathe, 2024-2026

Desk Side "Breathe"

| Home Living "Breathe"

Predicted to be achieved?
Year Break Even Target (Units Sold) (Y/N)
2023 4059 1705 Y
2024 5864 2463 Y
2025 8512 3574 Y
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12.6 SWOT Analysis

S

STRENGTHS

The product is made
from durable and
recyclable materials

Full sensory experience
with calming effect -
reduces stress and
anxiety

Reduced screen time
allowing for a state of
mindfulness

For every product sold,
a 3% is donated to
tackle plastic pollution
in the ocean.

Personalised light
settings to customer
needs as well as paired
with an app.

W

WEAKNESSES

Traditional lamps are
cost-effective.

Dependent on third
parties for raw
materials.

High risk associated
with a startup company.

Product may require
further design
improvements.

.

O

OPPORTUNITIES

Product scalability
allows to target new
customer segments.

Opportunities for
international growth.

Opportunity to develop
new products with
similar technology.

Opportunity to market
the product in social
media such as
Instagram and TikTok

The product can be
easily reproduced thus
requires the need of a
patent.

Increased costs of raw
materials.

Increased competition
in the market.

Government imposed
regulations.

Figure 45 SWOT analysis for Breathe Sensory Light

SWOT analysis (Fig 45) evaluates "Breathe's" Strengths, Weaknesses, Opportunities, and

Threats, guiding decision-making and growth strategies.

Having outlined potential strategies for commercialization, it's evident that "Breathe" not
only holds a unique position in the market but also showcases undeniable profitability and

viability.



13 Conclusion

The modern world has witnessed a significant increase in screen time, with individuals
spending nearly 7 hours daily on screens, accounting for 40% of their waking hours[1], [58].
This trend, predominantly among adolescents correlates to a plethora of adverse effects,
including sleep disturbances, dietary problems and mental health challenges[4], [7].
Addressing this pressing issue, the project aimed to refine and optimize a sensory light fixture
using high speed imaging techniques, targeting mental health and phone addiction by crafting

a fluid-based light fixture for multisensory user stimulation.

Fluid-based sensory lights’ potential was first recognized through the bubble tube case study,
primarily used therapeutically for children with learning disabilities like autism [62][10].
While promising, this visual interaction required more interactivity[10]. The goal was to
overcome this by developing a sensory light that connects physical interaction to varied
dynamic visual effects, utilizing Rayleigh-Taylor instabilities in oil-water flows[80] [12].
This multisensory approach forms a cognitive feedback loop, acting as a therapeutic anchor,

grounding users in the present while fostering relaxation and mental well-being [11].

The initial prototype presented challenges within the fluid dynamics composition. User
feedback highlighted the need to decrease droplet velocity for a more calming effect. A high-
speed imaging experiment was devised to enhance the dynamics of the visual display by
reducing droplet velocity while preserving interactivity at steeper inclinations. Droplet
velocity, size, aspect ratio and generation time spanned a 0-135-degree range for both

chambers of the sensory light.

Experimental results presented vital insights. The droplet velocity was too high, resulting in
unfavorable generation times. Aspect ratios presented minimal variability across the 0—45-
degree range, while droplet size diminished at steeper angles. This data was pivotal in setting
ten quantifiable performance criteria for the subsequent, quantifying the multisensory

connection in tangible fluid dynamics data.

Using these findings, the refined prototype aimed to reduce droplet velocity by 15% and
increase droplet generation times by 30%, maintaining interactivity at 120 degrees for the top
chamber and 60 degrees for the bottom. Introducing glycerol modified fluid properties,

decreasing droplet velocity with a higher variability in aspect ratios.
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Another round of high-speed imaging was conducted on the refined prototype. Droplet
velocity reduced by 15.41%, and the aspect ratio showcased higher variation, especially in
the 0—45-degree range. Droplet generation times increased by 247.56% and 64.21% for the
top and bottom respectively, and droplet size varied by 3mm. A dynamic base was integrated,
allowing users to swiftly change inclination angles and generate turbulent fluid motion with
fast rotation movements, enhancing its multisensory appeal. While the prototype met most
performance criteria, it faced challenges in maintaining interactivity beyond 60 degrees. The
presence of three-way flows in the top chamber introduced inconsistencies, which future

iterations aim to address by reducing this airgap.

The business strategy highlighted “Breathe’s” potential in the rapidly growing ambient
projected to grow to £104.87 billion by 2026[128]. Targeting students 18-25, "Breathe"
adopts a lean operational approach, emphasizing e-commerce and social media marketing. By
2024, projections show revenues of £604,608.21, with profits of £197,955.21. The scalability
presented with an expanded product offering, coupled with the exploration of varying fluid

dynamics effects, positions “Breathe” uniquely in the market.

In conclusion, experimental data, user testing and market research have facilitated the
refinement of a novel sensory light that leverages fluid dynamics. The refined prototype,
backed by rigorous scientific data, stands as a testament to the power of fluid dynamics in
creating therapeutic tools. Further research and user testing is imperative to optimize droplet
velocity and ensure consistent interactivity across desired angle ranges, ensuring that the
sensory light fixture remains not just a product, but a beacon of hope for those grappling with

the challenges of the digital age.
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14 Limitations & Future Work

The endeavor of developing a sensory light fixture anchored in fluid mechanics has yielded
significant results, yet also presents areas for further refinement and exploration. While the
project's emphasis was on modulating droplet velocity, other vital fluid dynamics parameters

must be explored to amplify the sensory experience.

Future work could delve deeper into fluid composition, particularly the introduction of
surfactants to the oil, aiming to increase velocity and interactivity at steeper angles [82],
[106]. This would pave the way for creating sensory light variants with diverse droplet
dynamics, each tailored to specific user needs. Coupled with user testing, employing
advanced neurostimulation measurement tools like EEG and heart rate monitors, one could
discern the sensory light version offering the most profound neurostimulatory potential, while

maintaining interactivity within the critical 0-45 degree angle range[134].

Beyond fluid properties, the design itself has areas for further refinement. Investigating
various chamber geometries and tube configurations could boost interactivity while
introducing new fluid dynamics effects beyond Rayleigh-Taylor Instabilities [135], [136].
The scalability of the sensory light offers another exciting avenue. Envisioning variants—
from desk-side versions for students to grand installations for public spaces—highlights the
adaptability of the product across diverse contexts. Moreover, future designs should consider
integrating the light source directly into the sensory fixture, moving away from backlit

panels.

In summation, while the current project has laid a robust foundation, the realms of
exploration are boundless. “Breathe” with its profound potential, stands poised at the cusp of

myriad scientific and design innovations, promising a brighter, more interactive future.
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Appendix

Appendix A — Macro plug-in which extracts the profile plot generated in ImageJ into a .csv

file

// StackProfileData

// This ImageJ macro gets the profile of all slices in a stack

// and writes the data to the Results table, one column per slice.
V4

// Version 1.0, 24-Sep-2010 Michael Schmid

macro "Stack profile Data" {
if (!(selectionType()==0 || selectionType==35 || selectionType==6))
exit("Line or Rectangle Selection Required");
setBatchMode(true);

run("Plot Profile");

Plot.getValues(x, y);

run("Clear Results");

for (i=0; i<x.length; i++)
setResult("x", i, x[i]);

close();

n = nSlices;
for (slice=1; slice<=n; slicet+) {
showProgress(slice, n);
setSlice(slice);
profile = getProfile();
sliceLabel = toString(slice);
sliceData = split(getMetadata("Label"),"\n");
if (sliceData.length>0) {
line0 = sliceData[0];
if (lengthOf{sliceLabel) > 0)
sliceLabel = sliceLabel+ " ("+ line0 + ")";

for (i=0; i<profile.length; i++)
setResult(sliceLabel, i, profile[i]);

/
setBatchMode(false);
updateResults;

}
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Appendix B — Generating velocity from plot profile, for 0, 30, 60 degrees.

from matplotlib import pyplot as plt
import numpy as np
from scipy.interpolate import splrep, splev

import pandas as pd
max_index = []

df = pd.read_csv (YU, doard b V1/Results0.csv)
for i in range(2 len(df.keys())):

max_index.append(np.argmin(dfidfkeys([il])))

pos = np.array(max_index)/24
t=np.arange(len(pos))/90

pltplot(t,pos)

plt.xlabel('t (sec))
plt.ylabel(position (mm)’)
plt.show()

spl = splrep(i{51:123], pos[51:123] k=3,5=5)

12 = np linspace(np.min(t[51:123]), np.max(1[51:123]), 10000)
pos2 = splev(t2, spl)

plt.plot(t2,pos2)

plt.xlabel(’t (sec))

plt.ylabel(position (mm)’)

plt.show()

plt.plot(t2, pos2)
plt.xlabel(’t (sec))
plt.ylabel('position (mm)’)
plt.show()

plt.plot(t2, np.gradient(pos2,12))
plt.xlabel('t (sec))
plt.ylabel(velocity (mmisec)’)
plt.show()

from matplotlib import pyplot as plt
import numpy as np

from scipy.interpolate import splrep, splev
import pandas as pd

max_index = []
df = pd.read_csv (11 b V1/Results30.csv")
for i in range(2 len(df keys())):

max_index.append(np.argmin(dffdf.keys()[i]]))

pos = np.array(max_index)/24
t=np.arange(len(pos))/90

plt.plot(t.pos)

plt.xlabel('t (sec))
plt.ylabel(position (mm)’)
plt.show()

spl = splrep([35:115], pos[35:115],k=3,s=5)

12_30 = np.linspace(np.min(t[35:115]), np.max(1[35:115]), 10000)
pos2_30 = splev(12_30, spl)

pltplot(i2_30,pos2 30)

plt.xlabel(t (sec))

plt.ylabel(position (mm)’)

plt.show()

plt.plot(r2_30, pos2_30)
plt.xlabel(t (sec))
plt.ylabel(position (mm)?)
plt.show()

plt.plot(2_30, np.gradient(pos2_30.12_30))
plt.xlabel(’t (sec))

plt.ylabel('velocity (mm/sec)’)

plt.show()

from matplotlib import pyplot as pit
import numpy as np
from scipy.interpolate import splrep, splev

import pandas as pd
max_index =[]

df = pd.read_csv (/Users/edoard by VI/Results60.csv)
for i in range(2,len(df.keys()):

max_index.append(np.argmin(dffdf.keys()[i]]))

pos = np.array(max_index)/24
t=np.arange(len(pos))'90

plt.plot(t.pos)

plt.xlabel('t (sec))
plt.ylabel(position (mm)’)
plt.show()

spl = spleep(1[99:263], pos[99:263] k=3 5=5)
1260 = nplinspace(np.min(t[99:263]), np.max(1[99:263]), 10000)
pos2_60 = splev(t2_60, spl)

plt.plot(t2_60,pos2_60)

plt.xlabel(t (sec))

plt.ylabel(position (mm)’)

plt.show()

plt.plot(2_60, pos2_60)
plt.xlabel(t (sec))
plt.ylabel(’position (mm)")
plt.show()

plt.plot(t2_60, np.gradient(pos230,12_60))
plt.xlabel('t (sec))

plt.ylabel(velocity (mmisec)’)

plt.show()

plt.plot(r2_60-12_60[0], np.gradient(pos2_60,12_60), label="60 deg")
plt.plot(t2_30-12_30[0], np.gradient(pos2_30,12_30), label="30 deg")
plt.plot(2-2[0], -np.gradient(pos2,12), label="0 deg’)

plt.xlabel('t (sec))

plt.ylabel(velocity (mmisec)’)

plt.legend()
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Appendix C — Aspect ratio over time at 0-75 degrees of inclination, top of the sensory light
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Appendix D - Aspect ratio over time at 0-75 degrees of inclination, bottom of the sensory
light
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Appendix E - Aspect ratio over time comparison of top & bottom at 0—75-degree range

Aspect Ratio Over Time At 0 Degrees of Inclination (Top & Bottom)

Aspect Ratio Over Time At 15 Degrees of Inclination (Top & Bottom)
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Appendix F - Examination of droplet elongation and release at various angles of inclination,
bottom chamber of the sensory light

Bottom Chamber of the Sensory Light
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Appendix G - Velocity of Droplets over time, 30 degrees, First vs Refined Prototype

Droplet Velocity Over Time (30 degrees)
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Appendix H - Velocity of Droplets over time, 60 degrees, First vs Refined Prototype

Droplet Velocity Over Time (60 degrees)
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Appendix I - Aspect ratio over time at varying angles of inclination, bottom chamber,
Refined Prototype

Aspect Ratio Over Time At Varying Angles (Bottom) - Refined Prototype
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Appendix J - Aspect ratio over time for refined vs first prototype, 0-45 degrees

Aspect Ratio Over Time At 0 Degrees Inclination (Top)

Aspect Ratio Over Time At 15 Degrees Inclination (Top)
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Appendix K - Droplet generation time vs angle of inclination, top chamber, First vs Refined

Prototype
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Appendix L - Droplet size vs angle of inclination, top chamber, First vs Refined Prototype

Droplet Size Vs. Angle of Inclination (Top)
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