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ABSTRACT 

A pneumatic-based illumination switch has been developed for use in conjunction with 

collimated daylighting collection systems that collect sunlight on the façade of a multi-storey 

building and distribute it throughout the core areas of the building.  Daylight collection 

systems are currently of interest since they have the potential to significantly reduce the need 

for electrical lighting in workplaces, thus reducing the required electrical energy and 

associated greenhouse gas emissions.  In one particular system, sunlight is distributed by 

hollow light guides and redirected into light fixtures positioned along the guides.  The 

illumination switch described here can be incorporated into the light guides to control the 

amount of sunlight that is directed into each fixture.  This control device consisted of a 

Fresnel lens positioned with its structured surface adjacent to a layer of silicone gel that had a 

similar refractive index value as the lens.  In one mode of operation, the gel layer was 

separated from the lens so that the lens focused incident sunlight into a hollow light guide 

that carried the sunlight to a fixture.  In the second mode of operation, when the index-

matching gel layer was pressed into contact with the structured surface of the Fresnel lens, 

the switch allowed sunlight to pass substantially undeflected through the lens and continued 

down the guide.  The switch was activated by a vacuum pump that adjusted the relative 

pressure in order to pull the silicone gel into and out of contact with the Fresnel lens.  

Experimental tests showed that intensity of the light emitted by a fixture can be controllably 

and reproducibly reduced by about 75 % of the original intensity when the switch was 

activated.   
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1 INTRODUCTION 

Sunlight is an inexhaustible natural resource that can help to reduce the need for electrical 

lighting energy.  Utilizing a system that provides daylight for illumination purpose to office 

buildings will reduce significant amount of electricity consumption of the building since 

large portion of it is a result of illumination by electric lights.  For example, about 40 % of 

the total electricity consumption in a building comes from illumination in the United States1.  

The use of such a system will help to reduce greenhouse gas emissions and also provide 

natural daylight in workplaces which is thought to be higher quality light for occupants2.  

There have been a number of inventions for using daylight for illumination and there are 

currently two main approaches to introduce daylight into a building for illumination.  The 

first approach uses diffuse daylighting systems to increase the sunlight entering a building.  

A diffuse daylighting system is capable of introducing diffuse daylight into a building.  Light 

shelves3, skylights4 and anidolic daylight systems5 fall into this category.  One of the most 

common diffuse daylighting systems is the use of tall windows which can be seen in many 

current office buildings.  Tall windows allow more daylight into the building than 

conventional windows which tend to be shorter.  Another example of diffuse daylighting 

systems is the light shelves.  The light shelves enhance more daylight to enter a building by 

locating a sheet of reflective material outside or inside of the building near windows.  These 

sheets reflect the incident sunlight to ceilings which makes inner part of the building brighter 

than using the tall windows alone.  Skylights are flat or domed windows which are typically 

mounted horizontally on roof tops so that daylight can reach inner part of a building.  

Anidolic daylighting system uses parabolic mirrors to redirect the daylight into light guides 

for illumination.   

Although these diffuse daylighting systems help illumination, they are not very effective in 

terms of cost and energy savings.  For example, tall windows are more expensive than 

conventional shorter windows and cannot illuminate the building core, since the sunlight 

only penetrates a short distance into the building.  Furthermore, the light tends to enter 

sideways through the window, rather than downwards from above, and this sideways light 

causes discomfort glare for the occupants. These tall windows also produce high heat in the 
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building which adds the cost of cooling the building.  To reduce heating from sunlight, low 

transmission glazing can be installed and there are many studies associated with window 

glazing6,7,8  which are aimed to overcome these issues but the cost of producing such 

windows is very high.  Also, using low transmission glazing may not be acceptable to 

occupants since more glazing transmits less daylight which makes the room appear dim and 

fails to function as diffuse daylighting systems9.  For the case of light shelves, the heat gain 

can be reduced by the shade created by the reflective sheet on the windows10 but they cannot 

provide constant and uniform illumination throughout a day since the intensity level of 

daylight changes depending on climate and time of the day.  This is an issue also for the 

skylights and anidolic daylight systems.   

The second approach for bringing daylight into a building is the use of collimated daylighting 

systems.  A collimated daylighting system can provide daylight to core part of a building for 

illumination, unlike a diffuse daylighting system which provides daylight to only a small 

fraction of area, by maintaining a certain degree of collimation of the collected sunlight.  

These systems typically have a sunlight collection component and a distribution component 

to collect and bring the sunlight into a core region of a building.  The idea of a sunlight 

collection and guiding system is not new, and a number of collimated daylighting for 

illumination have been previously developed 11,12.  SolarPoint Lighting13 manufactured by 

Sunlight Direct is one commercially available collimated daylighting systems.  SolarPoint 

Lighting uses parabolic mirrors to concentrate daylight at optical fibers which carry the 

collected daylight throughout a building.  The parabolic mirrors are controlled so that it 

tracks the sun accurately.  Another example of a commercially available system is Parans 

Solar Lighting System14.  The daylight collection component of this system consists of many 

Fresnel lenses which are moved by an active tracking which keeps the surface of the Fresnel 

lenses perpendicular to the direction of the sunlight15.  This tracking is controlled by 

photosensors which record the intensity level of daylight throughout the day when this 

system is initially installed.  Then, they store the motion of the sun at the location of the 

building based on the recorded measured intensity level.  The Fresnel lenses are moved by 

this tracking system and collect sunlight by concentrating the sunlight at optical fibers which 

are located at the lens’ focal length which then carry the collected sunlight throughout the 

building.   
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Both systems are able to accurately track the sun so their concentration ratio is very high.  

However, these systems are not cost effective since the optical components are required to be 

very precise in order to produce the high concentration ratio.  The comparative cost of optical 

fibers throughout the building is also another reason why these collimated daylighting 

systems are not cost effective.   

One collimated daylighting system recently developed at University of British Columbia16 

appears to have the potential to be cost effective in volume production.  The so-called solar 

canopy illumination system is a sunlight collection and guiding system and is targeted for 

multi-storey office buildings since collection modules can be installed on each floor, above 

the windows.  This collection system can be used in new construction and also requires 

minimal renovation in order to be installed in many existing buildings.  Using this system, 

the existing electric lighting system can be replaced with dual function light guides that 

operate as efficient electric fixtures and also distribute sunlight to the core regions of the 

building.  The sunlight collection system on the exterior has the added benefit of providing 

shade for the windows, which reduces the need for window filters and also reduces electrical 

energy required for air conditioning.  The first demonstration system based on this 

technology was successfully completed on an existing building in Vancouver, Canada in 

200817, and more installations are currently underway.  This solar canopy illumination 

system can be cost effective since the concentration ratio is about 10, which is low compared 

to the other collimated daylighting systems, so the optical components are not required to be 

highly precise which reduce the cost of the components but still able to collect and distribute 

the required amount of sunlight.   

Utilizing these collimated daylighting systems, the need for electrical lighting can be reduced 

significantly since they can bring daylight to core regions of a building to replace electrical 

lightings.  However, since the amount of sunlight that strikes the façade of the building is 

limited, it is advantageous to use the sunlight only where it is needed.  To facilitate this, an 

illumination switch can be used to adjust the illumination level of different fixtures, so that 

the sunlight can be redirected to other areas of the building.  This thesis describes the design 

and performance of a pneumatic-based illumination switch that can be used in collimated 

daylighting systems.  The illumination switch controls the light intensity level by varying the 
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optical power of a Fresnel lens by controllably forcing it into contact with a sheet of 

transparent silicone gel that has a similar index of refraction value as the Fresnel lens.     

The background information of the sunlight collection system and other basic physical 

principles associated with the sunlight collection system and the pneumatic-based 

illumination switch are described in Chapter 2.  The basic concept of the design of the 

illumination switch using a Fresnel lens and silicone gel is described in Chapter 3 and the 

details of the construction of the switch are presented in Chapter 4.  In Chapter 5, the 

performance of the experimental device is discussed.  The ray trace model of the device and 

its results are discussed and compared with experimental results in Chapter 6 and a 

demonstration of the switch in a simple light guiding arrangement is described in Chapter 7.  

Lastly, the conclusion of this project is presented in Chapter 8.   
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2 BACKGROUND  

In this chapter, background information associated with the collimated daylighting systems 

and some physical principles used in this project are described.  

2.1  COLLIMATED DAYLIGHTING SYSTEM 

Although sunlight is a practical source of illumination, at present in most multi-storey office 

buildings, adequate illumination can only be achieved in a relatively small area around the 

perimeter of the buildings, typically by the window light that falls within 3 m of the 

windows.  In contrast, collimated daylighting systems are capable of harvesting sunlight on 

the exterior of the building and distributing it throughout.  There are a number of different 

sunlight collectors invented previously as explained in the introduction, but one example of a 

practical collimated daylighting system is the solar canopy illumination system18.  The solar 

canopy illumination system is to our knowledge the first cost-effective sunlight collection 

system targeted at multi-storey office buildings.  As was mentioned in the introduction, this 

system not only reduces the need for illumination but it also reduces electrical energy needed 

for cooling the building for high sun elevations as it provides shade for the windows.  

Utilizing this system helps reduce greenhouse gases and provides better quality light than 

electric lighting19,20. 

2.1.1 Solar Canopy Illumination System 

The solar canopy illumination system consists of two main parts; the sunlight collection 

system and the guiding system.  Figure 2-1 shows the schematic diagram of the solar canopy 

illumination system.  The sunlight collection component, as labeled in Figure 2-1, is located 

on the external façade.  In order to maximize the amount of sunlight that can be collected, it 

is preferable for this solar canopy illumination system to be mounted on the equatorial-facing 

wall, which in North America is the south wall.   The lower part in the diagram shows the 

sunlight guiding and distribution system.  Detailed explanations of these two parts are 

discussed in section 2.1.1.1 and 2.1.1.2.   
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 Incident sunlight

Mirror array

Ray path

Redirecting mirrors

Light guide 
for distribution

Sunlight collection system

Sunlight guiding and 
distribution system

 

Figure 2-1. Diagram of the solar canopy illumination system (not to scale) 

2.1.1.1 Collection of sunlight 

As shown in Figure 2-1, each sunlight collection system has two sets of mirror arrays, two 

small parabolic mirrors, and two large paraboloidal mirrors.  This external component of the 

system collects sunlight using an array of mirrors, referred to as the adaptive butterfly array 

(Figure 2-2).  The motion of the mirrors is controlled by an inexpensive actuator that is 

programmed so that depending on the geographic location and time of the day and year, the 

mirrors track the sun accurately in order to maximize the amount of sunlight going into the 

light guides for illumination.  This method of tracking the sun is inexpensive because these 

mirrors do not have to be very precise and is capable of redirecting sunlight throughout most 

of the day.  The moving mirrors redirect the sunlight toward the large paraboloidal mirror 

which concentrates the sunlight.  The focused sunlight is then recollimated by the small 

paraboloidal mirror before entering the distribution light guides, through a small entrance 

window located between the collection and distribution systems.  The beam of sunlight 

entering the building has a resultant collimation angle of about 20º and concentration ratio of 

about 10 which is estimated to be the value needed for optimal daylighting design21.  One of 

the main reasons that previous sunlight collection systems are not cost-effective is that their 

optical components are required to be very precise since their concentration ratio is very 

high.  The solar canopy illumination system overcame this problem by an optical 

configuration that is capable of achieving a concentration ratio of 10.  The collection 

modules must be capable of withstanding a wide range of weather conditions since they are 
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mounted outside of the building.  In the case of the solar canopy illumination system, the 

optical components are enclosed within a transparent canopy which protects them from the 

elements.  This allows relatively inexpensive optical components to use and also eliminates 

the cost of regular maintenance.   

Square sheet of mirrors

Frame is moved about two axes 
by rotational actuators

 

Figure 2-2. Diagram of array of mirrors controlled by an actuator to track the sun 

2.1.1.2 Distribution of sunlight 

Once the sunlight has been redirected into the building, it is distributed throughout the 

building by the system referred to as the dual-function prism light guide (Figure 2-3).  The 

light guides can have virtually any cross-sectional shape, but for simplicity a rectangular 

cross-section has been used in the initial prototypes.  The top and side inner surfaces of the 

guide is covered with a highly reflective multilayer dielectric film22 which has a luminous 

reflectance value of greater than 98.5 % in the visible wavelength band.  The bottom emitting 

surface of the guide is lined with a sheet of prismatic film which causes total internal 

reflection when light hits the prismatic film at incident angles greater than a certain critical 

angle which causes the light to be efficiently transported down the length of the guide, and 

the high reflectance allows the sunlight to be carried for a long distance with minimal loss.  

In order to distribute the light for illumination, a sheet of optically diffuse material (typically 

called an extractor) is used.  The extractor is located on the inner top surface of the light 

guides and it changes the direction of light rays by diffusely reflecting them.  As a result, a 

certain fraction of the light no longer satisfies the conditions for the total internal reflection, 
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and instead escapes from the light guide by transmitting through the prismatic film.  In order 

to maintain uniform illumination in the building, along the length of the light guide, it is 

necessary to increase the width of the extractor.  This is because as sunlight travels through 

the building, the amount of sunlight inside of the light guides is reduced and therefore 

requires a larger sized extractor to distribute greater fraction of sunlight.  The amount of 

sunlight that can be obtained by the collimated daylighting system varies throughout the time 

of the day and year depending on the hours of sunlight and also the weather conditions.  As a 

result, in order to maintain a constant illumination level, it is necessary to incorporate control 

system, to supplement the daylight with electric light as necessary.   

Prismatic film

Fluorescent lamps

Extractor  

Figure 2-3. Side view of the dual-function light guide 

2.2 INDEX OF REFRACTION 

A primary design feature for an illumination switch for collimated daylighting systems 

involves matching the refraction index values of two materials.  The concept of index of 

refraction is also a key to understand the total internal reflection employed by the light guides 

which will be described in the next section, so for this reason it is important to describe the 

index of refraction.   

The index of refraction of a material is the ratio of the speed of light in vacuum to the speed 

of light in the material.  The value of the refraction index depends on the permittivity and 

permeability according to the Maxwell equations, where permittivity describes the reduction 

in total electric field when going through dielectric materials and permeability describes the 
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degree of magnetization of a material in response to an applied magnetic field.  The 

refraction index is often used for understanding the behavior of a light ray within a material 

or at the boundary of two materials with different refraction indices.   

2.3 TOTAL INTERNAL REFLECTION 

As mentioned earlier, the light guides in the solar canopy illumination system employ total 

internal reflection in order to propagate light throughout the building.  It is important to 

understand the total internal reflection (TIR) as some of the other types of light guiding 

devices are introduced later on which also employ TIR for transmitting light.   

When light travels from one medium to the other, the direction of the outgoing light changes 

by following the Snell’s law of refraction.  Snell’s law has the form: 

  ffii sinsin  nn   (2.1) 

where ni and nf are the index of refraction of initial medium and the second medium 

respectively and θi is the angle of incidence and θf is the angle of the outgoing light ray.  

When ni < nf, any angle of incident ray is transmitted into the second medium.  On the other 

hand, some light rays are not transmitted into the second medium when ni > nf but reflected 

at the boundary of the two mediums and stay in the initial medium, and this is the 

phenomenon known as TIR.  This occurs when the incident angle of the light ray is greater 

than a critical angle, where θc is calculated by: 

 i

f
csin

n

n


 
(2.2) 

The application of the TIR is used for some light guiding devices, such as optical fibers, and 

these devices are explained more in detail in the next chapter.   
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3 DESIGN OF THE ILLUMINATION SWITCH  

The goal of this project was to design and construct an illumination switch which can be used 

to vary illumination level of a fixture and also to efficiently distribute sunlight to each fixture 

by redirecting sunlight to where it is necessary.  This can be done by using a Fresnel lens 

whose optical power can be adjusted in order to control the direction of outgoing light.  The 

optical control is achieved using a layer of soft transparent silicone gel that is index-matched 

to the Fresnel lens.  The detailed design of the device is described in this chapter.   

3.1 BASIC PRINCIPLE OF THE DESIGN OF THE ILLUMINATION SWITCH  

In this section, the basic principle of the design of the illumination switch is presented.  The 

main parts of the illumination switch consist of a Fresnel lens and a layer of silicone gel 

where the silicone gel is used in order to change the focusing property of the Fresnel lens.     

As Figure 3-1 shows, the transparent silicone gel is positioned adjacent to the Fresnel lens.  

When the gel is not in contact with the Fresnel lens, the incoming light passes through the 

silicone gel and is then focused by the Fresnel lens, and a light-guiding device positioned at 

the focal point of the lens carries the collected sunlight to a specific fixture.  In this case, the 

focusing property of the Fresnel lens is active.  

When it is desirable to lower the illumination level of a fixture, the sheet of silicone gel is 

deformed into the shape of the Fresnel lens.  Silicone gel is chosen for deactivating the 

optical property of the Fresnel lens for its flexibility, high optical transmission and similarity 

in index of refraction to that of the Fresnel lens.  Most Fresnel lenses are made of acrylic 

which has a typical index of refraction value of 1.5.  If the index of refraction of the silicone 

gel perfectly match that of the Fresnel lens, the prisms of the lens that cause the refraction to 

focus the light effectively disappear, resulting in no focusing of the incoming light.  Rather 

the light passes through the Fresnel lens undeflected.  However, the index of refraction of the 

silicone gel is typically about 1.4 which is slightly different from the Fresnel lens.  Although 

they are not a perfect match, the divergence of the outgoing light from the lens with 
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deformed gel is only few degrees.  Hence, it was concluded that silicone gel is a practical 

material to use for this study.   

 

A sheet of transparent silicone gel

Fresnel lens

Incoming light
Light guiding device

Focal point

 

Figure 3-1. Configuration of the device when the Fresnel lens is active 

Fresnel lens

Incoming light
Light guiding device

A sheet of transparent silicone gel

Focal point

 

Figure 3-2. Configuration of the device when the Fresnel lens is deactivated 
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3.2 METHOD OF DEFORMING THE SILICONE GEL 

To deform the silicone gel in the shape of the Fresnel lens using a difference in relative 

pressure, one can either reduce the pressure between the lens and the silicone gel or increase 

the pressure between the other side of the gel and the device enclosure (Figure 3-3).  Since 

pressurizing the silicone gel from the back can cause explosion if the device fails, a vacuum 

pump was used to deform the gel for the safety reason.   

A sheet of transparent silicone gel

Fresnel lens

Apply pressure

Pump 
out air

 

Figure 3-3. Increasing the pressure versus decreasing it 

3.3 LIGHT GUIDING DEVICES 

In order to select a Fresnel lens for the illumination switch, it was important to consider 

different light guiding devices since they influenced the choice of the Fresnel lens, which is 

explained in section 3.4.1.  In this section, two different light guiding devices, optical fibers 
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and Enhanced Specular Reflector (ESR) film tubes, are described since they are the 

candidates for propagating light in the solar canopy illumination system.   

3.3.1 Optical Fiber  

A common light transmitting device in recent years is optical fibers which are usually made 

of plastic or glass, and employ TIR in order to propagate light.  They are commonly used in 

fiber optics communications23 or as a light guiding devices in some solar energy or lighting 

applications24,25,26.  Index of refraction value of most plastics or glass is about 1.5, so the 

critical angle is about 40º.  Because the incident angle on the front surface of the optical fiber 

has to be smaller than the critical angle, it limits the angle of the light originally coming into 

the optical fiber.  The angles of incident light which can be guided by the fiber must be less 

than the so-called acceptance angle27 (Figure 3-4), which for many fiber is about 40º.  

Incoming light with its divergence of larger than the acceptance angle would not be 

transmitted which may not be suitable in some cases.  It may not be a significant problem for 

collimated daylighting systems since the sunlight transmitted in the systems has the 

collimation angle of about 20º as mentioned before which is significantly smaller than the 

acceptance angle.      

Optical fiber

Acceptance angle

 

Figure 3-4. Acceptance angle of an optical fiber 

When choosing a transmitting device, it is important to consider the attenuation 

characteristics of the guide, which determine how much of the light intensity is lost for a 

given distance traveled through the guide.  A device with smaller attenuation can transmit 

light for a longer distance.  The attenuation of the optical fiber that was considered to be used 

for this project had 1.5 % attenuation per foot according to its manufacturer28.   
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3.3.2 Enhanced Specular Reflector Films 

Another option for the light guiding device is to use a hollow tube with a highly reflective 

inside surface, such as a tube made using Enhanced Specular Reflector (ESR).  ESR films are 

multi-layered optical film that produce high reflectance of light in the visible spectrum and 

are manufactured by 3M Company29.  The reflectance of the film is 98.5 % in the visible 

spectrum.  These tubes are lightweight, preserve the spectral characteristics of the light and 

may be more efficient than optical fibers in some situations.  The attenuation of an ESR film 

tube occurs when the light hits the surface of the inner film and a small fraction of the light is 

lost because it is transmitted through the film instead of reflecting and continuing along the 

tube.   

3.4 FRESNEL LENSES 

As explained in 3.1, the illumination switch uses Fresnel lens in order to focus the incident 

light.  A Fresnel lens is a thin lens which has the same optical properties as a plano-convex 

lens30 as shown in Figure 3-5.  The main advantage of the Fresnel lens is that it requires less 

material than a convex lens for its construction.  For this reason, the Fresnel lens is 

lightweight, which is especially advantageous when a large aperture is necessary.  Because it 

is thinner, there is less material for the light to travel through, resulting in less attenuation 

than a convex lens.  The disadvantage is the reduction in image quality due to the fact that 

the Fresnel lens has discontinuous surfaces.  Therefore, the Fresnel lens is not useful to 

achieve high resolution images but is advantageous for non-imaging applications such as for 

light concentration purposes.   
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Focal point Focal point

Plano-convex lens Fresnel lens

 

Figure 3-5. Comparison of a plano-convex lens and a Fresnel lens 

There are two kinds of Fresnel lenses; converging and diverging Fresnel lenses.  As shown in 

Figure 3-6 (a), a converging Fresnel lens concentrates incoming light at a focal point.  A 

diverging Fresnel lens has an imaginary focal point as shown located on the left side of the 

lens in Figure 3-6 (b), so the light diverges as it passes through the lens. 

Focal points

(a) (b)  

Figure 3-6. Schematic diagram of (a) a converging and (b) a diverging Fresnel lens 

Fresnel lenses are used for wide range of applications, such as magnifiers31, automotive 

headlights32, and solar concentrators for photovoltaic devices33, 34, 35.  In this project, the 

converging Fresnel lens was used for the illumination switch in order to focus the incident 

light at a light guiding device.   
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3.4.1 Choosing a Fresnel Lens 

There were several factors that influenced the choice of the Fresnel lens for the illumination 

switch.  One factor was the focal length of a Fresnel lens since the focal length influences the 

size of the waist of the lens at the focal point, which is the diameter at the position where the 

beam is the narrowest36 (Figure 3-7).  The size of the opening of a transmitting device should 

be the same as the waist size so a lens with smaller waist needs a device with smaller 

opening.  For the ideal lens, the waist size is 0 but since the incident light is not always 

normal to the surface of the lens, it creates a waist bigger than 0.  Generally, a lens with a 

shorter focal length has a smaller waist diameter, than a lens with a longer focal length37.  In 

choosing a Fresnel lens for the illumination switch, the preferred focal length depends on the 

choice of the light transmitting device.  For example, if an ESR film tube is used, it is more 

preferable to use a lens with a shorter focal length since the waist is smaller, so the diameter 

of the ESR film tube can be smaller which result in requiring less material to use for light 

guides.  The size of the opening of the transmitting device is preferred to be smaller since it 

allows smaller amount of light rays entering the device when the Fresnel lens is deactivated.  

A Fresnel lens with a shorter focal length has smaller waist as mentioned before, which 

means the opening of the transmitting device can be smaller resulting in obtaining less light 

entering the transmitting device when the illumination level is desired to be lowered.  The 

ESR film tube does not have an acceptance angle, so there is no need to be concerned about 

the angle of the incoming light.   
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Waist

 

Figure 3-7. Waist of a Fresnel lens 

On the other hand, if optical fibers are used as a transmitting device, a lens with a shorter 

focal length, and therefore a larger divergence angle at the focal point, is not necessarily 

suitable since optical fibers have a limited acceptance angle.  A lens with a shorter focal 

length causes the light to be more highly divergent, and as a result, the more divergent light 

rays may not be transmitted by the optical fiber.  However, this Fresnel lens with a longer 

focal length may not be practical since longer focal length lenses have larger waists, and 

therefore it may not be possible to achieve a sufficient degree of concentration.  For this size 

of the lens, the suitable focal length was estimated to be between 5 cm and 10 cm.  A lens 

with shorter than 5 cm focal length produces light with larger than 35º divergence at the focal 

point which means some light may not be transmitted if using optical fibers.  A lens with its 

focal length longer than 10 cm was too long because it gave waist of about 4 cm at the focal 

point.  This means that the opening of the light guiding device has to be 4 cm in diameter 

which means that the area of the opening is close to 50 % of the area of the Fresnel lens.  

This is too large of an area for the illumination switch to lower the intensity level since a lot 

of light will enter the light guiding device, even when it is unfocused.  As a result of these 

factors, it was appropriate to choose a lens with an intermediate focal length.  For this 

preliminary study, a readily-available lens with a focal length of 7.5 cm was used.  The size 

of the lens could have been bigger or smaller but it was a good size to start with for the 

preliminary experiment.   
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The second factor that influenced the choice of Fresnel lens was the height of the prisms of 

the Fresnel lens, where the prism height is defined in Figure 3-8.  The prism height of the 

Fresnel lens used in this illumination switch was about 0.1 mm and it was experimentally 

determined that it required about -50 kPa to obtain the lowest illumination level possible.  On 

the other hand, a Fresnel lens with a prism height of about 0.4 mm manufactured by RHK 

Japan38 required much more than -70 kPa to obtain the lowest illumination level.  It seems 

reasonable that less pressure is required to force the gel into the lens of the prisms are shorter.          

Height of prisms

1 groove

6 grooves 

 

Figure 3-8. Height of the prism and grooves (not to scale) 

The number of grooves also affected the choice of the Fresnel lens (see Figure 3-8 for the 

definition of “a groove”).  Two different Fresnel lenses manufactured by Edmund Optics 

with similar prism height and different number of grooves were compared and their 

specifications are shown in Table 3-1.  
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Table 3-1. Table of specifications of the two Fresnel lenses 

 Focal length Height of prism Number of grooves 

Fresnel lens A 20 cm 0.15 cm 25 grooves/ inch 

Fresnel lens B 6 cm 0.1 cm 125 grooves/ inch 

Although Fresnel lens A39 has slightly higher prisms, it required only about -20 kPa to reach 

its lowest illumination level.  Fresnel lens B40, on the other hand, had slightly shorter prism 

height but it required about -50 kPa to reach the lowest illumination level.  It was suspected 

that the tip of each prism prevented the silicone gel from deforming which led to higher 

pressure requirement for more number of grooves.     

Considering all the factors described above, the Fresnel lens B with a focal length of 7.5 cm 

was chosen for the illumination switch because the change in intensity of light at the focal 

point (where the transmitting device was located to transmit light to each fixture) from 

activated state of the Fresnel lens to deactivated state was maximum meaning that it could 

lower the illumination level of a fixture more than using other Fresnel lenses.   

3.5 SILICONE GEL 

Another key component of the illumination switch was the layer of silicone gel.  Silicone is 

widely used as it has desirable properties in a variety of fields.  There are a few main reasons 

for its wide usage.  One is the low toxicity of silicones, allowing frequent human contact, 

such as in medical use41.  Another advantage of using silicone for medical use is its high 

permeability to gas, such as oxygen42.  Silicone also has high thermal stability (typical 

operating range is -40 to 150 ºC43) and electrical insulation44.  Because of these material 

properties, silicone can be used in extreme conditions.  This is why there are adhesives and 

sealants made with silicones for use inside and outside of buildings.  Its flexibility in its 

shape is also advantageous.  It is very easy to create silicones with different shapes since all 

needed is something to cast it.  Some silicones can be cured by room temperature but the 

typical way of curing silicones is UV light or heat cure. The most common silicone is called 
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Polydimethylsolixane (PDMS) and it is made of methyl chloride and silicon.  PDMS can be 

in different forms such as fluid, gel, and elastomers45.   

In this project, the silicone gel was used for its ability to conform to a neighboring surface 

and its relatively close match with the refraction index of the acrylic used for the Fresnel lens.     

3.5.1 Choosing a Silicone Gel 

The important characteristic to consider for choosing gel was its durometer or penetration.  

Both durometer and penetration is a measure of the hardness of a material, commonly used 

for elastomers and rubbers, and they are used interchangeably.  Durometer is scaled out of 

100 and softer materials have a smaller durometer rating.  Penetration is measured by 

applying a fixed force on a ball in contact with the surface of the material and measuring how 

far it goes into the material.  For a penetration measurement, softer materials have higher 

penetration.  The silicone gel used in this project was commercially available Sylgard 524 

from Dow Corning46 which had a penetration of 4.5 mm.  Dow Corning produces a standard 

clear dielectric silicone gel with penetration of up to 6.0 mm47 so the silicone gel with 

maximum penetration can be used if necessary for the illumination switch.   

The Sylgard 524 came in two parts in liquid form and they were cured by mixing them with a 

1:1.5 ratio.   The refractive index value of this particular silicone gel was 1.4148 which was 

within a typical range for silicone gels.  After the two parts were well mixed, it was 

outgassed in a vacuum chamber to get rid of small air bubbles within the liquid silicone gel.  

This process was necessary since in the presence of tiny air bubbles, the silicone gel would 

have slightly different optical properties and this would affect the performance of the 

illumination switch.     

3.5.2 Hysteresis of the Silicone Gel 

One interesting characteristic of the silicone gel is that a softer gel tends to be stickier on its 

surface compared to a harder gel because softer silicone gel contains more oil and water 

molecules.  Since the silicone gel chosen for the illumination switch had to be relatively soft, 
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it also had a very sticky surface and it produced a so-called hysteresis, which occurs when 

the response of a physical system depends not only on the magnitude of the input signal 

applied stress but also on the history of the input signal.  In the case of the silicone gel, once 

the gel was deformed into the lens by applying a pressure on it, it did not separate from the 

lens even after the pressure was released.  Not only did the gel not release itself from the lens, 

but it also required reversed pressure in order to separate from the Fresnel lens.  This 

phenomenon can be seen in many physical systems and the silicone gel’s stickiness on its 

surface caused an elastic hysteresis which led to a problem described in the next section.     

3.5.3 UV Treatment on the Silicone Gel  

The sticky surface of the silicone gel prevented it from separating from the Fresnel lens once 

it was in contact with the lens.  For this reason, the surface of the silicone gel needed to be 

made less sticky, while maintaining the deformation property of the gel.  Therefore, using 

hard silicone gel was not a suitable solution to this problem.  This was solved by a UV 

treatment of the surface of the silicone gel.  Illuminating the surface of the silicone gel with 

UV light is known to create a hard layer on the surface as shown in Figure 3-9, but the exact 

details of this surface treatment are not well understood.  The surface hardening by UV light 

was done previously for a sheet of PDMS gel in order to produce less adhesion on its surface 

in order to separate from a structured surface49 which is a very similar application to the 

silicone gel and the Fresnel lens for the illumination switch.  It is suspected that shorter 

wavelength UV light, such as UVC (shorter than 300 nm), causes this surface hardening50,51 

but not UVA or UVB which has relatively longer wavelengths.  The thickness of the hard 

layer created by the UV treatment varies depending on the amount of UV treatment.  Since 

the height of the prisms used for this project was in order of 0.1 mm, if the hard layer is close 

to or more than 0.1 mm, then the silicone gel will not be able to deform well into the lens.  

Therefore, the desirable thickness for the silicone gel in the illumination switch was 

estimated to be in order of 0.01 mm which was about 1/10 of the height of the prisms.  Using 

the right amount of UV treatment created a very thin hard layer and left the rest of the 

silicone gel soft enough for deformation.  The term “UV treatment” is not the same as “UV 

cure” in the sense that UV treatment is done after the silicone gel is cured.  The particular 
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silicone gel used in the project cured under room temperature or by heat cure and not with 

UV light.   

Silicone Gel

Very thin hard layer

 UV light

6.4 mm 

~0.01 mm

 

Figure 3-9. Diagram of the hard layer created by UV treatment on the gel (not to scale) 

The same vacuum pump used for deforming the silicone gel was used to also help separate 

the silicone gel and the Fresnel lens by pulling the silicone gel from opposite side of the 

Fresnel lens.   
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4 CONSTRUCTION OF THE ILLUMINATION SWITCH  

The previous chapter presented the basic concept and design of the illumination switch.  In 

this chapter, details of the construction of the illumination switch and associated challenges 

and their solutions are described.   

4.1  CONSTRUCTION OF THE ILLUMINATION SWITCH 

4.1.1 Detailed Design of the Illumination Switch 

The illumination switch was composed of a sheet of transparent silicone gel and a converging 

Fresnel lens.  Figure 4-1 shows the schematic diagram of the cross-section of the illumination 

switch.   

Acrylic cover

Silicone gel layer

Acrylic cover

10cm

0.65 cm

0.65 cm

0.65 cm

O-ring
O-ring

Fresnel lens

Silicone gel layer

Gap A

Gap B

 

Figure 4-1. Schematic diagram of the cross-section of the illumination switch 

The Fresnel lens was positioned adjacent to the silicone gel layer and both were sandwiched 

between transparent acrylic plates.  The Fresnel lens used for the illumination switch was 

manufactured by Edmund Optics52 with a focal length of 7.5 cm and an optically active lens 

area was 6 cm in diameter.  The silicone gel was cast in an aluminum frame which had a 

circular opening in the middle.  The top, bottom, and side views of the aluminum frame are 

shown on Figure 4-2(a).  One of the issues with the cast silicone gel in the aluminum frame 
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was that the silicone gel separated from the frame when ‘Gap B’ on the Figure 4-1 was 

vacuumed.  This was not a problem when vacuuming ‘Gap A’ because the pressure was not 

large enough to cause this issue.  The maximum pressure applied to Gap A was about -10 

kPa but that of Gap B was about -70 kPa which was enough to cause the separation.  Once 

the silicone gel separated from the frame, the gaps on each side of the silicone gel were 

connected resulting in failure of the deactivation of the Fresnel lens.  In order to prevent this 

problem, the aluminum frame was built to have a counter-bored shape.  This counter-bored 

structure prevented the gel from separating by having half the thickness of the silicone gel 

layer larger than the other so that pulling the silicone gel from the Fresnel lens side did not 

cause the separation.      

Groove for O-Ring

Casted silicone gel

Top View

Bottom view

Groove for O-Ring (b)

(a)

A hole connected to a 
vacuum pump

Casted silicone gel

6.3cm

6.6cm

Aluminum frame

Silicone gel

Side View

0.8 cm

10cm

10cm

10cm

10cm

A hole connected to a 
vacuum pump

7.5cm

7.5cm

(c)

0.65cm

 

Figure 4-2. Schematic diagrams of (a) the aluminum frame, (b) the acrylic cover, and 
(c) the Fresnel lens (not to scale) 
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Figure 4-2 (b) and (c) show the schematic diagram of the acrylic cover and the Fresnel lens.  

They had a hole for connecting the vacuum pump to the illumination switch.  The two acrylic 

covers, Fresnel lens, and the aluminum frame with silicone gel were held together with four 

bolts on each corner, and the device was sealed using o-rings. 

4.1.2 Air Channel on the Fresnel Lens 

Because of the geometry of the Fresnel lens, the air near the outer rings of the Fresnel lens 

was vacuumed out first and the deformed silicone gel sealed up the vacuumed region from 

the rest, resulting in trapping the air in the rest of the lens as shown on Figure 4-3 (a).   

Slight cut on the Fresnel lens 
for air channel

Hole for air to be pumped out

Transparency strip

Area where the air 
was pumped out

Hole for air to be pumped out

Area where the air 
was not pumped out

Fresnel lens

(a) (b)  

Figure 4-3. A schematic diagram of the Fresnel lens showing (a) the area where the air 
was pumped out (shaded region) and the area where the air was trapped 
(not shaded region) and (b) an air channel 

This problem was solved by an air channel created on the Fresnel lens as shown in Figure 4-3 

(b).  This was done by creating a slight cut on the Fresnel lens and covering it with a thin 

strip of transparency sheet to prevent the silicone gel from deforming into the air channel.  A 

close up view of the side view of this air channel is shown in Figure 4-4.   
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Air channel

Transparency strip

Fresnel lens
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Figure 4-4. A closer look at the air channel on the Fresnel lens (side view, not to scale) 

4.1.3 Deformation of the Silicone Gel 

In the actual constructed illumination switch, the deformation of the silicone gel was not 

perfect since it was difficult to perfectly fill the prisms of the Fresnel lens.  Figure 4-5 shows 

the diagram of the perfectly deformed silicone gel and the actual deformation of the silicone 

gel.   

Silicone Gel

Silicone gel is perfectly deformed 

Silicone Gel

Silicone gel is not perfectly deformed 

Fresnel Lens Fresnel Lens

(a) (b)

Silicone GelSilicone Gel Silicone gel

 

Figure 4-5.  (a) Perfectly deformed silicone gel on TracePro and (b) actual deformed 
silicone gel which is not perfectly deformed 

By using a microscope and by looking at the illumination switch from its top when the 

silicone gel was deformed into the Frensel lens, it could be estimated how much area of the 
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Fresnel lens was not filled.   The area on the Fresnel lens where the silicone gel was not in 

contact with the silicone gel was estimated to be about 10 % of the total area of the lens.   

4.2 PNEUMATIC COMPONENT OF THE ILLUMINATION SWITCH 

In order to deform and restore the silicone gel, a Duo Seal Two-Stage vacuum pump53, was 

used to pump the air out of the gap.  The maximum pressure that this vacuum pump was 

capable of creating was about -75 kPa.  In order to both deform and restore the gel using only 

one vacuum pump, it was necessary to switch the air flow between each side of the silicone 

gel to the vacuum pump.  The pneumatic component of the illumination switch was designed 

so that it could change the air flow from one side of the silicone gel to the other.  A solid 

state relay 54, two and three way valves, and a function generator were used for the pneumatic 

part of the illumination switch.   

A pneumatic valve is a device that controls and regulates the flow of gas or fluid.  For the 

pneumatic component of the illumination switch, a 3/2 way valve and two 2/2 way valves 

were used.  3/2 way valves had three openings; two inlet ports and one outlet port.   This 

valve could change the air flow in one direction to the other and the 3/2 way valve55 used was 

a normally-closed solenoid valve.  As shown in Figure 4-6, the left inlet was open when the 

valve was not energized and the right inlet was closed so the air flows from the left inlet to 

the outlet port.  When the valve was energized, the left inlet closed and the right inlet opened 

so the air flows from right inlet to the outlet port.   

Outlet port

Inlet ports

Outlet port

Inlet ports

Not energized energized

 

Figure 4-6. Diagram of the 3/2 way valve showing the air flow  
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2/2 way valves had two openings; one inlet port and one outlet port.  The 2/2 way valve56 

used was a normally-closed solenoid valve which controlled the flow of air by running or 

stopping an electric current through a solenoid to open and close the valve as shown in 

Figure 4-7.   

Outlet port

Inlet ports

Outlet port

Inlet ports

Not energized energized

 

Figure 4-7. Diagram of the 2/2 way valve showing the air flow  

Figure 4-8 shows the schematic diagram of the pneumatic component of the illumination 

switch.  Each side of the illumination switch was connected to a 2/2 way valve and a 3/2 way 

valve, and then a vacuum pump.  The 3/2 way valve and 2/2 way valves were connected to a 

solid state relay and a function generator which controlled the valves.  All the valves were 

normally closed and they were open when they were energized.  The speed of the switching 

cycles was controlled by a frequency and duty free cycle of the function generator.  

When the function generator provided 5 V, side A on the solid state relay was activated and 

turned on the 3/2 way valve and one of the 2/2 valves on the Fresnel lens side so that the 

silicone gel was deformed into the shape of the lens to deactivate the Fresnel lens as shown 

in Figure 4-8 (a).  At this time, the 2/2 way valve of the silicone gel side was closed and the 

one on the Fresnel lens side was open, so air from the gap between the Fresnel lens and the 

silicone gel was pumped out.   

When the function generator provided -5 V, the 2/2 valve on the silicone gel side was 

switched on and the other valves were switched off as shown on Figure 4-8 (b).  In this case, 

the air flows from the back of the silicone gel, so the gel was pulled from the back to help 

separate the lens and silicone gel. 
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Figure 4-8. Schematic diagram of the pneumatic part of the illumination switch 

An illumination switch using the Fresnel lens, silicone gel, and the pneumatic switch was 

successfully constructed, and the performance and endurance of this device was measured, as 

is presented in the next chapter.   
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5 EXPERIMENTAL RESULTS 

In this chapter, the experimental methods required to evaluate the performance of the 

constructed illumination switch and their results are presented.   

5.1 METHODS OF MEASUREMENT 

The performance of the constructed illumination switch was evaluated using the 

measurement approaches described in this section.   

5.1.1 Integrating Detector 

An integrating sphere is often used to measure the intensity of light in optics57.  Instead of a 

spherical shape, the integrating detector had a cylindrical shape, as shown in Figure 5-1 as it 

was easier to construct and errors introduced by the deviation from a spherical shape were 

not substantial.  The integrating detector had an opening of 2 cm in diameter for the light to 

enter the detector.  The opening represented 2.4 % of the total surface area, as long as it is 

less than ~5 % of the total, it still works as an effective integrating structure58.  A schematic 

diagram of the integrating detector is presented in Figure 5-1.   

Photodetector
and transimpedance amplifier

Output in Voltage
Opening for 

the Incoming light

 

Figure 5-1. Schematic diagram of the integrating detector 
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The integrating sphere detected light and measured its intensity using a light-to-voltage 

converter59 which consisted of both a photodiode and transimpedance amplifier to detect the 

intensity level and converted it to a voltage.   

This integrating detector was capable of outputting a voltage that varies linearly with the 

intensity of light, the provided output was within the range between 0.5 and 4 V.  Throughout 

all the measurements in this project, neutral density filters were often used as necessary in 

order to reduce the light intensity to obtain output voltages within this range.  The neutral 

density filters reduced the light intensity uniformly at all wavelength and transmittance of the 

filter was taken into account.  An infrared filter60 was also inserted in front of the integrating 

detector in order to prevent the infrared radiation from entering the detector.  This approach 

ensured that the voltage output of the detector was linearly proportional to the visible light 

entering the integrating detector.   

The measurement set-up consisted of a light source, the illumination switch, integrating 

detector, and pressure sensors (shown in Figure 5-2).  The light source was located a distance 

of 15 cm away from the illumination switch which was connected to a vacuum pump.  The 

pressure within the gap on either side of the gel was measured using pressure sensors.  The 

output of the pressure sensors and integrating detector were connected to a data acquisition 

card and the measured values were recorded by a LabView program from National 

Instruments61.  The integrating detector was located at the focal point of the Fresnel lens 

where the transmitting devices would have been obtaining light for illumination.   

Illumination switchLight source

Integrating 
detector

Vacuum Pump

Pressure sensorPressure sensor

15cm Focal length

 

Figure 5-2. Schematic diagram of the optical part of the measurement system 
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There were mainly two different factors that were calculated by using the intensity level 

measured by the integrating detector.  One was the “relative intensity” which was calculated 

by:
  

       
100

active is device  when the0kPaat Intensity 

intensity Measured
(%)intensity  Relative 










 
(5.1) 

The other was the “change in intensity” which was calculated by: 

 intensity Relative-100  (%)intensity in  Change   (5.2)
              

All the errors for the measured intensities came from the reproducibility of the measurements 

(mainly from misalignment of the measurement set-up), which was estimated to be about 3% 

of the measured intensity.     
 

5.1.2 Producing a Collimated Beam 

In order to produce a collimated beam of light for testing purposes, a commercially-available 

reflector lamp with a full beam angle of 38º (half angle of 19º) was used.  This amount of 

beam spread was consistent with the maximum anticipated sunlight collimation half angle of 

20º.   

The angular output distribution of the light source was measured experimentally.  This was 

accomplished by positioning the light source at a distance 160 cm away from a measurement 

surface, and measuring the illuminance on the measurement plane at 10 cm intervals along a 

line that passed through the peak of the distribution, and the divergence angle, , was 

calculated for each measurement position relative to the surface normal of the measurement 

plane, as shown on Figure 5-3.   
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Figure 5-3. Diagram showing the angle   

Figure 5-4 shows the relative intensity level as a function of the divergence angle.  The 

relative intensity was calculated as the ration of the measured illumination at a given position 

to the peak illuminance, at  0º.   

0

10

20

30

40

50

60

70

80

90

100

0 2 4 6 8 10 12 14 16 18 20

Angle (degrees)

R
el

at
iv

e 
In

te
n

si
ty

(%
)

 

Figure 5-4. Intensity distribution of light source 
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5.1.3 Measuring the Pressure 

In order to measure the pressure on either side of the silicone gel, two integrated silicon 

pressure sensors62 were used.  These sensors measured the pressure relative to atmospheric 

pressure and outputted a corresponding voltage.  They were capable of measuring pressure in 

the range of -115 to 0 kPa.  The measured voltage could be converted to pressure in kPa by 

using: 

 0.007652

92.0
) source

out 
 V

V

P(kPa
 

(5.3) 

where Vout is the measured voltage and Vsource is the source voltage used for the pressure 

sensors.  The output of the pressure sensors were connected to a data acquisition card along 

with the integrating detector so that the pressure and intensity of light at the focal point of the 

Fresnel lens could be measured simultaneously.    

5.2 HYSTERESIS OF THE SILICONE GEL 

The hysteresis effect due to the stickiness of the non-UV treated silicone gel surface was 

confirmed by measuring the intensity of the light at the focal point of the Fresnel lens as the 

silicone gel was pushed into and released from the lens surface.  The experimental results are 

shown in Figure 5-5, where the x-axis indicates the applied pressure on the gap between the 

Fresnel lens and the silicone gel relative to the ambient pressure, and the y-axis indicates the 

relative intensity at the focal point calculated by using equation (5.2).  The illumination 

switch was initially focusing the light, so the relative intensity was 100 % at 0 kPa on the 

“Increasing Pressure” data set.  As the pressure was increased in the negative direction (i.e. 

vacuum), the relative intensity decreased to about 40 %.  The vacuum was then slowly 

removed as indicated by the “Decreasing Pressure” data set.  For the “Increasing Pressure” 

data set, each measurement was recorded about 10 seconds after the pressure was changed 

which was enough time for the intensity to stabilize.  However, for the ‘Decreasing Pressure” 

data set, each measurement was recorded 60 seconds after the pressure was changed because 
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the silicone gel did not separate as quickly from Fresnel lens but it took about 50 to 60 

seconds until the intensity measurement has stabilized.   

As indicated by the results, the intensity did not return to the initial value for each pressure 

reading, suggesting that the gel remained.  When the applied pressure reached 0 kPa, the 

relative intensity stayed at about 80 % and did not return back to 100 %.  Visual inspection of 

the device showed that a small area of the silicone gel was still in contact with the Fresnel 

lens and did not separate completely.  This behavior was the reason why UV treatment was 

necessary for the illumination switch.     
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Figure 5-5. Hysteresis of the silicone gel in the illumination switch 

5.3 INTENSITY CHANGE WITH AMOUNT OF UV TREATMENT 

As discussed in Chapter 3, the UV treatment of the silicone gel surface was used to prevent 

the surface from being sticky.  The UV lamp used in this project was from Dymax63 with a 

mercury light bulb64 which had a spectral intensity distribution shown in Appendix A.  In 

order to optimize the change in intensity using this device, it was necessary to determine the 
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amount of sufficient UV treatment since too much UV treatment would make it difficult for 

the gel to deform into the Fresnel lens.  In order to decide how much UV treatment was 

needed, the change in intensity was measured using silicone gels with different UV treatment 

duration.  The UV treatment durations used for the silicone gels were 0, 15, 30, 60, and 120 

min.  The graph showing the change in intensity is shown in Figure 5-6.  The x-axis shows 

the pressure within the gap between the silicone gel and the Fresnel lens relative to 

atmospheric pressure (where negative relative pressure indicates vacuum) and the y axis 

shows the change in intensity at the focal point.   

The maximum change in intensity caused by the non-UV treated silicone gel forced into 

contact with the lens was about 75 1.0 % at -50 kPa.  As the UV treatment time increased, 

the pressure needed to reach the maximum change in intensity also increased.  On the other 

hand, the change in intensity was smaller for silicone gels with more UV treatment.  For 

example, using the silicone gel with 120 min UV treatment gave only up to 55 1.7 % 

change in intensity.  It was concluded that 30 min of UV treatment was the optimal amount 

since the maximum change in intensity was still the same as the untreated gel and the 

required pressure to reach the maximum intensity was about -60 kPa which was only slightly 

more than without any UV treatment.  The silicone gel with 30 minutes of UV treatment 

separated from the Fresnel lens easily and the change in intensity was the same as was 

measurement without any UV treatment.   
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Figure 5-6. Change in intensity using silicone gels with different duration of UV 
treatment with f=7.5 cm Fresnel lens 

5.4 MEASURING THE RELATIVE ADHESIVENESS OF THE SILICONE GEL WITH 

DIFFERENT UV TREATMENT TIME 

In order to better understand how the UV treatment time using the particular UV lamp used 

in this experiment on the surface of silicone gel influenced the stickiness of the gel, an 

experiment measuring the relative adhesiveness of the gel with different UV treatment times 

was conducted.  Many adhesive product manufacturers examine the adhesiveness of their 

products with various tests.  One example of accurately measuring the adhesiveness is to use 

a pull-off test.  Common pull-off adhesion testers involve pushing a small ball into an 

adhesive surface with a known force and then measuring how much force is required to 

completely separate the ball from the adhesive65.  A modified version of this test was 

conducted using a small ball rolling on an inclined plane formed by the adhesive layer.  The 

terminal velocity of the ball, or the maximum speed achieved by the ball, rolling down the 

incline was measured for silicone gels with different UV treatment times.  The schematic 

diagram of the set up for the adhesion test is shown in Figure 5-7(a).  A piece of silicone gel 
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with a size of about 5 cm × 5 cm was placed on a 20º inclined slope, and a video camera was 

placed just beside the incline so that it videotapes the ball coming from the top to the bottom 

of the incline.  Once the video camera recorded the motion of the ball, Logger Pro program66 

was used to analyze the position and the speed of the ball at a given time.  By manually 

locating the position of the ball (red dots in Figure 5-7(b)) at different times throughout the 

recorded video, the program determined the position (x and y direction indicated on the 

figure) of the ball at each time.       

Camera

(a) (b)

X

Y

Top view Side view

Red dots represent the 
manually located positions of 

the ball at different times

Rolling 
ball

A sheet of 
silicone gel 20°

 

Figure 5-7. Set up of the relative adhesion test 

As an example, Figure 5-8 shows the acceleration of the ball when silicone gel was UV 

treated for 15 minutes.  Although there were some fluctuations, it was clear that the 

acceleration of the ball initially increased, then started to decrease at around 1.2 seconds and 

reached zero close to 1.4 seconds.   
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Figure 5-8. Acceleration of the ball 

Once the time it took for the ball to reach the acceleration was determined, the terminal 

velocity of the ball was calculated.  It was done by first taking the slope of the position graph 

on each coordinate after the ball reached zero acceleration as shown in Figure 5-9, which was 

the velocity of the ball after it reached the terminal velocity.  Then using these velocities in x 

and y directions, the terminal velocity was calculated by: 

  
   2y

2
xterminal VVV 

 
(5.3)
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Figure 5-9. Graphs of x and y positions of the ball as a function of time 
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Using this method, the terminal velocity of the ball on silicone gels with different UV 

treatment times was determined, and the results are shown in Figure 5-10.  The terminal 

velocity seems to increase almost linearly with respect to the UV treatment time, which was 

not surprising since it may indicate that over a certain range of UV treatment times, the 

thickness of the hard surface layer depends proportionally on the duration of the treatment.   
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Figure 5-10. Adhesion of the silicone gel with various UV treatment times 

5.5 UV TREATMENT ON THE SURFACE OF THE SILICONE GEL 

When the silicone gel was UV treated for a long time (more than 3 hours), it was possible to 

visually see a difference in the surface of the gel, and it was reasonable to assume that this 

was a result of the formation of a hard surface layer.  Consequently, it was appropriate to 

observe this surface more closely.  For many surfaces, a scanning electron microscope 

(SEM) would be used to investigate the surface properties.  However, it is well known that 

soft materials are difficult to examine with SEM because they usually contain substances that 

evaporate under high vacuum, such as water or oil67 which prevent the sample from being 

uniformly conductive which result in poor imaging under the SEM.  Soft samples usually 
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require special preparation beforehand, such as Cryo-SEM68, where the sample is frozen 

before scanning under SEM.  Another approach for soft materials is to use an environmental 

SEM (ESEM) which does not require high vacuum and the sample does not have to be 

conductive.  This is a very powerful method of understanding structures of soft materials 

nowadays69,70.  Since there was a concern that Cryo-SEM preparation would ruin the 

structure of the silicone gel by cracking the surface, ESEM was used to image the silicone 

gel.  Two samples were prepared for ESEM imaging, one sample with no UV treatment and a 

second with four hours of UV treatment.  Both of the samples were cleaved into smaller 

pieces (about 4 × 4 mm) as shown in Figure 5-11 (a), and the cleaved surfaces (indicated by 

the shaded regions in Figure 5-11) were examined under the ESEM.  As the pictures in 

Figure 5-11 (b) shows, the silicone gel without UV treatment had a very smooth surface 

everywhere.  On the other hand, the surface of the silicone gel with four hours of UV 

treatment looked very rough near the UV treated surface.  It was suspected that these cracks 

were caused by when the silicone gel was cut with a knife.  This result suggests that there 

was a hard layer created by the UV treatment and this surface could be damaged (i.e cracked) 

by the tip of the prism of the Frsnel lens while the silicone gel is deformed into the lens.  The 

cracks might cause the inner silicone gel to come out to its surface.  This would make the 

surface of the silicone gel sticky again and stop separating from the lens once the gel is in 

contact with the lens.  Hence, an experiment for checking if this was an issue after switching 

the illumination switch for a number of times was done which is presented in the next section.   



 

 42

 

No UV treatment Four hours of UV treatment

Silicone Gel

UV light 

Prepared sample

(a)

(b)

Surface imaged under 
ESEM

.64cm

5mm
5mm

5mm

5mm

 

Figure 5-11. (a) Diagram of the sample silicone gel and (b) ESEM images of the gel 
without UV treatment and after four hours of UV treatment 

5.6  ENDURANCE OF THE ILLUMINATION SWITCH  

It is important to check the endurance of the illumination switch in order to test the suitability 

of the device in the real world application.  In this section, the experiments for measuring the 

degradation of the performance with respect to the number of switch cycles and also under 

low and high temperature environments are presented and discussed.   

5.6.1 Endurance of the Device After Many Switch Cycles 

The performance of the illumination switch was tested to confirm that the device could be 

activated and deactivated many times without degradation in its performance.  In this 
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experiment, one switch cycle consisted of increasing the pressure up to -50 kPa, waiting for 5 

seconds, and then decreasing it to 0 kPa.  The pressure changes were achieved in about 0.2 

seconds.  Figure 5-12 shows a typical example of one switch cycle.  This figure shows high 

and low level illumination and the combination of those two states were defined as one 

switch cycle.  
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Figure 5-12. A typical example of one switch cycle 

The illumination switch was operated for 3000 switch cycles and its performance was 

evaluated by measuring the change in intensity at the focal point of the lens, as well as the 

length of time required for the gel to separate from the lens.  This number of switch cycles, 

was chosen since the experiment required about 5 days and it was considered that this was a 

reasonable number of cycles for this preliminary experiment.   

As Figure 5-13 shows, the change in intensity of the illumination switch was unchanged over 

3000 switch cycles.  Intensity change was 72 2.0 % for the first switch and it was the same 

within error throughout.   
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Figure 5-13. Endurance test due to the number of switch cycles 

It was also a concern that the prisms of the Fresnel lens may break the thin hard surface of 

the silicone gel causing the interior sticky gel material to make contact with the lens, and 

therefore require more time and/or pressure for the two surfaces to separate.  However, this 

appeared not to be a problem since as shown in Figure 5-14 the separation time was not 

changed (within experimental error) between the first switch and the 3000th switch.   
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Figure 5-14. Time for the gel to separate from the lens 

5.6.2  Endurance Under Different Temperature Conditions 

The performance of the illumination switch was also tested under different temperature 

conditions.  The lowest temperature tested was 10 ºC since it was anticipated that this would 

be the minimum required operating temperature inside a light guide and similarly the highest 

temperature anticipated inside a guide was about 60 ºC.  The following sections presents the 

cooling and heating systems used for this test and their results.   

5.6.2.1 Lower temperature test 

Liquid nitrogen was used to cool down the environment of the illumination switch to 10 ºC 

inside a transparent acrylic box enclosing the device, as depicted in Figure 5-15.  The acrylic 

box was connected to an insulated tube which carried the stream of cold nitrogen gas from 

the liquid nitrogen container.  The liquid nitrogen container had two power resistors in 

parallel (in order to produce more power than when only one resistor was used) which 
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radiated heat so that liquid nitrogen was evaporated.  The two resistors were connected to a 

power supply which supplied voltage to the resistors.  The radiated heat from the resistors 

changed depending on the supplied voltage so that the temperature inside the acrylic box 

could be controlled by the power supply.   

Power supply

Liquid Nitrogen

Two power resistors in 
parallel

Tube

Acrylic box

Illumination switch
Light source

Integrating detector

 

Figure 5-15. Set up for lower temperature test 

Using this system, the temperature of the environment of the illumination switch was cooled 

down to 10 ºC.  This illumination switch originally changed intensity of light at the focal 

point of the Fresnel lens by 69.4 2.2 % at room temperature (~24 ºC).  The temperature 

inside the box gradually decreased and reached 10 ºC after about 35 minutes.  Then the 

temperature was maintained at 10 ±1 ºC for an hour.  As shown in Figure 5-16, the change in 

intensity of the light at the focal point did not change over the hour, indicating that the device 

functions properly at 10 ºC. 
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Figure 5-16. Change in intensity of the illumination switch and temperature within the 
acrylic box with respect to time 

Figure 5-17 shows the relative intensity at the focal length as a function of pressure relative 

to the atmospheric pressure at different temperatures and times.  This graph also shows that 

the way it changed the illumination level of the switch did not change for temperatures at 10 

and 24 ºC or over 60 minutes at 10 ºC.   
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Figure 5-17. Relative intensity vs. pressure graph for lower temperature test 

5.6.2.2 Higher temperature test 

The illumination switch was also tested in a higher temperature environment.  Figure 5-18 

shows the side view of the set-up used to create 60 ºC environment for the illumination 

switch.  The illumination switch was inside the acrylic box with an open end facing a heater 

so that hot air could flow into the acrylic box and maintained the desired temperature.   

MR16

Illumination switch

Side View

Heater

Integrating detector

Acrylic box with open 
end facing the heater

 

Figure 5-18. Set up of the higher temperature test 



 

 49

When the silicone gel was heated up, it was expected to be more flexible, so it was expected 

that the device would achieve the same change in intensity without degradation.  However, it 

was postulated that the gel may become stickier and would not separate easily from the lens, 

even after the pressure is released.  Figure 5-19 shows the temperature and the change in 

intensity of light at the focal point of the lens as a function of time.  The temperature was 

increased to about 60 ºC and then maintained between 60 and 65 ºC for an hour.  As was 

expected, the change in intensity at the focal point did not change over higher temperatures.  

Also, visual examination of the illumination switch showed that the silicone gel successfully 

separated from the Fresnel lens which means that the illumination switch functions well at 60 

ºC.  
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Figure 5-19. Temperature and change in intensity as a function of time for higher 
temperature experiment 
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6 RAY TRACE MODELING 

In optics, it is useful to conduct ray trace modeling of the experimental set up and compare 

its result with experimental result.  Ray tracing programs simulate behavior of light rays, 

such as reflections and refractions.  In this project, a ray tracing program called TracePro®71 , 

which employed Monte Carlo simulation technique, was used.       

6.1  MODELING WITH A MONTE CARLO RAY TRACING SOFTWARE 

Computational ray tracing is a powerful tool for simulating light rays at each interface of 

both optical and non-optical components since it allows one to understand detail behavior of 

light rays which is often difficult to do visually.  The most straightforward computer ray 

tracing can be done by using a method called deterministic algorithm.  It uses all the initial 

rays, figures out what each ray does at each interface, then makes a history of these rays for 

output.  On the other hand, Monte Carlo method uses statistic and probabilistic selection of 

initial rays, then simulates and makes ray histories of these input rays.  The Monte Carlo 

method is often used for ray tracing in optics since it reduces the simulation time 

significantly compared to other methods and it is also capable of simulating complex models 

with many interfaces and a large number of light rays.  TracePro®, the commercially 

available ray tracing program employing the Monte Carlo method, was used in this project 

for more detail understanding of the experimental systems described in previous chapter.  It 

was also used to compare the attenuation of optical fibers and ESR film tubes with different 

length and the state of the illumination switch in order to choose.   

6.1.1 Model Set-Up on Monte Carlo Ray Tracing Program 

Figure 6-1 shows the model set-up on TracePro® for simulating the change in intensity at the 

focal point of the Fresnel lens when the lens was activated and deactivated.   
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(b)  

Figure 6-1. Set up for the ray tracing modeling (a) when Fresnel lens is deactivated and 
(b) activated (not to scale) 

The simulated Fresnel lens had a focal length of 7.5 cm with a 6 cm diameter and refractive 

index of 1.49.  Since the manufacturer of the Fresnel lens did not publish the exact geometry 

of the Fresnel lens, it was simulated by using the option that TracePro® had which created 

the Fresnel lens automatically by specifying the focal length of the lens, number of grooves, 

and its size.  The difference between the simulated Fresnel lens and the actual Fresnel lens 

was the shape of the prisms.  The simulated Fresnel lens had a prism that consisted of an 
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inclined slope (“surface B” in Figure 6-2 (a)) and a face parallel to the direction of the focus 

(“surface A”).  On the other hand, the Fresnel lens used for the experiment had surface B 

with a slight angle on each prism as shown in Figure 6-2 (b).  Since the geometry of the lens 

was not known exactly and matching the geometry of the actual Frensel lens exactly with the 

simulated lens was not necessary for this preliminary simulation which was done only to 

check if the experimental results were not far off from simulation.   

(a) (b)

Surface A

Surface B

Surface A

Surface B

 

Figure 6-2. Schematic diagram of the (a) geometry of simulated Fresnel lens on 
TracePro and (b) the actual Fresnel lens for the illumination switch 

There were a few different ways to simulate the light source on TracePro®.  One way was to 

create a light source that had geometrically the same shape as the actual MR 16 with a small 

light bulb and mirror faces inside.  However, there were too many mirror faces and the 

geometry of those was not published by the manufacturer so this method was hard to do.  

Another way of simulating the light source was to use the experimentally measured angular 

spectrum of the intensity of MR16 described in Chapter 5.  TracePro® could simulate a light 

source by inputting relative angular intensity at all angles (0 to 90º).  A table of inputted 

emissivity for simulating light source is shown in Table 6-1.  Using these values, TracePro 

created light rays with intermediate angles by using a linear connection between the closest 
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angles.  For example, the emissivity at 1.25º was 0.99 because the inputted emissivity at 0 

and 2.5º was 1 and 0.98 respectively.   

Table 6-1.  Emissivity imputed for simulating the light source on TracePro 

Angle 0 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25 

Emissivity 1 0.98 0.95 0.8 0.65 0.45 0.42 0.15 0.1 0.07 0.05 

Figure 6-3 shows the angular dependence of the experimentally measured intensity level of 

the MR 16 and the simulated intensity level on the TracePro®.  Although there was a small 

discrepancy, it was good enough for the feasibility study.   
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Figure 6-3. Graphs of experimentally measured intensity level of the MR16 and that of 
simulated light source  

The simulated integrating detector was a detection plane with the same dimensions as the 

aperture of the integrating detector used in the experiment.  The rays hitting the surface of 

this simulated integrating detector were counted in order to determine the intensity of the 

light entering the detector.   
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While the ray tracing was conducted using the simulated components described above, it was 

found that there were some rays that were not at the focal point of the Fresnel lens as shown 

in Figure 6-4 (which are called as misbehaved rays in this thesis).  By checking the ray 

history of the simulated light rays, it was found that these misbehaved rays were caused by 

the surface B which sometimes did not property redirect the incoming light to the focal point.  

When the incoming light was normal to the surface of the Fresnel lens, the number of 

misbehaved rays was about 5 % of the total number of incoming light at the Fresnel lens.   

Focal pointFresnel lensLight source

Rays that does not go through the focal point are the misbehaved rays 

 

Figure 6-4. Simulated rays on TracePro (rays that does not go through the focal point 
are the misbehaved rays) 

6.1.2 Model Results on Change in Intensity 

Using the simulated set-up on TracePro described in the previous section, the change in 

intensity of the light at the focal point of the Fresnel lens was calculated.  This was done by 

first counting the number of rays hitting the surface of the modeled integrating detector when 

the illumination switch was activated and deactivated.  Then these values were used to 

calculate the simulated change in intensity of the light by using: 



 

 55

 







 100

activated is device  when therays of #
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100%)intensity(in  Change  (6.1) 

which was essentially the same quantity as was calculated in (5.2) where the change in 

intensity at the focal point was calculated based on the experimentally measured intensity. 

Figure 6-5 shows images from TracePro® for the cases where the Fresnel lens was activated 

and deactivated using a lens with a 7.5 cm focal length.  It could be seen that the illumination 

switch was not focusing the light at the integrating detector when the Fresnel lens was 

deactivated (Figure 6-5 (a)).  When the lens was activated, the light was focusing the light as 

shown on Figure 6-5 (b).   

(a) (b)

Illumination switch

MR16 Integrating detector Integrating detector

Illumination switch

MR16

 

Figure 6-5. Images from TracePro when the device is (a) deactivated and (b) activated 

The simulated change in intensity at the focal point was 81 % for the Fresnel lens with a 7.5 

cm focal length.  

6.2 COMPARISON WITH THE EXPERIMENTAL RESULT 

The illumination switch with a Fresnel lens of f =7.5 cm resulted in a change in intensity of 

74 % experimentally.  The difference between this and the 81 % change in intensity resulted 

from the TracePro® model came from the discrepancy between the actual geometry of the 

Fresnel lens from the simulated one and also the simulated and actual angular distribution of 
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intensity level of the light source as described before.  Another reason for this discrepancy 

came from the deformation of the silicone gel.  In the ray trace modeling, the deformation of 

the silicone gel was simulated to be a perfect match with the shape of the Fresnel lens, but in 

the actual illumination switch, the silicone gel did not deform perfectly as was discussed 

previously.  The total area of the silicone gel that was not in contact with the Fresnel lens was 

estimated to be about 10 %.  The combinations of these differences in simulation and 

experiments produced the slight disagreement in the change in intensity.  It was concluded 

that the experimental results were reasonable compared to the results from the ray tracing 

program considering these differences since the difference was only 6 %.   

6.3 MODELING THE ESR FILM TUBES AND OPTICAL FIBERS 

When the illumination switch is installed for a collimated daylighting system, transmitting 

devices is needed for guiding the light throughout a building.  Since ESR film tubes and 

optical fibers are the candidates for solar canopy illumination system, they were modeled on 

the TracePro® to compare the anticipated performance associated with the illumination 

switch.  In this chapter, the detailed TracePro® modeling of the ESR film tubes and optical 

fibers and their results are presented.   

6.3.1 Comparison of ESR Film Tube and Optical Fiber on TracePro 

The set up of the simulated model for this comparison was slightly modified from the 

previous section as shown in Figure 6-6.   
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Figure 6-6. Set up of the ray tracing for comparing the optical fiber and ESR film tube 

The simulated integrating detector was replaced first by an ESR film tube and then by an 

optical fiber.  The simulated optical fiber had a cylindrical shaped rod with its index of 

refraction value of 1.49.  The simulated ESR film tube was a hollow tube with a highly 

reflective property inside of the surface.  Both the optical fiber and the ESR film tube had 

front surface of 2 cm in diameter.  An absorbing mask was positioned around the aperture of 

the guide to absorb stray light rays.  There were a few factors that were changed to compare 

the attenuation of the ESR film tube and optical fiber: the attenuation of the optical fiber per 

feet, the reflectance of the ESR film tube, their length, and the status of the illumination 

switch.  The attenuation of the optical fiber was described by its attenuation per length.  The 

attenuation of the ESR film tube was represented as reflectance of the multi-layered optical 

film.  More loss in light intensity was caused by higher attenuation per length or smaller 

reflectance.  The manufacturer of the optical fiber claimed that the attenuation was 1.5 % per 

foot72, but this quantity was measured previously to be about 4.5 % per foot73.  The 

reflectance of the ESR film was claimed to be about 98.5 %74 and was measured previously 

to be between 98.5 % and 99.5 %75. 

Using TracePro®, the attenuation of the optical fiber could be controlled by specifying the 

absorption coefficient of the material which is calculated by: 

 )e1(0A
t  (6.2) 
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where A  is the transmission loss in percentage per length, t is the length of the transmission 

loss in mm, and α is the absorption coefficient.  For example, if the optical fiber has 1.5 % 

attenuation per foot, then A = 0.015, t =1 feet = 305 mm which gives 51095.4  .   

Since both the ESR film tube and optical fiber had two different parameters that could be 

used to compare their attenuation, the best and worst cases of both transmitting devices were 

compared.  In the best-case scenario, the attenuation of the optical fiber was 1.5 % per feet 

and the ESR film tube had 99.5 % reflectance.  The comparison of different lengths of those 

light transmitting devices when the Fresnel lens was activated and deactivated is shown in 

Table 6-2.   

Table 6-2. Transmittance loss for the best-case scenario 

Length 10cm 50cm 150cm 

ESR film tube (activated) 0.61 % 3 % 9.2 % 

ESR film tube (deactivated) 0.28 % 1.47 % 4.2 % 

Optical fiber (activated) 2.8 % 4.7 % 9.3 % 

Optical fiber (deactivated) 2.9 % 4.8 % 9.3 % 

In this table, “activated” means when the device was activated (i.e the light rays were 

focused at the focal point of the Fresnel lens) and “deactivated” means when the Fresnel lens 

was deactivated  (i.e the light rays were not focused).  The difference between the Fresnel 

lens being activated and deactivated was the divergence angle of the incoming light.  When 

the Fresnel lens was activated, the incoming light for the transmitting device had a greater 

divergence angle than it did when the lens was deactivated.   

The attenuation was calculated by using: 

 Attenuation (%)= 100
front

backfront 


I

II

 
(5.2) 

where Ifront is the intensity of the incoming light at the beginning of the transmitting device 

and Iback is the intensity of the outgoing light at the end of the transmitting device.   
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Table 6-2 shows that the difference between each state of the Fresnel lens for ESR film tube 

was much larger than that of the optical fiber.  There was almost no difference for the optical 

fiber but the attenuation in ESR film tube when the Fresnel lens was activated was two to 

three times as much as when it was deactivated.  With the length of 150 cm, the attenuation 

of the ESR film tube was only half of the attenuation of the optical fiber when the Fresnel 

lens was deactivated.  On the other hand, the attenuation of ESR film tube and the optical 

fiber was very close when the Fresnel lens was activated.  Recall that the activated state of 

the Fresnel lens had more divergent incoming light than deactivated state, meaning that there 

were more number of reflection that light rays experienced inside of the transmitting devices.  

This indicates that the ESR film tube have a small attenuation compared to the optical fiber 

when there is a small number of reflection but ESR film tubes are not suitable as light 

guiding device when the number of reflection is large.   

The increase in attenuation as the length of the devices became longer was also larger for 

ESR film tubes.  When the length of the ESR film tube was increased by a factor of five, the 

attenuation also increased by a factor of five.  On the other hand, increasing the length of the 

optical fiber by five increased the attenuation only by a factor of two.  This result also 

indicates that ESR film tubes increases its attenuation larger than the optical fibers when the 

number of reflection of the light rays increases.   

For the worst-case scenario, the attenuation of the optical fiber was changed to 4.5 % per foot 

and reflectance of the ESR film tube was 98.5 %.  The attenuation for this case is shown on 

Table 6-3.  

Table 6-3. Transmittance loss for the worst-case scenario 

Length 10 cm 50 cm 150 cm 

ESR film tube (activated) 2.0 % 9.6 % 18.2 % 

ESR film tube (deactivated) 0.95 % 4.1 % 11.4 % 

Optical fiber (activated) 3.8 % 9.4 % 22.1 % 

Optical fiber (deactivated) 3.3 % 9.4 % 21.9 % 
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As expected, the relative change in attenuation was similar to that of the best-case scenario, 

since the increase in attenuation was larger for ESR film tubes for longer length or more 

number of reflections.    

In conclusion, the ESR film tubes have a very small attenuation compared to optical fibers 

when the length is short or the number of reflections is small.  It was also concluded that if 

the length of the transmitting device is within 150 cm, then it is better to use the ESR film 

tube as a light guide since it has smaller attenuation at all times.  The suitable material should 

be chosen for the light guides for collimated daylight collection systems depending on the 

necessary length and the collimation of the light in the light guides.   

6.3.2 Advantages and Disadvantages of the ESR Film Tube and Optical 

Fiber 

The previous section showed that if the length of the light guide is less than 150 cm, then 

ESR film tubes are more appropriate since the attenuation is smaller than that of optical 

fibers.  However, there are other factors to consider in addition to attenuation.  For example, 

the weight of the guide is important, since a heavier guide will require a more complex 

structural mounting system, and in many cases, a substantially heavier guide may be 

considerably more expensive.  In comparison to optical fibers, ESR film tubes have the 

advantage of being hollow and therefore lightweight.  In contrast, one disadvantage of the 

ESR film tubes is that it is harder to bend its shape when using them for a corner.  Optical 

fibers are easier to bend because it is more flexible than ESR film tubes.  Both ESR film 

tubes and optical fibers can be inefficient when experiencing a corner, so it is necessary to do 

ray tracing to check how much light is lost around a corner when it is necessary to do so.  

These advantages and disadvantages of the ESR film tubes and optical fibers must be 

considered when choosing the light guides.   
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7 DEMONSTRATION OF THE ILLUMINATION SWITCH IN A 
LIGHT GUIDANCE SYSTEM 

In order to show how an illumination switch can be used in conjunction with a collimated 

daylight system to vary the illumination level of individual fixtures and to redirect unused 

sunlight to another fixture, a demonstration set up was constructed.  In this chapter, the set up 

of the demonstration are presented.   

7.1  SET UP OF THE DEMONSTRATION 

A demonstration of the illumination switch was constructed to show how the switch could be 

used in a collimated daylight system to change the illumination level of a fixture and also 

how it was able to redirect the unused sunlight to another fixture.  In this demonstration set-

up, two diffuse white light bulbs were used to represent two separate lighting fixtures.  These 

light bulbs were selected since they were convenient and readily-available diffusers, and 

were effective for a visual comparison of the relative illumination level.  The set-up of the 

demonstration is shown in Figure 7-1.  The collimated light source emitted light into a 1 m 

long internally-reflective pipe with a diameter of 6.5 cm which carried the light from the 

source to the illumination switch, in order to ensure that the light source encountered the lens.  

If this light guide pipe was not used, like in the experimental set up explained in Chapter 5, 

then more diverged light rays tend to reach outer area of the Fresnel lens of the illumination 

switch.  The 1 m long light guide randomizes the divergence angle of incident light hitting at 

a certain area of the lens, meaning that the more diverging light rays could enter also from 

inner area of the Fresnel lens as well as outer area.  This changed the change in intensity at 

the focal point of the lens from previous experiment described in Chapter 5.  Therefore, a 

Fresnel lens with 20 cm focal length was inserted besides the front opening of the light guide 

to prevent the randomization so that the demonstration set-up was close to the results from 

the previous experiments where the performance of the illumination switch was measured.   

Figure 7-1 (a) shows the set up of the demonstration when the illumination switch was active, 

focusing the light at the Fresnel lens’ focal point.  There was a small mirror (labeled as 

mirror 1 in Figure 7-1 (a)) at the focal point whose size was approximately the same as the 
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waist of the focused light, which was about 1.5 cm in diameter.  This mirror redirected the 

light into a 30 cm-long light guide which carried the redirected light to a light bulb which 

was used as a diffuser.  Behind mirror 1, there was another Fresnel lens with its focal length 

of 7.5 cm, which was identical to the lens used for the illumination switch.  This Fresnel lens 

focused light that was not redirected by mirror 1, and the focused light was redirected by 

mirror 2 into another light guide and light bulb.   

Light guide pipe

Light source Illumination 
switch

Light guide pipe 1

Light bulb 1

Mirror 1

Light guide pipe 2

Light bulb 2Second 
Fresnel lens

Mirror 2

Light guide pipe

Light source Illumination 
switch

Light guide pipe 1

Light bulb 1

Mirror 1

Light guide pipe 2

Light bulb 2

Second 
Fresnel lens

Mirror 2

15 cm 100 cm

7.5 cm

7.5 cm

30 cm

30 cm

15 cm 100 cm
30 cm

30 cm

7.5 cm

7.5 cm

(a)

(b)  

Figure 7-1. Schematic diagram of the demonstration when the lens was (a) activated 
and (b) deactivated 

When the illumination switch was deactivated, a significant fraction of the light was no 

longer deflected by the first lens, as depicted by Figure 7-1 (b).  Some of the light was 
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redirected by mirror 1 to the guide pipe 1 but most of the light was instead focused by the 

second Fresnel lens located behind the mirror 1.  This light was redirected by mirror 2 and 

reached light bulb 2.  In this state of the illumination switch, the intensity level of light bulb 1 

was lowered from the previous state and the light bulb 2 became brighter.  ESR film tubes 

were used as light guide pipes for this demonstration because the ray trace modeling showed 

that ESR film tubes have less attenuation than optical fibers for a length less than 150 cm as 

explained in Chapter 6.  The ESR film tubes were mounted within a cylindrical tube so that 

the round cross-sectional shape was maintained along the length of the tube.   

7.2 CONSTRUCTED DEMONSTRATION SYSTEM 

Some photographs of the constructed demonstration system are shown in Appendix E.  The 

intensity levels diffused from light bulbs when the Fresnel lens was activated and deactivated 

was measured by a luminance meter76 and their values are shown in Table 7-1.  

Table 7-1. Illumination level of the light bulbs 

 Intensity of light bulb 1 

( 2cd/m ) 

Intensity of light bulb 2 

( 2cd/m ) 

Fresnel lens active 146 1.5 31 1.5 

Fresnel lens deactivated 76 1.5 121 1.5 

The change in intensity was 47.9 1.1 % for light bulb 1 and 74.3  3.7 % for light bulb 2.  

Since the light experienced the 1 m light guide before entering the illumination switch, the 

divergence of the incoming light was slightly different from the measurement set-up in 

Chapter 5 where there was no light guide pipe between the MR16 and the illumination switch.  

This accounted for the difference in intensity change from the measurements presented in 

Chapter 5.  Although the change was slightly less than 50 %, the change in its intensity was 

visually obvious as shown on Figure 7-2.  The intensity of light bulb 2 when the Fresnel lens 

was deactivated was lower than the intensity of light bulb 1 when the Fresnel lens was active.  

This was because some light hits mirror 1 and was redirected into light guide pipe 1.   
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Light bulb 1Light bulb 2

Illumination switch turns on

 

Figure 7-2. Photographs of the light bulbs when the lens was activated and deactivated 
(The light bulbs are used only for diffusing purpose) 
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8 CONCLUSION 

The goal of this project was to design and construct an illumination switch to be used in 

conjunction with a collimated daylight system in order to vary the illumination level of a 

fixture and to redirect the unused sunlight to another fixture for illumination.   

The illumination switch for the solar canopy illumination system was constructed by using a 

converging Fresnel lens, a sheet of transparent silicone gel, and a pneumatic device to deform 

the silicone gel.  The illumination switch originally focused incoming light at a focal point of 

the Fresnel lens and by locating a transmitting device at the focal point, it was possible to 

carry the light to each fixture and used it for illumination.  This switch used a layer of soft, 

transparent silicone gel to control the focusing property of the Fresnel lens by deforming the 

gel into the structured surface of the Fresnel lens by pumping out the air between the silicone 

gel and the lens by a vacuum pump.  Because of the hysteresis of the gel, in initial tests the 

gel did not separate from the Fresnel lens even after the pressure was released.  In order to 

solve this problem, UV treatment on the surface of the silicone gel was used.  UV treatment 

created a less sticky surface on the silicone gel which prevented the silicone gel from being 

stuck to the Fresnel lens.  The vacuum pump was also used to help separate the silicone gel 

by applying negative pressure to the other side of the gel.  With these adjustments to the 

device design, the illumination switch was successfully constructed and demonstrated.  

There were a few factors which changed the performance of the illumination switch, such as 

the geometry of the Fresnel lens and the softness of the silicone gel.  A Fresnel lens with 

shorter prisms, less number of grooves, and shorter focal length produced more change in 

intensity for the illumination switch.  The silicone gel was UV treated for 30 minutes with 

the UV lamp.  30 minutes of UV treatment was concluded to be the optimum amount since 

the maximum change in intensity was the same as when there was no UV treatment and it 

also needed only about 10 kPa more pressure to reach the maximum change in intensity.  

Using a Fresnel lens from Edmund Optics which had a 7.5 cm focal length, the change in 

intensity was about 75 % when the light source with 38º beam angle was used as a light 

source.  The divergence of the incoming light changed the performance of the switch.  

Considering that the divergence angle used was the worst case for the solar canopy 
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illumination system, the resulting change in intensity was a good result.  This switch was also 

tested to check its endurance.  The performance of the illumination switch was unchanged 

after 3000 switch cycles and also in a lower and a higher temperature environment (down to 

about 10 ºC and up to about 60 ºC).   

The experimentally measured change in intensity of the illumination switch was compared 

with a simulated model using a ray trace program, TracePro®.  The experimental result 

showed that the change in intensity was about 75 % and the simulated model showed that the 

change in intensity should be about 81 %.   There were several differences between the 

experimental and the ray trace model.  One of them was the slight difference in the geometry 

of the Fresnel lens and the shape of the silicone gel when it was deformed.  Considering these 

differences, the experimental result was concluded to be within the error of the result of the 

ray trace modeling.   

TracePro® was also used to compare the performance of the two different transmitting 

devices; ESR film tubes and optical fibers.  The result showed that if the length of the 

transmitting device is shorter than 150 cm, then the ESR film tubes have slightly smaller 

attenuation whether the Fresnel lens is activated or deactivated.  Considering the other 

advantages of the ESR films over optical fibers, such as the material cost and their 

lightweight, ESR film tubes were concluded more suitable for the solar canopy illumination 

system.   

Lastly, the demonstration system was constructed for the illumination switch to show how it 

could be used in sunlight collection systems.  The demonstration set up had a light source 

entering a 1 m long light guide and the illumination switch was located just after the light 

guide.  It demonstrated that the light can be diverted from one fixture to another.  This 

system switched the two light bulbs on and off depending on the status of the illumination 

switch.  The illumination switch originally focused the light at one of the light bulbs.  Once 

the Fresnel lens was deactivated and the illumination level of the first light bulb was lowered, 

the second light bulb became brighter. 

The results of this project suggest that this pneumatic-based illumination switch can be used 

in collimated sunlight collection systems to vary the illumination level of a fixture.  In 



 

 67

addition, it can be used to redirect the unnecessary sunlight from one fixture to the other.  

The constructed illumination switch successfully varied the intensity level enough to visually 

see the intensity change but this was only a preliminary experiment.  The maximum change 

in intensity could be improved from the initial illumination switch by selecting a different 

combination of Fresnel lens and silicone gel.  For example, softer silicone gel may improve 

its deformation into the Fresnel lens, resulting in larger change in intensity.  The constructed 

illumination switch also showed that it has a potential for a long-term endurance so that it can 

be installed in a collimated sunlight collection system without frequent maintenance.   

In summary, the results of this project has showed that the pneumatic-based illumination 

switch can help reduce the amount of electrical lighting needs with more efficient 

distribution of the sunlight when the amount of obtained sunlight is not enough for the 

demand.  
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APPENDIX A: UV LAMP 

A UV lamp from Dymax 63, product identification of 5000-EC UV Light Curing Flood 

System, was used for UV treatment on the silicone gel surface so that the surface became less 

sticky.  A mercury bulb was used in this lamp and its spectral distribution is shown on Figure 

A- 1.   

 

Figure A- 1. Spectral distribution of the mercury bulb used for the UV lamp77 

* The bulb degradation is < 20 % over 2,000 hours 

Table A- 1.  Some features of the UV lamp78 

Features  

Curing area 12.7 cm × 12.7 cm 

Intensity 0.225 W/ 2cm  

Working distance 5 cm to 15 cm 
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APPENDIX B: SILICONE GEL 

The silicone gel (Sylgard 527, silicone dielectric gel) from Dow Corning was used for the 

illumination switch.  Its potential uses are mainly for sealing and protecting. 

Table B- 1. Properties of the silicone gel from Dow Corning79 

Property Value Unit 

Viscosity 0.425 Pas 

Penetration 4105.4   m 

Dielectric strength 15 Volts/m 

Dielectric constant at 100 Hz 2.85  

Volume resistivity 13107  Ohm-m 

Operating temperature range -45 to 150 ºC / -49 to 302 F  

Cure Room temperature or heat cure 

Color Clear 

Working time* 90 minutes 

Room temperature cure time 1 week 

*Working time is the time to double the viscosity.   
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APPENDIX C: FRESNEL LENS 

The Frensel lens from Edmund Optics, product number NT32-590, was used for the 

illumination switch.  

Table C- 1. Properties of the Fresnel lens from Edmund Optics80 

Index of refraction 1.49 

Transmission 92 % from 400-1100 nm 

Maximum service temperature 80 ºC  

 

 

Figure C- 1. Spectral transmission of the Fresnel lens81 
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APPENDIX D: RAY TRACE MODELING 

A ray trace modeling program, TracePro, was used in this project to compare its results with 

experimental results.  Chapter 6 presented the set up and the results and more detail 

explanation of how it was modeled on TracePro are explained in this appendix.  On 

TracePro, the silicone gel was simulated by first creating a cylindrical block with radius of 3 

cm right besides the Fresnel lens.  Then using a function called “subtract” on TracePro, a 

cylindrical block with one side of its surface negative replicated with the Fresnel lens could 

be created (Figure D- 1).  This block was used when it was desired to simulate the Fresnel 

lens being deactivated by the silicone gel, meaning that the Fresnel lens was not able to focus 

the incoming light.  This simulated silicone gel had a refractive index value of n=1.4.   

Silicone gel Fresnel lens
Silicone gel with one side being a 

negative replication of the Fresnel lens  

Figure D- 1. Simulated silicone gel by “subtraction” 

On Figure 6-1, there was a tube with inner diameter of 6cm around the illumination switch.  

It perfectly absorbed light so any light that did not hit the illumination switch hit this tube to 

prevent any light outside of the illumination switch from entering the detector.     

Polar Iso-Candela Plot was usually used as shown on Figure D- 2 when checking the angular 

distribution of incident angles on a surface.  This figure shows the angular distribution when 

the light source entered a sheet of silicone gel, as an example.   
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Figure D- 2. An example of Polar Iso-Candela Plot 

 

 

 

 

 

 

 



 

 78

APPENDIX E: PICTURES OF THE DEMONSTRATION SET UP 

Chapter 7 presented the construction of the demonstration set up using the illumination 

switch.  The picture of the demonstration set up is shown on Figure E- 1.  The light source 

was hidden in the black box which prevented any light that did not go into the light guide 

from entering into the illumination switch.  The light guide pipe propagated the light from 

MR16 to the illumination switch.   

Light Source Light Guide Pipe

Illumination Switch  

Figure E- 1. Picture of the demonstration set up 

Closer look at the MR16 and the light guide pipe is shown on Figure E- 2.  There was a 

Fresnel lens with focal length of 20 cm located just in front of the light guide pipe.   
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MR16 Light guide pipe

 

Figure E- 2. Closer look at the source light (MR16) and light guide 

The closer look at the illumination switch, light guide pipes, mirrors, and light bulbs are 

shown on Figure E- 3.  Each component was supported by stands which were bolted onto a 

wooden board so that it was well fixed.  The ESR film tubes (light guide) were inserted in 

acrylic tubes since they could be easily ruined.   
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Illumination Switch

Tube connecting 
illumination switch 
and vacuum pump

Light guide 1Light guide 2

Mirrors

Light Guide Pipe

Light Bulb 1Light Bulb 2

Light guide 2 Light guide 1

Mirror

Second Fresnel lens 

Illumination Switch

 

Figure E- 3. Closer look at the illumination switch and other optical components 

 

 


