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Abstract 

 

Studying photosynthetic pigments is essential in understanding the mechanisms of 

photosynthesis; an important aspect of this is the examination of the absorption characteristics 

of these pigments, and the nature of their interaction with light. The need and requirements of 

a modular, flexible cuvette system were investigated by performing light absorption tests with 

photosynthetic pigments. A proposed in-house design was conceived and implemented after 

determining the appropriate requirements and dimensions of the system by running tests with 

a commercial spectrometer and with the LED light sources and spectroradiometer readily 

available at McGill University to maximize compatibility and reduce the cost of the new system. 

A series of tests were performed using blank mineral oil and water samples, and two types of 

glass cuvettes with the new system. The angles of light incidence were varied, with each 

combination of solvent and cuvette undergoing testing at vertical and horizontal angles, in 

addition to four other angles.  The obtained results show the occurrence of a lensing effect; this 

effect amplifies light intensity, and is influenced by the shape and material of the cuvette 

container, the type of solvent used, and the tested angle of incidence. The cylindrical shape of 

the cuvette combined with a mineral oil sample results in a high and significant increase lensing, 

while the rectangular cuvette shows some amplification when using water based sample. The 

building procedure and results of the new system, as well as the recommendation for future 

improvements are detailed in this thesis. 
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Résumé 

 

L'étude des pigments photosynthétiques est essentielle pour comprendre les mécanismes de la 

photosynthèse. Un aspect important de cette étude est l'examen des caractéristiques 

d'absorption de ces pigments, et la nature de leur interaction avec la lumière. Le besoin et les 

exigences d'un système de cuvettes modulaire et flexible ont été étudiés en effectuant des 

tests d'absorption de lumière avec des pigments photosynthétiques. Une proposition de 

conception interne a été conçue et mise en œuvre après avoir déterminé les exigences et les 

dimensions appropriées du système en effectuant des tests avec un spectromètre commercial 

et avec les sources de lumière LED et le spectroradiomètre facilement disponibles dans le 

laboratoire de production de biomasse afin de maximiser la compatibilité et de réduire le coût 

du nouveau système. Une série de tests a été réalisée en utilisant des échantillons vierges 

d'huile minérale et d'eau, ainsi que deux types de cuvettes en verre avec le nouveau système. 

Les angles d'incidence de la lumière ont également été variés, chaque combinaison de solvant 

et de cuvette ayant été testée à des angles verticaux et horizontaux, ainsi qu'à quatre autres 

angles intermédiaires.  Les résultats obtenus montrent l'apparition d'un effet de lentille ; cet 

effet amplifie l'intensité de la lumière et est influencé par la forme et le matériau du récipient 

de la cuvette, le type de solvant utilisé et l'angle d'incidence testé. La forme cylindrique de la 

cuvette combinée à un échantillon d'huile minérale entraîne une augmentation élevée et 

significative de l'effet de lentille, tandis que la cuvette rectangulaire montre une certaine 

amplification lors de l'utilisation d'un échantillon à base d'eau. La procédure de construction et 
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les résultats du nouveau système, ainsi que les recommandations pour de futures améliorations 

sont détaillées dans cette thèse. 
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1. Chapter 1: Literature Review 
1.1. Main Photosynthetic Pigments and their Light Absorbance 

Plants perform photosynthesis by utilizing a group of pigments which absorb and transfer light 

energy to the photosynthetic reaction complexes (Cooper, 2000; Mishra, 2004). These 

photosynthetic pigments form the two membrane protein complexes Photosystem I and 

Photosystem II, and are categorized as either chlorophyll pigments or carotenoid pigments 

(Cooper, 2000; Mishra, 2004). Chlorophyll pigments include chlorophyll a (chl a) and chlorophyll 

b (chl b) (Lockstein et al., 2007). While carotenoid include β-carotene, and carotenoid subset 

xanthophylls including lutein, violaxanthin, anteroxanthin and zeaxanthin (Sandmann, 2001, 

Demmig-Adams et al., 1996). 

 

The most abundant of these pigments is chl a, which is present in the light reaction centers of 

all photosynthetic organisms (Farabee, 2007), and is the reaction driving pigment in 

Photosystem I and Photosystem II complexes. Chl b and carotenoids are found in higher plants, 

and are referred to as secondary pigments. Secondary pigments surround the light reaction 

centers in order to collect and deliver light energy through resonance energy transfer to chl a, 

which exists inside the reaction centers. Carotenoids act as a defense mechanism by dissipating 

excess energy, thus preventing damage to the photosynthetic apparatus (Frank and Cogdell, 

1996), and they inhibit oxidative damage by binding reactive singlet oxygen (Demmig-Adams et 

al., 1996). 
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Figure 1: Absorption spectrum of chlorophyll and antenna pigments (Singh et al., 2015) 

 

 

Photosynthetic pigments each have a pattern of light absorption; this pattern is known as the 

absorption spectrum, shown in Figure 1 (Singh et al., 2015). It represents the relative 

absorption of specific light wavelengths for a given pigment, and is dictated by the molecular 

structure of the pigment (Wozniak et al., 2007). The molecular structure of chlorophyll includes 

a porphyrin ring while carotenoids possess a carbon ring. The presence of relatively unstable 

double bonds enables the pigments to absorb and transfer the energy of photons through 

electron transition which in turn transfers photon energy (Wozniak et al., 2007). Energy transfer 

between pigment molecules is done via fluorescent resonance energy transfer, with certain 

wavelengths resulting in more resonance and therefore energy transfer than others (Cohen et 

al., 2002). 

 

For chlorophyll, absorption peaks are in the red and blue region of visible light, with chl a 

dissolved in acetone having peaks at 430 and 663 nm, while chl b in acetone has its absorption 

peaks at 453 and 642 nm (Taiz and Zeiger, 1998). Absorption of β-carotene and lutein is 

strongest in the blue region of visible light, with β-carotene in acetone having its maximum 
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peak at 454 nm, and lutein in acetone having its maximum peak at 448 nm (Hopkins and Huner, 

2004; Köst, 1988; Taiz and Zeiger, 1998). β-carotene and lutein have local absorption peaks at 

477 nm for β-carotene, and 2 local absorption peaks at 422 and 474 nm for lutein. Absorption 

peaks can shift in response to the surrounding conditions of the chloroplasts by up to 38 nm in 

plants (Heber and Shuvalov, 2005). 

 

The absorption characteristic of chlorophyll; which peaks in the red and blue region of visible 

light spectrum, gives it a green appearance (Lockstein et al., 2007). Chl a is the most abundant 

pigment in all photosynthetic organisms (Farabee, 2007) and acts as the primary electron donor 

in Photosystem I and Photosystem II complexes, while chl b is available in higher plants as a 

secondary pigment (Lockstein et al., 2007). Chlorophyll molecules have a porphyrin ring in their 

chemical composition, with the difference between chl a and chl b being that a molecule of chl 

a has a methyl group, while a molecule of chl b has a formyl group, this difference in molecular 

structure results in a notable variation in the absorption properties of the two main chlorophyll 

pigments, which in turn extends the overall absorption spectrum of higher plants (Scheer, 

2006). The bonds between chlorophyll molecules and chloroplast proteins are non-covalent, 

and together they form a protein-chlorophyll complex (Lockstein et al., 2007).  

 

Carotenoids are secondary pigments and they typically have a red, orange or yellow 

appearance, since their absorption is strongest in the blue region of visible light (Lockstein et al., 

2007; Taiz and Zeiger, 1998) and form a complex antenna network in the thylakoid membrane 

that transfers energy to and from the reaction centers via resonant energy transfer (Lockstein 

et al., 2007; Cogdell, 1978). Carotenoid molecules consist of a polyene chain of double bonds 

with a varying length and possible carbon rings at the ends of the chain, depending on the type 

of carotenoid (Vershinin, 1999). Carotenoids can transfer energy to chlorophyll through singlet-

singlet energy transfer, which enables it to act as an antenna system to absorb and deliver light 

energy to the reaction centers during photosynthesis (Cogdell, 1978). Carotenoids can also 

transfer excess energy from chlorophyll through triplet-triplet energy transfer; this enables 

them to perform a photo-protective role in plants (Cogdell, 1978). Chlorophylls and carotenoids 
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are therefore able to absorb and transfer light energy due to the conjugated nature of bonds in 

their molecular structure (Wozniak et al., 2007). 

 

Plant photosynthetic utilization of light energy peaks in the red and blue region of visible light, 

where chlorophyll has its own absorption peaks. However, the fluorescence characteristics of 

chl a facilitates efficient transfer of excitation energy from secondary pigments to the reaction 

centers where chl a exists. This effectively extends the range of light energy utilization for 

photosynthesis by plants beyond the absorbance peaks of the dominant chlorophyll (Frank and 

Cogdell, 1996; Koning, 1994; Young, 1991).  Photosynthetic pigments play a protective role 

against potentially hazardous complications caused by extremely high irradiance (Frank and 

Cogdell, 1996; Demmig-Adams et al., 1996). This can be done by storing excess energy in the 

form of excited, singlet Chl a (
1
Chl

*
) molecules in the reaction centers (Müller et al, 2001). 

Moreover, the oxygenated carotenoid xanthophyll pigments, specifically violaxanthin, 

antheraxanthin, and zeaxanthin can thermally dissipate excess energy in the reaction centers, 

preventing photo-oxidative damage to the photosynthetic apparatus. Violaxanthin, 

antheraxanthin and zeaxanthin scavenge for evolved singlet-oxygen (1O2), an oxidizing agent 

that is hazardous for the plant due to its high reactivity which can cause cell damage by 

oxidizing lipids, proteins and pigments. This damage can photo-inhibit the photosystem light 

harvesting centers, can cause photo-bleaching, and eventually the death of the plant (Demmig-

Adams and Adams, 1992; Mozzo, 2008; Müller et al, 2001). 

 

 

 

1.2. Introduction to LEDs 

LEDs are a promising source of electrical light for controlled environment agriculture (CEA) 

plant production and research, compared to traditional electrical lighting sources (Massa et al., 

2008; Morrow, 2008). The benefits of using LEDs include light beam controllability, low heat 

emission in the direction of illumination, and wavelength option flexibility (Massa et al., 2015; 

Morrow, 2008; Yeh and Chung, 2009). LEDs have a narrow band light emission spectrum, and 
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can produce a higher irradiance of isolated wavelengths of light than monochromatic light 

previously obtained through filters, which in turn allows more accurate assessments of plant 

physiological responses to them (Lefsrud, 2008). The use of LEDs can have a higher initial capital 

cost, compared to traditional sources of horticultural lighting (Singh et al., 2015). Economic 

analysis indicates that LEDs can reduce the electricity cost and investment will be returned in 

long-term operations in green house industries, as shown in Figure 2 (Singh et al., 2015). 

 

 

Figure 2: Lifetime cost comparison of a 150-W HPS lamp and a 14-W LED, (Singh et al., 2015) 

 

Subjecting plants to specific wavelengths of light, individually or in addition to traditional 

horticultural lighting, can have a great effect on the plant, and can increase the nutrient 

content of the end product (Singh et al., 2015). This positions LEDs as a the top choice for of 

electrical horticultural light options for growers seeking an efficient, flexible source of light, 

with enhanced nutrient content, and for researchers seeking to explore the benefits of using 

specific wavelengths of light on plant physiology and characteristics. 
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1.3. LED properties 

Light emitting diodes (LED), are optoelectronic semiconductors, consisting of a PN-junction 

(Holonyak Jr and Bevacqua, 1962). These devices are formed by doping the junction with 

chemical impurities to create a positive part and a negative part, which are then placed side by 

side to generate light (Holonyac et al. 1962; Lafont et al., 2012). The N side of the junction is a 

donor of electrons and is doped with impurity material having an excess of valence electrons 

available for conduction, while the P side is a donor of holes, or acceptor of electrons, and is 

doped with an impurity material having a shortage of electrons (Kasap, 2001). When no electric 

potential is applied to the junction, it is said to be at zero-bias, and neither electrons move from 

the N to the P regions nor holes from the P to N region (Kasap, 2001) as shown in Figure 3 

(retrieved from www.physics-and-radio-electronics.com). 

 

  

Figure 3: PN junction without an applied electric potential 

 

If the junction is placed in a circuit with positive potential applied to the P side of the junction 

and negative potential applied to the N side of the junction, it is said to be in forward bias, 

under forward bias, free electrons and holes can gain sufficient energy to cross the barrier 

between the two regions (enter into the depletion region)( Kasap, 2001). Hence the width of the 

separating depletion region is reduced and the potential barrier between the two junctions is 
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narrowed (Kasap, 2001). When a free electron meets a free hole in the junction (at the 

depletion region) recombination happens. During recombination, when electrons find vacant 

states of lower energy level in the holes, they move from the conduction band to fill holes in 

the valence band, which is of a lower energy level (Singh et al., 2015). The difference of energy 

is emitted as a photon and optical energy is released that is determined by the material of the 

PN junction (Yeh and Chung, 2009) as illustrated in Figure 4 (retrieved from www.physics-and-

radio-electronics.com). 

 

Figure 4: PN-junction in forward bias 

This difference in energy, between the energy of the free electrons moving from the N side of 

the junction (conduction band), and the valence energy of the holes moving from the P side of 

the junction (valence band) is known as the band gap (Kasap, 2001). The band gap energy is 

equal to the energy of the photons released and therefore determines the frequency and 

wavelength of light emission. This wavelength has a mathematical relation to the band gap 

energy (Kasap, 2001). 

                 

Equation 1 

Where h is Planck’s constant, c is the speed of the light, and Eg is the band gap in electron Volts 
(eV) 
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In order to tune the wavelength of the resulting light, the band gap energy is manipulated. This 

is done by changing the doping material in the junction (Kasap, 2001), and its concentrations 

(Yufeng et al., 2007). This is because the bonds formed in the solid substrate of the junction 

cause the formation of delocalized molecular orbitals (Kasap, 2001). Therefore changes to the 

chemical composition of the junction medium also changes the energy levels of the delocalized 

molecular orbitals of the P and N sides of the junction, which in turn changes the band gap 

energy. Charge carrier concentration along the profile of a PN-junction is shown in Figure 5 

(Kasap, 2001). 

 

Figure 5: Carrier concentration of a forward biased PN junction. “po” is the charge carrier 
concentrations for holes, while “no” is that of electrons. SCL stands for the space charge layer, 

or the depletion region (Kasap, 2001). 

 

Doping material used to produce red light can be a combination of aluminum gallium arsenide 

(AlGaAs), gallium arsenide phosphide (GaAsP), aluminum gallium indium phosphide (AlGaInP), 

or gallium (III) phosphide (GaP) (Craford 1992; Mukai 1999). Dopants producing blue light can 

be zinc selenide (ZnSe), or indium gallium nitride (InGaN) (Craford 1992; Mukai 1999; Xie 1992). 

LEDs can be used to produce light in a wide range of wavelengths, from 350 nm to 940 nm 

(Steigerwald et al., 2002), while having the superior control over the composition of the 

produced spectrum of light compared to all other commercially available light sources (Morrow, 
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2008). The efficiency of conversion of electric power to light depends on the input power. For 

the same peak wavelength, operating LEDs at higher power lowers their electric conversion 

efficiency compared to LEDs operating at lower power. Droop is defined as the electrical 

conversion efficiency loss as a function of operating power, and is affected by the polarizing 

fields that changes the dynamics of recombination of electrons and holes inside the junction 

(Kim et al., 2007). 

 

The use of LEDs have been confined to low power, indicator lights in electronic devices (Figure 

6) (Singh et al., 2015), but advances in technology have made LEDs a lot more powerful, 

compact, robust, durable, and efficient (Nelson et al., 2013; Morrow, 2008; Tsao et al., 2004). 

This expanded the potential fields of usage for LEDs and opened up entirely new areas of 

utilization. For example, LEDs now can be used in many high power lighting applications (Figure 

7) (Singh et al., 2015) and are replacing incandescent lamps, fluorescent bulbs, and other high 

intensity discharge lamps as a source of electrical lighting in commercial greenhouses (Nelson 

et al., 2013; Tsao et al., 2004). It has been reported that LEDs can have an operation lifetime of 

up to 100K hours (Folta, 2005); however extreme temperatures and high operating currents will 

cause early degradation in output or life expectancy (Pecht et al., 2014; Van Driel and Fan, 

2013). Increased PN junction temperature results in an exponential decline in the LED’s lifetime 

(Fu et al. 2011). Even though some greenhouse conditions; such as high temperature and 

humidity can lower the longevity of the LEDs, they still retain a higher lifetime than that of 

current greenhouse lighting technologies (Fu et al. 2011). 
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Figure 6: Key structure of a low wattage LED suitable as an indicator light source. It consists of 

a PN junction chip (light-emitting semiconductor), a lead frame containing the die, in addition 

to an encapsulation to protect the die (Singh et al., 2015) 

 

 

 

Figure 7: Chip on board or COB design of an LED which has an improved thermal conductivity, 

this design is the most commonly used one for high intensity LEDs, as it enables the 

dissipation of excess waste heat from the light emitting surface to an active heat sink, which 

in turn allows the light source to be placed close to the crop surfaces without risking to 

overheat or stress the plants (Singh et al., 2015) 
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1.4. LED usage for plant research 

The unique properties of LEDs offer a number of benefits for researchers and growers. This 

includes an overall higher efficiency, resulting in a reduction in power consumption that can go 

up to 70% when compared to traditional lighting technologies (Singh et al., 2015). This is partly 

due to the unmatched capacity for spectral output optimization, and with advancement in LED 

technology, improving electrical conversion efficiency has played an important role, further 

lowering power consumption (Nelson et al., 2013; Tsao et al., 2010; Steigerwald et al., 2002). 

Different types of LEDs from the blue light region to the far-red region can be used in 

combination to tailor a specific spectral composition (Brown et al., 1995; Singh et al., 2015), 

maximizing spectral efficiency (Tamulaitis et al., 2005). This allows LEDs to be characterized by a 

high relative quantum efficiency (RQE), which means how efficient they are for photosynthesis 

(Singh et al., 2015; Martineau et al. 2012; Gómez et al. 2013) and enables researchers to 

experiment and study the effect of single or multiple wavelengths to determine what exact 

wavelengths are optimal for plant photosynthetic, photo-morphogenic, phototrophic and 

metabolic processes (Tamulaitis et al., 2005; Hyeon-Him et al., 2004). Conversely, HPS bulbs do 

not readily allow spectrum manipulation and optimization (Tamulaitis et al., 2005); additionally, 

both HPS and other HID lighting systems have a relatively limited spectral efficiency for plant 

growth (Bula et al., 1991; Morrow, 2008).  

 

LED lights can be dimmed and brightened electronically in a simple manner, with the light 

intensity being linearly related to the input current and voltage within a voltage range that 

depends on the type of LED (Singh et al., 2015; King, 2008). A constant and optimal light 

irradiance can therefore be achieved, which can vary depending on the photosynthetic needs of 

the plant species being studied (Mathieu et al., 2004; Ieperen et al., 2008), LED lighting systems 

can be integrated into digital control circuits easily, which would allow automated control over 

their output and potentially counter temporal variation in solar irradiance (Tamulaitis et al., 

2005; Tsao et al., 2010). This is a major advantage over gas discharge lamps, which operate 

under a fixed voltage and power with no direct control over output of light, or HID lights that 
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only allow for limited and indirect control, mostly done with shade control systems, which 

results in great energy losses (Mathieu et al., 2004). LEDs emit less heat in the direction of 

illumination compared to traditional light sources, this limits the risk of heat stressing plants 

when LEDs are used in close proximity to them, and enables the use of LEDs to maximize spatial 

uniformity of light and limit shaded areas, which helps in optimizing crop yields (Ieperen et al., 

2008) and allows for better and more stable temperature control inside a growth chamber 

(Singh et al., 2015). This is another great advantage for LED lights compared to traditional lights 

like the typically high power HID, which cannot be placed closer than 1 meter to plant canopies 

due to heat stress and light saturation restrictions, which cause leaf burn and plant death 

(Dorais, 2003). Lighting systems utilizing LEDs have reduced cable gauge, which is translated to 

a reduced weight and low cabling costs (Singh et al., 2015). The above benefits, combined with 

the longer lifetime, increased durability and more compact size of LED light systems (Singh et al., 

2015; Steigerwald et al., 2002), position LEDs as a technically advantageous choice for plant 

researchers and growers alike.  

 

1.5. LED technical limitations 

LED light sources produce reduced heat in the direction of light emission compared to 

traditional lighting sources (Singh et al., 2015). However, heat is still dissipated in the opposite 

direction of light emission, and increases as the input power to the LED is increased (Yung et al., 

2013). In LEDs, heat generation is a result of non-radiative recombination of electrons and holes, 

which causes heat buildup in the junction (Gu and Narendran, 2004; Lee et al., 2001). The lower 

input power required by LEDs to operate means that dissipated heat is limited, but this excess 

heat lowers the photon conversion efficiency of the LED, shifts its peak wavelength, temporarily 

reduces its light intensity (Gu and Narendran, 2004; Schanda et al., 2014; Xi et al., 2005a; Yang 

and Cai, 2013) especially when junction temperature exceeds 100 °C (Christensen and Graham, 

2009; Su et al., 2012) and eventually causes permanent degradation to the LED (Li et al., 2014; 

Xi et al., 2005b). The shift in peak wavelength due to excess heat can be from 10 nm to 15 nm 

towards longer wavelengths (Gu and Narendran, 2004; Peng et al., 1999) and the reduction in 
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light intensity is between 10% and 25% (Chang et al., 2012; Liu et al., 2009), with red LEDs 

suffering more from these effects than blue LEDs (Schanda et al. 2014). Heat buildup increases 

the possibility of non-radiative recombination, which further exacerbates these issues and 

results in more excess heat generation. Therefore, thermal management of LEDs is of crucial 

importance as it directly affects the reliability and efficiency of the light system, especially for 

research purposes, where any shifts in peak wavelengths or intensity are undesirable 

(Christensen and Graham, 2009). Thermal management can be adequately achieved using 

passive heat sinks, cooling fans, or water cooled heat sinks. Additional monitoring of the 

reliability and performance of LEDs is required for out-door operation to account for the 

variation of heat load caused by changes in solar radiation (McCartney and Lefsrud, 2018). For 

research applications, a programmed system is required to constantly monitor the temperature 

of the LEDs and actively control their cooling mechanism to minimize changes in the spectral 

properties of the LEDs due to heat.  

 

Light uniformity is another aspect that should be considered when working with different light 

sources, whether it is the intensity decay from the source to the sample, or the horizontal 

intensity gradient at the surface of the sample (Nelson and Bugbee, 2014; Wallace and Both, 

2016). Controlling light uniformity via secondary optics, such as reflectors and lenses, is critical 

for LEDs. The type of secondary optics needed depends on the application and the required 

beam angles, with low beam angle lenses providing light focus towards a targeted sample, and 

combining light from multiple LEDs, which improves the net photon utilization efficiency (Li et 

al., 2016; Poulet et al., 2014). Controlling the light intensity for LEDs can also be done by 

adjusting the distance between the light source and the sample while operating the source at 

the same input power, without the risk of heat-damage to the sample; this is an advantage for 

LEDs over traditional light sources (Both et al., 2017; Gómez et al., 2013; Massa et al., 2008). 

For chip on board LED sources with multiple LEDs of the same wavelength, lenses of beam 

angles from 60 to 120 degrees are typically used, with lens design and LED diode arrangement 

on the chip tuned to circumvent intensity heterogeneity caused by constructive and destructive 
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interference of light emitted by the group of LEDs forming the luminaire (Chen et al., 2011; 

Whang et al., 2009). 

 

1.6. Stepper Motors 

Stepper motors are a type of brushless DC motors that provide controlled motion and precision 

positioning. Stepper motors divide the rotation cycle into a number of equal sized steps (Tarun, 

2013). A stepper motor requires a controller to function, and typically features an open-loop 

setup, where the operation sequence is predetermined and remains the same within an 

allowed load limit (Tarun, 2013). In simple terms, a unipolar stepper motor consists of a 

rotating gear at the center of the motor, surrounded by a series of electromagnets. The central 

gear is connected to the motor shaft. The electromagnets are energized and deactivated in 

series, with each activated electromagnet attracting and aligning the teeth of the gear to it, and 

placing them in slight offset relative to the next deactivated electromagnet. When the next 

electromagnet activates, it corrects this offset and aligns the teeth of the gear to it, resulting in 

a stepped motion. This process is repeated in series for all the electromagnets present within 

the motor. Once a full activation cycle is done, the stepper motor would have rotated the 

equivalent of a single tooth position (Tarun, 2013). In reality, the electromagnets are not 

activated one at a time, but are rather divided to groups called phases, each group is activated 

at the same time, and the electromagnets of each group are always separated by those of other 

groups, in an alternating pattern. A disassembled stepper motor is shown in Figure 8 (retrieved 

from https://emadrlc.blogspot.com/2013/01/stepper-motor-construction.html). 
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Figure 8: A disassembled stepper motor 

 

 

 

1.7. Cuvette Systems 

Cuvette systems utilize light sources, small containers carrying a test sample and 

spectrophotometers to study the interactions between specific wavelengths of light and the 

sample; which is dissolved in a solvent or suspended in a fluid within the cuvette, in a technique 

known as optical absorption spectroscopy (Merzlyak et al. 2008). Optical absorption 

spectroscopy is applied in the study of biological and chemical substances including 

photosynthetic pigments (Merzlyak et al. 2008). The shape of the cuvette container varies to 

accommodate different testing requirements, and the sample may be static in the container 

(Hervey et al. 2021) or may be dynamically flowing through the cuvette, which in this case must 

utilize multiple ports to support sample flow (Evans et al. 2022). 

 

Light scattering by the test sample can affect the apparent absorbance at individual 

wavelengths (Merzlyak et al. 2008), this can cause complex distortion in absorption 

measurements that varies according to the wavelength of light and the structures present in 

the sample (Merzlyak et al. 2008). The optimal method of dealing with scattering is through the 

use of an integrating sphere, which is built in high-end spectrophotometer to collect the 

scattered light at the detector (Merzlyak and Naqvi 2000). However, research using simpler 
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spectrophotometers have devised different, less costly techniques to limit the effect of 

scattering, mostly through the use of various diffusers at the light incidence surface of the 

cuvette to uniformly scatter incoming light beams, rendering sample scattering negligible 

compared to diffuser induced scattering in the final observed spectral recordings (Jackson et al. 

2014). Hervey et al. proposed a diffusion technique that utilizes a dual compartment cuvette, 

the first compartment facing the light source is filled with a suspension of titanium dioxide in 

water, and the other compartment facing the sensor carries the sample (Hervey et al. 2021). 

Titanium dioxide, which is inexpensive and easily available, forms an opaque suspension in 

water allowing the solution to act as a diffuser (Hervey et al. 2021). This technique has resulted 

in reproducible spectral readings when tests are repeated using the same particle size and 

concentration of titanium dioxide, and allows for an inexpensive and standardized diffusion 

stage compared to other diffusion techniques (Hervey et al. 2021). 

 

Most applications utilizes cuvettes made of clear, transparent material to analyze the light 

beams that passes through the sample when it emerges from the other side of the cuvette 

(Merzlyak et al. 2008, Merzlyak and Naqvi 2000, Hervey et al. 2021). However, some 

applications utilize cuvette systems that have cuvette containers made of reflective metal, and 

use the reflected or scattered beams bouncing off the metal of the cuvette as an input to 

spectral analysis setups (Lykina et al. 2017). A concentration of albumin, the most common 

protein in blood plasma, was tested with a Raman spectroscopy setup where the pumping 

efficiency of the laser light source was increased by allowing more multi-reflections to occur 

within custom made, aluminum cuvettes of various volumes and shapes (Lykina et al. 2017). It 

was found that cuvette-reflectors with a smaller volume and a spherical bottom resulted in a 

twofold increase in the accuracy of the registration efficiency of the albumin Raman signals, 

allowing for a reliable and efficient method of detecting abnormality in albumin concentration, 

which is indicative of organ pathology or body inflammation (Lykina et al. 2017). 
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2. Chapter 2: Designing the Cuvette System 

2.1. Initial Pigment tests 

The Biomass Production Laboratory performs studies focused on plant pigments and their 

properties, these tests involve the spectral analysis of solutions of the photosynthetic pigments 

in various solvents, and observing the absorption characteristics of these pigments. This plays 

an essential role in the bigger purpose of understanding and researching photosynthesis, and 

can pave the way to the advancement of technologies and sciences that can harness the 

mechanisms of photosynthesis to serve a broad range of applications, benefiting the 

environment as well as humanity. 

 

At the start of this project, a number of these light analysis tests were performed, specifically 

using solutions of chl a in acetone, chl a in canola oil, chl b in acetone and chl b in canola oil. 

The tests were performed by mixing the chlorophyll samples; which are in powder form, in 

solvents like acetone or canola oil at different concentrations and analyzing them using a 

spectrophotometer to determine their absorbance profile in the action spectrum region of light. 

The baseline test will not be included in this thesis, as they in themselves are out of the current 

scope. 

 

The tests were performed by preparing the samples in test tubes, adjusting the concentrations 

of the solutions, and placing them in small glass cuvettes designed to work with the 

spectrophotometer, then performing a light scan with the samples multiple times and recording 

the absorbance profile. The tests samples were mixed, prepared and transported to the 

spectrophotometer under low lighting conditions, to avoid any damage from sunlight or room 

lighting. The only significant light the samples were subjected to is the light of the testing 

station. The spectrophotometer used was an Ultrospec 1100 pro UV/Visible 

spectrophotometer; this model performs spectral analysis on a sample placed in a small, open-
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top glass cuvette, and shines the testing light horizontally inside the testing compartment of the 

device.  

 

2.2. Reasoning behind the Cuvette System and its Main Requirements 

The new cuvette testing platform was built to compensate for the limitations of the existing 

spectrophotometer. The existing device; as stated above, shines light from a fixed horizontal 

angle through the sample in a small, open-top glass cuvette, placed in a compartment within 

the device. This immediately creates a few limitations. 

The fixed, horizontal angle of light incidence makes it impossible to test samples of 

heterogeneous nature. For example, a certain pigment dissolved in water and another pigment, 

or the same one dissolved in oil. There is a need to study light behavior on such type of samples 

and how the water-oil interface affect incident light at different angles to the interface plane 

where water meets oil. The existing system would not be able to test these samples, since it 

shines light horizontally, parallel to the interface plane.  

The small size of glass cuvette in the existing system would make it very challenging to prepare 

a larger sample of multiple solvents. The fact that it is also open-top would make it impossible 

to monitor any pressure buildup in the sample as a result of light incidence, and would subject 

the sample to atmospheric air, possibly for extended time, causing potential contamination to it. 

Since the glass cuvette is placed in an enclosure inside the existing spectrophotometer, the 

possibility of adding any other external sensors to monitor changes in the temperature of the 

sample, or reflectance via additional light sensors is nullified. The LED light source and light 

sensor inside the existing system are built-in, and no exchangeability is supported. 

 

The new cuvette system is not intended to fully replace the existing spectrophotometer, but is 

meant to be a platform for a more flexible testing device that extends and enhances the 

amount and type of data that can be observed and gathered from the samples as they are 

subjected to light. The new cuvette system needs to shine light vertically, and different angles, 
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to allow the testing of heterogeneous samples. The angle of incidence of the light must be 

variable and easy to adjust on the go. The glass cuvette used must be sealed and of a slightly 

larger size to simplify the testing of complex samples, and the addition of extra sensors in the 

future. The LED light source, light sensor, and glass cuvette must be swappable with other 

different sources, sensors and cuvettes, respectively. So the new system needs to be modular, 

and support interchanging these parts with no adjustments in the frame, or with limited 

adjustments if necessary. And the new system must be designed to work with LED light sources 

and light sensors currently available in the Biomass Production Lab, to minimize the budget of 

the system, while offering the potential for the use of other light sources in the future. Using 

these existing LEDs, a minimum light intensity of 250 µmol m
-2

 sec
-1

 at the center of the glass 

cuvette surface is required, regardless of the LED used. These are considered the main 

requirement of the new cuvette testing platform. 

 

2.3. Description of the proposed design 

The cuvette system’s frame is composed of 3 steel plates, one being the base and two 

represent the sides. Steel was chosen for the frame to limit any vibrations during the tests, and 

to allow for a higher lifetime for the device overall. The base plate is 0.5” in thickness, 12”in 

length and 9”in width. The two side panels have a thickness of 0.5”, width of 12” and Length of 

14”. These plate dimensions are; to an extent, limited by what the steel supplier avails, but are 

suitable for the build and allow some extra room for the addition of external sensors at a later 

time. The base panel holds the two side panels, at both ends of it, with a separation of 9”, 

facing each other and orthogonal to the surface of the base. The right side panel has an outer L-

shaped shelf to hold the stepper motor. It has a port for the shaft of the motor to go through; 

the shaft would carry a rotating arm, which would be centered opposite to the glass cuvettes. 

The opposite, left side panel holds a stationary, horizontal steel arm, at the end of the arm is an 

exchangeable adaptor that holds the glass cuvette without touching it through the use of 

rubber rings, the adaptor does not interrupt the line of sight between the light source and the 

sensor. During the design phase, the need for a mixing mechanism to be implemented on this 



29 

 

side of the device was examined, but after the preparation and testing of chl a and chl b 

pigments in canola oil and acetone, the mixer mechanism was excluded from the final design. 

This is due to the observed ease of solubility, and lack of precipitation of these pigments in the 

tested solvents. This side of the device is static as a result, and serves as a holder to glass 

cuvettes. The dimensions of the two side panels and the base were selected to accommodate 

the rotating arm, and then were fine tuned to match the provided steel plate dimensions 

offered by the steel supplier, in order to minimize the required budget and effort needed to 

shape the plates. Also, no welding along the length of the individual plates was done to 

maximize the overall build integrity and avoid irregularities in the frame. 

 

The right side panel hold the stepper motor, attached to its shaft is a rotating arm made of 

steel; this material was selected for its longevity, and to allow for a secure mounting of the light 

source and a light sensor. The rotating arm has a horizontal axis of rotation; along this axis are 

the glass cuvettes, which are aligned so that the center of its surface would be exactly below 

the light source above and also directly above the light sensor at the lower end of the rotating 

arm. The rotating arm length was determined by testing the light sources that will be used in 

the device. A minimum light intensity threshold of 250 µmol m
-2

 sec
-1

 at the center of the glass 

cuvette surface was required, so LEDs of different wave lengths were tested to determine the 

maximum distance from the LED to the surface of the sample that would satisfy this 

requirement. Using a UV LED (410 nm) which by design had the lowest output power, a spacing 

of 10 cm from the edge of the LED to the glass cuvette was determined. At this distance, the 

amber light LED (595 nm) which is of particular interest to our research group, would produce 

an intensity of 450 µmol m
-2

 sec
-1

 at the surface of the glass cuvette. The length of the arm 

accounts for the size of the glass sample chamber; which is at the center of the rotating arm’s 

prongs, and the thickness of the LED light source and its water-cooling jacket. As a result of the 

above, the final lengths of the rotating arm was determined to be 25 cm, this includes the 

spacing between the light source at the higher end of the arm and the glass cuvette, the height 

of the glass cuvette and the spacing between the lower surface of the glass cuvette and the 

light sensor at the lower end of the arm. The rotating arm is attached to the motor at the 
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middle of its length, at the upper end, it has a mount for the metal water-cooling jacket of the 

LEDs used in the tests, the cooling system is necessary for the LED to operate at the desired 

wavelength, it needs a constant supply of water, so the cooling jacket has and input port for 

cool water and an output port for hot water, water is delivered and extracted from the cooling 

jacket using two rubber water tubes, each of a diameter of 1 cm. On the opposite end of the 

rotating arm, a light sensor is mounted along the same axis as the light source and center of the 

glass cuvettes. 

 

To provide rotational motion for the rotating arm over a horizontal axis, a stepper motor was 

used. Stepper motors are a type of brushless DC motors that provide controlled motion and 

precision positioning. Traditional “brushed” DC motors use two or more stationary contact 

brushes -typically made from graphite- to deliver electric current to the windings of the rotor, 

by pressing against the commutator. This has a number of disadvantages, power loss from the 

friction between the brushes and commutator, the wearing down of the brush material which 

can create a fine dust and possibly interfere with the sample, and the abrupt repeated current 

switching in the rotor’s coil –which has an inductance- creates sparks at the commutator and 

brushes point of contact, these sparks create electronic noise, which can interfere with the 

sensors and possibly the sample. Brushless DC motors do not use the commutator and brushes 

setup, and rely instead on an electronic servo system, where –generally- the angle of the rotor 

is electronically detected and the current in the windings is controlled to maintain a 

unidirectional torque. This gives the brushless motor increased efficiency, longer lifetime, and 

less electronic noise. Another key advantage for our design is that brushless motors rely on 

electronics for commutation, this allows for greater flexibility with regards to controlling the 

rotation of the motor, like speed limiting and micro-step operation for precision positioning. 

These capabilities are not available using traditional DC motors. 
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3. Design Implementation 

3.1. Additional Design Requirements 

For this cuvette system design, it is required to:  

• Rotate an arm carrying a light source at one end and a light sensor at the opposite end, 

around a fixed glass cuvette containing a sample.  

• The rotation must be controlled, slow, and reversible. The wiring to the light source and 

light sensor and the water cooling tubes that are fixed along the arm could be damaged 

by uncontrolled or abrupt motion.  

• The experiments that need to be performed by the device require a defined set of 

angles of incidence relative to the sample.  

• The sample must be kept in the cleanest conditions possible, even though it is in a 

sealed glass cuvette, any dust particles can obstruct the path of light from the source to 

the sensor.  

• The glass cuvette has a light sensor close to it, and therefore sources of electronic 

interference can affect the reading of the sensor.  

These conditions led to the decision of using a stepper motor in this build. 

3.2. Building the Cuvette System 

Four plates, two of them had the dimensions of the side plates, and another two with the 

dimensions of the base plate were selected (Lachine Steel, Lachine, QC). Additional steel rods 

required for the arm and the cuvette and motor support were obtained from the workshop 

storage. The stepper motor used was a ZABER X-NMS Series stepper motor, it comes with a 

built in modulator and controller in addition to its own power supply. This model is equipped 

with a built in knob that can be turned to manually adjust the angle of the shaft, and by 

extension the arm.  



32 

 

Two glass cuvettes were purchased for this build; the first is an Alpha Nanotech quartz cuvette 

with a screw cap and septum, and the dimensions of 12.5 mm x 12.5 mm x 58 mm, with a 10 

mm light path. The second cylindrical one from FireflySci is larger, made of optical glass with 

two stoppers, with a length of 52.5mm, diameter of 22.0mm, and a light path of 50 mm. The 

first, rectangular cuvette is intended for use with single solvent samples, while the second 

cylindrical one would be more suited for multi solvent samples due to its larger capacity. The 

material for both cuvettes has uniform transmittance across the wavelength spectrum of 

interest. There is one sensor so far in this build, a spectroradiometer (PS-300, Apogee, Logan, 

UT). As for the LED light source, it can be interchanged as long as it is fixed to a heat sink with 

the same dimensions as the one the design was based on, specifically a CN40-15B 40 mm 

Round x 15 mm High Alpha Heat Sink - 10.7 °C/W. However, the LED that was attached and 

tested for the final build was a SP-02-W4 Cool White (6500K) Rebel LED on a SinkPAD-II 40mm 

Round 7-Up Base - 840 lm, and was fitted with a 263 Polymer Optics 7 LED Cell Cluster 

Concentrator Optic lens. 

 

The cuvette system was built in the workshop on the Macdonald Campus of McGill University. It 

started with drilling eight unthreaded holes in the base plate, two in each of the four corners, 

to fit eight ¼ inch bolts, these holes were also flushed from the lower side of the base to allow 

it to fully rest on a surface once the bolts were placed. The extra steel plate; with the exact 

dimensions as the base, was used to provide steel pieces for the diagonal support of the frame, 

this was done by sawing off the four corners of this plate using a belt saw. These four triangular 

diagonal support pieces were drilled two times each at the base plate facing side into the 

thickness of each triangular piece; these holes were also threaded to accommodate the 

tightening of two ¼ inch bolts each, allowing the base to be attached to the diagonal support 

pieces. The left and right steel plates were also drilled four times each and the unthreaded drill 

holes flushed for four ¼ bolts each. Once this was done, the four diagonal support pieces where 

bolted to the base plate, the side plates were placed in location and four temporary welds were 

done to attach the side plates to the diagonal support. The diagonal support pieces; with the 

side plates temporarily welded to them, were unbolted from the base plate, and taken to the 
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table drill, where two additional holes were drilled through the existing holes in the side plate 

into each welded diagonal support piece. Once this was done, the temporary welds were 

removed and the plates where grinded from any remaining welding metal. The two new holes 

in each diagonal support piece were then threaded as well. The diagonal support pieces 

therefore; keep the three frame plates attached to each other. The main frame is shown in 

Figure 9. 

 

The right side plate was then disassembled from the rest of the frame, and a plasma cutter was 

used to open a port for the shaft-side of the stepper motor, this port was then evened and 

made into a square shape with a milling machine, excess steel was then cleaned off the plate 

with a grinder. An L-shaped tray to hold the motor was then formed from a steel rod, and drill 

holes in the tray and the right side plate were done to fix the tray directly below the shaft port 

with ¼ inch bolts and nuts. Holes were also drilled in the tray itself so the bracket of the motor 

can be screwed to it. A steel rod was selected to form the rotating arm, square pieces of this 

rod were cut and welded to sides of the rod at each end, and these ends will be holding the LED 

light source and the base of the light sensor. Figure 10 shows the results so far. 

 

The straight steel rod was then orthogonally bent at each end to form the final shape of the 

arm, with the two prongs of the rod facing one another. Holes were drilled through the center 

of the arm to accommodate the shaft of the motor, and the attachment of the wheel hub that 

keeps the shaft of the motor fixed to the arm. At the ends of the arm, holes were drilled to 

attach the heat sink of the LED light source to the arm at the top, and the base of the light 

sensor at the opposite end of the arm; the results so far are shown in Figure 11 and 12. 

 

The left side plate of the frame was drilled and attached to another orthogonally bent steel rod 

via nuts and bolts; this rod will be holding the cuvette glass to the left plate. The end of the 

holder was drilled to attach two different and interchangeable metal adaptors, one for each 
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glass cuvette. These two adaptors were made from steel rods that were bent, drilled and 

smoothed. And each was designed specifically for the corresponding type of glass cuvette. The 

adaptors do not make actual contact with the glass of the cuvettes, as this might cause damage 

and scratching to the glass, so rubber rings are placed between the glass cuvettes and the 

surface of the steel adaptors. Figure 13 and Figure 14 show the assembled system with both 

types of glass cuvettes separately equipped. 

 

 

Figure 9: The assembled main frame of the cuvette system 
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Figure 10: The motor port and holding tray 
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Figure 11: The rotating arm attached to the motor with a dummy heat sink and the actual 

light sensor 

 

Figure 12: Outside view of the above, showing the stepper motor on its tray 



37 

 

 

Figure 13: Assembled cuvette system with the cylindrical glass cuvette equipped 

 

Figure 14: Assembled cuvette system with the rectangular glass cuvette equipped 
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Once work on the build was completed, it was disassembled. Each part of the main frame was 

branded with numbers and letters to indicate its correct position and order of assembly for 

future users, all steel parts were spray painted with anti-rust flat black paint, to offer some 

protection, and limit the effect of light reflection off the steel parts when performing tests. It is 

worth noting that the entire build was done precisely in one go, without any mistakes or 

repetitions. The paint was given a day to dry, then the system was transported to the Biomass 

Production Lab for testing. Figure 15 to Figure 20 show the final assembled system from 

multiple angles. 

 

Figure 15: Front view of the system. The two side panels have a thickness of 0.5”, width of 12” 
and Length of 14”. The rotating arm has a length of 25 cm 



39 

 

 

Figure 16: Side view of the system, showing the panel holding the glass cuvette 

 

Figure 17: Diagonal view of the system 



40 

 

 

Figure 18: Diagonal view of the system 

 

Figure 19: Side view of the system, showing the panel housing the stepper motor 
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Figure 20: Top view of the system. The base plate is 0.5” in thickness, 12”in length and 9”in 
width [side plate to side plate]. 
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4. Final Result and Tests 

Once the Cuvette system was transported to the lab, it was assembled and two benchmarking 

tests were performed. The LED light source was connected to a DC power supply (DP832, Rigol 

Tech., Beaverton, OR, USA), the stepper motor was connected to its own DC power supply, and 

the water-cooling heat sink was connected to an iso-temp bath circulator (4100R20, Fisher 

Scientific, Hampton, NH, USA) that circulated water at a temperature of 15 °C.  

 

 

Figure 21: The entire testing setup, showing the assembled cuvette system and iso-temp bath 

circulator 

 

Twenty-four benchmark tests were done using the cylindrical and rectangular glass cuvettes, 

the samples were blank samples of water and mineral oil at vertical (0°) and horizontal (90°) 

light incidence to the sample surface. Additionally, four other incidence angles were tested by 

rotating the arms of the system by one to four steps, with each step incrementing the angle by 
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3° 45'. The reason for the small step angle is to ensure that the light source, top surface of the 

glass cuvette, bottom surface of the glass cuvette and the spectroradiometer all lie along a 

straight line at the fourth or maximum step, for both cuvettes. And for a clear comparison, 

these angles were kept the same for both glass cuvettes, even though the cylindrical cuvette 

was the determining factor in the selection of the angles, since it has a larger depth. The below 

figures demonstrate the transmittance results obtained from the tests. The vertical axis 

denotes the relative spectral transmittance, while the horizontal axis denotes the wavelength in 

nm. It is worth noting that the cylindrical cuvette exhibits a significant lensing effect compared 

to the rectangular cuvette, especially with an oil sample. 

 

Figure 22: Cylindrical cuvette with mineral oil comparison, a step is 3° 45' 
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Figure 23: Cylindrical cuvette with water comparison, a step is 3° 45' 

 

Figure 24: Rectangular cuvette with mineral oil comparison, a step is 3° 45' 
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Figure 25: Rectangular cuvette with water comparison, a step is 3° 45' 

 

 

 

The test results show that the lensing effect varies between the 2 cuvette shapes, the sample 

type used, and the angle of incidence. A sample in mineral oil results in the highest 
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decline at the following steps. This effect occurs due to the constructive and destructive 

interference of multiple pathways of incident light, which is affected by the refractive index of 

the sample solvent used and the cuvette material itself. It is worth noting that the tests are only 

for benchmarking, and that the above results only show these effects at the predetermined test 

angles, and that there may be more peaks and troughs in intensity in between the angles tested. 
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It is important to account for lensing by performing blank solvent tests at the desired angles 

before adding actual samples and running the tests at the same angles. 

 

LED light passes through multiple media interfaces on its way to the spectroradiometer, from 

air to glass at the top of the cuvette, from glass to the liquid within the cuvette, it then travels 

through the sample and reaches the bottom of the cuvette, where it passes through the 

interface between the liquid and the glass bottom, and the glass bottom and air interface to 

reach the light sensor. At each of those interfaces, a ray of light will experience refraction, 

reflection or total internal reflection depending on the initial medium material, the target 

medium material and the angle of incidence at the interface plane (Dill et al., 1977). Total 

internal reflection can occur when light traveling within an initial medium where its speed is 

low compared to its speed in the target medium at the interface between both media, if the 

angle of incidence is larger than a certain critical angle (Jenkins et al., 1976). This effect happens 

within the walls of the glass cuvette as the light travels through the sample and interacts with 

the side of the glass cuvette, or through the top of the side walls directly from the LED source. 

The above effects increase the potential for multipath propagation of light waves, and those 

waves interact with one another causing constructive and destructive interferences at the light 

sensor, which leads to lensing or dimming effects at the spectroradiometer. 

 

The light interactions within the glass cuvettes may be likened to light interaction in an optical 

fiber. In fiber optics, light is kept confined inside the fiber core, and prevented from exiting 

through the sides, by building the core with a material of a slightly higher refractive index than 

the cladding surrounding the core (Gloge, 1971). This keeps light propagating inside the core of 

the fiber by undergoing continuous total internal reflections, so long as light is guided into the 

fiber at an angle that does not exceed its acceptance angle, which is measured outside the fiber 

to ensure that a sequence of total internal reflections take place at the core-cladding interface 

once light rays are guided into the core (Hecht, 1999). The key difference between fiber optics 

and glass cuvettes is that in a glass cuvette, the refractive index of the solvent; whether it is 
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water or mineral oil, is lower than that of the surrounding glass (Zajac, 2003). However, there 

are similarities between propagation of light within the side walls of the glass cuvette, and light 

propagation along the core of an optical fiber. The side wall of a glass cuvette has an interface 

with air, and another with the solvent, with both of them having a lower index of refraction 

than the glass material of the cuvette (Zajac, 2003), therefore as light is shone at the top of the 

cuvette, it travels through the walls, undergoing a series of total internal reflections till it 

emerges from the bottom of the cuvette, similar to light propagation in the core of a fiber. It is 

worth noting that there are many differences between the two cases, the difference in shape, 

material, light path, and dimensions between an optical fiber and a glass cuvette are obvious, in 

addition to the manner of light source and receiver coupling, which is of great importance for 

effective information transmission in fiber optics (Goff, 1999), versus shining light from the LED 

source in the tested design and recording transmittance at the spectroradiometer, while both 

are separated from the glass cuvette itself. 
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5. Recommended Future Features and Improvements 

The final cuvette testing system is intended to be a modular platform for the spectral analysis 

of pigment solutions. Therefore, there is a great room for improvement and additions. More 

testing with the new system in its current state is recommended, using different pigments and 

solutions at various concentrations, and comparing the obtained results to the results from the 

existing spectrophotometer. Additional light sensors can be placed inside the system to 

examine reflectance to the sides of the glass cuvettes. A form of light cover can be 

implemented to provide dark conditions in the vicinity of the light beam. A redesigned rotating 

arm with adjustable length can be implemented. Coding predefined angles to the stepper 

motor controller to quicken testing preparation is possible. The most complex improvement to 

the system is the addition of pressure sensors to the glass cuvettes to monitor pressure build 

up, this may require the replacement of the current cuvettes with custom made ones that can 

support the usage of a pressure sensor, something that will require some modification in the 

steel holder for the glass cuvette. 
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6. Summary 

This thesis has examined the need for a modular cuvette system for light analysis of pigments; 

the requirements of such system were gathered by conducting preliminary tests using the 

current available spectrophotometer system. A proposed design was implemented; using a 

newly built steel frame in addition to readily available parts, in the workshop on Macdonald 

Campus. The final cuvette system was used to perform twenty-four benchmarking tests, after 

being transported to the lab. More tests are recommended with the new system, and 

additional features could be implemented to expand the flexibility of the system, and provide 

more types of data about the samples being tested. 
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Appendix 
 

The below figures demonstrate the transmittance results obtained from the tests. The vertical 

axis denotes the relative spectral transmittance, while the horizontal axis denotes the 

wavelength in nm. 

 

Figure A30: White LED (oil 0°) cylindrical cuvette 

 

Figure A31: White LED (oil 1 step) cylindrical cuvette, a step is 3° 45' 
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Figure A32: White LED (oil 2 steps) cylindrical cuvette, a step is 3° 45' 

 

Figure A33: White LED (oil 3 steps) cylindrical cuvette, a step is 3° 45' 
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Figure A34: White LED (oil 4 steps) cylindrical cuvette, a step is 3° 45' 

 

Figure A35: White LED (oil 90°) cylindrical cuvette 
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Figure A36: White LED (water 0°) cylindrical cuvette 

 

Figure A37: White LED (water 1 step) cylindrical cuvette, a step is 3° 45' 
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Figure A38: White LED (water 2 steps) cylindrical cuvette, a step is 3° 45' 

 

Figure A39: White LED (water 3 steps) cylindrical cuvette, a step is 3° 45' 
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Figure A40: White LED (water 4 steps) cylindrical cuvette, a step is 3° 45' 

 

Figure A41: White LED (water 90°) cylindrical cuvette 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

2
5

5

2
8

3

3
1

1

3
3

9

3
6

7

3
9

5

4
2

3

4
5

1

4
7

9

5
0

7

5
3

5

5
6

3

5
9

1

6
1

9

6
4

7

6
7

5

7
0

3

7
3

1

7
5

9

7
8

7

8
1

5

8
4

3

8
7

1

8
9

9

9
2

7

9
5

5

9
8

3

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

2
5

4
2

8
1

3
0

8
3

3
5

3
6

2
3

8
9

4
1

6
4

4
3

4
7

0
4

9
7

5
2

4
5

5
1

5
7

8
6

0
5

6
3

2
6

5
9

6
8

6
7

1
3

7
4

0
7

6
7

7
9

4
8

2
1

8
4

8
8

7
5

9
0

2
9

2
9

9
5

6
9

8
3



69 

 

 

Figure A42: White LED (oil 0°) rectangular cuvette 

 

Figure A43: White LED (oil 1 step) rectangular cuvette, a step is 3° 45' 
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Figure A44: White LED (oil 2 steps) rectangular cuvette, a step is 3° 45' 

 

Figure A45: White LED (oil 3 steps) rectangular cuvette, a step is 3° 45' 
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Figure A46: White LED (oil 4 steps) rectangular cuvette, a step is 3° 45' 

 

Figure A47: White LED (oil 90°) rectangular cuvette 
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Figure A48: White LED (water 0°) rectangular cuvette 

 

Figure A49: White LED (water 1 step) rectangular cuvette, a step is 3° 45' 
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Figure A50: White LED (water 2 steps) rectangular cuvette, a step is 3° 45' 

 

Figure A51: White LED (water 3 steps) rectangular cuvette, a step is 3° 45' 
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Figure A52: White LED (water 4 steps) rectangular cuvette, a step is 3° 45' 

 

Figure A53: White LED (water 90°) rectangular cuvette 
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