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ABSTRACT 

DEVELOPMENT OF SCALABLE OPTICAL ARCHITECTURES FOR 

MICROELECTROMECHANICAL SYSTEMS 

Isaac Spotts  

University of Guelph, 2019  

Advisor(s): 

Christopher M. Collier 

Ashutosh Singh 

To implement analytical chemistry processes in digital microfluidic systems, 

consideration is required for three concepts: actuation, sensing, and stimulation. The 

scalability of the architectures that enable these components is critical to creating 

innovative and accessible analytical equipment. By using microelectromechanical 

systems these architectures can be actualized. Actuation through digital microfluidics 

allows for highly specific quantification of analytical processes. The scalability of actuation 

architectures has been addressed thoroughly through previous works. However, the 

scalability of both sensing and stimulation requires further development and this thesis 

addresses this issue. This thesis provides a fibre-optic sensing architecture for scalable 

sensing in digital microfluidic devices. This architecture is explored theoretically and 

experimentally. This thesis also provides a method for scalable stimulation for annealing 

in polymerase chain reaction, using infrared excitation. The optical stimulation is shown 

theoretically and experimentally. 
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1 Introduction 

This thesis address challenges in scalability for sensing and stimulation in digital 

microfluidic devices. 

1.1 Context 

Miniaturization, through the scalability of technology has been the foundation on 

which many recent advancements in research have been achieved. By reducing the size 

of components and processes, energy requirements and material demand have 

decreased significantly [1]. These strides in technology are most evident in the 

computation industry, where miniaturization of logic gates have increased the 

computational power and accessibility of computers  [1]. Advancements in scalability 

have facilitated the development of micro-electro-mechanical systems (MEMS)  [2–4], 

which have been crucial to modern day life. For example, MEMS integration in the 

computation industry has produced cell phones  [5], personal computers  [6], and 

wearable computers  [7]. 

Other branches of science, beyond the computation industry, have not yet 

(significantly) incorporated scalability into the design of systems. Analytical chemistry is 

particularly promising for integration of scalability (to the micro- and nano-scale) into their 

designs and methods, and can greatly benefit from such innovations. Leveraging existing 

innovative technology such as photolithography  [8], voltage control  [9], and photonic 

sensing [10], solutions to the lack of scalability can be developed. The MEMS technology 

of microfluidics has shown particular promise for miniaturizing analytical chemistry 
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processes, achieving proof-of-concept demonstrations of chemistry processes such as 

assays for point-of-care diagnostics  [11] and DNA analyses  [12].  

Recently, a subset of microfluidics has been introduced, being digital (droplet-

based) microfluidics. Here, multiple analytical chemistry processes can potentially be 

achieved in one reconfigurable chip  [13]. Digital microfluidic devices must be designed 

for scalability with consideration to the three main concepts in analytical chemistry, being 

actuation, stimulation, and sensing  [4,14,15]. Actuation of microdroplets in digital 

microfluidics has seen vast improvement, since its inception. For a grid of m × n (row and 

columns) microdroplet locations, it is desirable to have fewer actuation activation 

locations. Recent digital microfluidic devices have achieved m + n activation locations 

through multiplexed architectures  [16,17]. This is an improvement upon traditional square 

electrode grids with the less scalable m × n design for actuation activation locations. 

Despite the above innovations in actuation scalability for digital microfluidics, 

sensing and stimulation still require innovative solutions to increase scalability for digital 

microfluidic devices. This thesis addresses challenges associated with this scalability in 

sensing and stimulation of miniaturized (digital microfluidics) analytical chemistry 

systems. 

1.2 Thesis Scope 

The following chapters of the thesis are described here. Chapter 2 presents a 

literature review of the current technology available for MEMS. This MEMS technology 

can potentially facilitate the operations of analytical chemistry, actuation, sensing, and 
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stimulation. This chapter concludes with the identification of the limitations in the 

scalability of current sensing and stimulation architectures. Chapter 3 presents a scalable 

fibre-optic sensing architecture. This sensing architecture operates on the sensing 

mechanism of refractometry. The applications of the fibre-optic sensing architecture are 

reported. Chapter 4 presents a scalable method for stimulation in a PCR protocol with 

infrared excitation. The selectivity of infrared stimulation is advantageous to MEMS. 

However, the scalability of optical stimulation is limited due to the interaction length 

required to convert the electromagnetic radiation to thermal energy. An opto-geometric 

solution to the limitation on scalability for optical stimulation is identified. This opto-

geometric solution is based on whispering gallery mode excitation, whereby the infrared 

excitation beam is captured within the microdroplet. Chapter 5 provides a conclusion that 

summarises the contributions of this thesis. 
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2  Literature Review 

This chapter provides a literature review. 

2.1 MEMS 

The fabrication of MEMS in the industrial and scientific community for the purposes 

of innovation has become ubiquitous  [18–20]. Such MEMS have been used extensively 

in the automotive, biomedical, and pharmaceutical industries. The automotive industry 

has developed improvements upon mechanical diagnostics through incorporating MEMS 

into the design  [19]. In the biomedical industry the application of MEMS has been 

developed in medical and surgical instrumentation  [11,21]. In the pharmaceutical MEMS 

have facilitated innovative controlled drug delivery techniques  [2]. Fundamental to these 

designs of MEMS is scalable architectures. 

To minimise time and energy requirements for procedures, scalable architectures 

must be designed for integration in MEMS. Digital microfluidics (DMF) is an invaluable 

platform that can facilitate these scalable architectures. Digital microfluidic devices also 

allow for high control and localisation of the materials used in analytical chemistry. These 

scalable architectures must accomplish actuation, sensing, and stimulation to perform 

analytical chemistry processes, e.g., polymerase chain reaction (PCR). As mentioned 

previously, scalable actuation has been thoroughly explored, with rudimentary 

architectures designed with m × n activation points, and m × n actuation points  [22]. 

Where each individual electrode (actuation point) is controlled by an independent voltage 

controller (activation point). This architecture can be improved upon through achieving 
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m × n actuation points by using m + n activation points. This has been accomplished by 

using a multiplexed grid of electrodes  [16,17]. The multiplexed electrodes create a grid, 

in which the electrode column and rows are controlled, achieving m + n actuation control 

points. Actuation is attained through the application of a threshold voltage in a trinary 

state on the electrode gird, achieving m × n actuation points.  

Although the actuation architectures in DMF devices have been optimised in 

scalability, the sensing, and stimulation components of analytical chemistry require further 

innovation for DMF. The focus of this thesis is to obtain similar scalability for DMF devices 

in both sensing and stimulation for future use in analytical chemistry. 

 

2.2 Sensing in MEMS 

2.2.1 Physical and Chemical Sensing in MEMS 

Physical and chemical sensors in MEMS are some of the first transducers used for 

data analysis  [23–25]. Physical and chemical systems will physically or chemically 

change the system in some measurable quantity. This change in the system can be 

measured as a response to either a stimulation or actuation. These physical changes are 

then converted by transducers into a measurable electrical signal, to be processed 

through computation.  

One such physio-chemical change that can be measured within a system is the 

chemical composition of an analyte  [25,26]. The impedance of a compound is dependent 

on chemistry  [25]. Therefore, it is possible to detect changes in the chemical composition 
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of a compound by applying a voltage (v) and measuring the current (i) through the analyte. 

Then given 𝑣 = 𝑖𝑧 the impedance (z) can be quantified and related back to the compound. 

Compounds also have unique specific energies (c), meaning that they will absorb thermal 

energy (q) dependant on their material properties given by 𝑞 = 𝑚𝑐∆𝑇  [27]. If the mass 

(m) of the material is known, compounds can be differentiated through the temperature 

change (∆𝑇), and thereby sense the location of a given material  [27]. The disadvantage 

to using specific energies to detect an analyte is that the distribution of thermal energy is 

a slow process  [27].  

Additional material properties may be leveraged to sense the location of analytes, 

such as their response to applied force (piezoelectric sensing). Piezoelectric sensing 

functions as the resistance of a sensor changes with the force that is applied  [28]. When 

using an analyte that has weight, the location can be detected by the change in resistance 

caused by the applied force of the weight  [19]. A physical property other than force that 

can be measured is capacitance. Instead of relying on the material property of the sensor 

used, capacitive sensing relies on the material properties of the analyte used  [29]. 

Capacitive sensing will measure the capacitance of the surrounding media  [29]. 

Therefore, if the analyte has a different capacitance (given by the dielectric constant) than 

the surrounding media, then the analyte can be detected  [29].  

2.2.2 Photonic Sensing in MEMS 

Photo-electric sensing has the fastest response time to changes in a system 

because the measurand is light. Photo-electric sensors have the theoretical limit to be 

scaled to sizes approaching the wavelength used for sensing. In the case of pyrometry 
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where the measurand is infrared (IR) light emitted from a thermally excited material. 

Alternatively, using spectroscopy, an analyte can be probed with a spectrum of 

electromagnetic radiation to determine a change in absorption coefficient at a specific 

wavelength. If the analyte were to change in composition the absorption coefficient may 

change at a specific wavelength, which can be measured and correlated using known 

databases.  

Photo-chemical analyses usually involve the stimulation of a chemical which can 

cause the chemical to fluoresce a certain wavelength of electromagnetic radiation in 

response  [30]. This emission of a different wavelength can be detected from a 

photosensor to identify the presence of an analyte. Visible imaging has been a widely 

implemented sensor within MEMS technologies due to the ability to monitor in real-time, 

in parallel to a computer. Using computational software individual analytes can be 

identified by imaging the entire system. The disadvantage to this, is that the entire system 

requires illumination, in addition to the stimulation used for the experiment. Without 

illumination the visible imaging system may not capture an adequate image to discern 

analytes.  

Refractometry can use a single wavelength of electromagnetic radiation, instead 

of a spectrum  [31]. In refractometry the optical material property refractive index is 

compared. The refractive index is dependent on both the analyte material, and the 

wavelength used. The resolution of the device will be determined by the difference in 

refractive index between the analyte and the measurand. 
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2.2.3 Physical, Chemical, and Photonic Sensing in Digital Microfluidics 

Digital microfluidics requires precise sensing architectures to detect analyte 

actuation for closed loop control. To confirm the location of the analyte the sensor must 

be capable of detecting the analyte at every position of the digital microfluidic chip. The 

microfluidic chip positions can be considered a grid, composed of m × n actuation points. 

This means that a senor used for the microfluidic chip must be able to detect an analyte 

at m × n sensing points.  

Hua et al. demonstrates the closed loop control of digital microfluidics with 

integrated with capacitance sensing  [32]. Shih et al. has demonstrated impedance 

sensing of microdroplets [33]. Measuring the impedance at actuation points can identify 

the location and the composition of the droplet. Refractometry has been extensively used 

for monitoring changes in fluid composition, given that as water becomes saturated with 

an analyte the refractive index will change. Designing a scalable, and rapid sensing 

architecture that can sense m × n points is difficult given the available sensor 

architectures. Ideally, given that m × n actuation can be achieved through m + n actuation 

points, m × n sensing should also be achieved through m + n sensing points. Both 

impedance and capacitance are difficult to integrate a grid system for sensing.  

Refractometry provides a unique solution to this problem. We propose to use 

refractometry, facilitated by a grid of fibre-optic cables to produce a scalable sensing 

architecture.  
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2.3 Stimulation in MEMS with PCR 

The ability to replicate DNA using a PCR device has led to the improvement of 

diagnostics, by reducing the required sample for testing  [34]. However, PCR devices 

have a high-power consumption due to the amount of heating and cooling involved in 

thermal cycling  [35]. Contact heating is the most common method to heat samples for 

thermal cycling within PCR  [34]. Alternatively, optical heating can be used to increase 

specificity and decrease the time requirements for each test  [36]. However, optical 

heating in DMF devices is limited by the absorption coefficient of water. This prevents 

smaller test samples (e.g., below the penetration depth) because the size of the sample 

must be at least equal to the penetration depth of the illumination wavelength, for the 

electromagnetic radiation to be efficiently converted to thermal energy. This limitation 

limits the feasibility of a scalable optically heated PCR device  [34]. Developing a MEMS 

PCR architecture that overcomes this challenge is important. 

The proposed method will have high efficiency and use a low powered IR laser, 

aiming to improve existing low power IR electromagnetic radiation PCR thermal cycling 

processes. The wavelength of the IR electromagnetic radiation was selected based on its 

absorption coefficient (α) in water, as well as cost and availability  [14]. To increase 

efficiency, more IR electromagnetic radiation must be converted to thermal energy 

through increasing a parameter within Beer’s absorption law. 

Increasing the interaction length (z), by increasing droplet size will result in an 

exponential increase in energy required to heat the sample. However, increasing the 

distance the IR electromagnetic radiation travels by passing the light through the sample 



 

 

10 

 

multiple times can increase the interaction length of absorption without increasing the 

energy required to heat the sample. To achieve multiple passes through the sample, 

methods such as reflection and whispering gallery mode (WGM) waves can be used. 

WGM waves require a circular geometry to allow for the internal reflection to continue 

wave propagation [1]. Considering the geometry of a water droplet is spherical, it is 

possible that light can be trapped within the water droplet due to the WGM wave, 

theoretically achieving infinite passes  [37], or until full absorption is achieved. 

2.3.1 PCR 

Early detection using diagnostic tools for diseases like cancer, is critical to 

decreasing mortality rates. Recent studies have shown, that if cancers like melanoma and 

prostate is detected early enough than there is significant chance of curing the 

disease  [38]. The 5-year survival rate for melanoma patients if the cancer is not detected 

until stage 4 is 15-20% whereas, if the cancer is detected at stage one the 5-year survival 

rate is 98%  [38].  

Polymerase Chain Reaction (PCR) is one of these tools that is considered the gold 

standard in early diagnostics  [39]. The ability to replicate DNA given a small human 

sample has made gathering human tissue samples minimally invasive. However, in the 

medical industry, population rise has led to an exponentially increasing strain on the 

diagnostics field [3]. It is reported that in developed nations such as Canada, that half of 

patients have a wait time of up to four weeks for diagnostic tests [3]. This problem is 

further exacerbated in developing nations due to equipment scarcity [3]. 
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Polymerase chain reaction is a commonly used diagnostic tool within the field of 

medicine. However, affordability and test duration of PCR has limited its feasible 

applications, such as implementation in developing nations  [39]. Identifying methods to 

make PCR more affordable and require less time are essential to increasing 

availability  [40]. Many PCR methods contain inefficiencies such as energy loss and 

experiment run time, and thus can be improved  [41]. Current PCR thermal cycling 

methods include resistance heating on microfluidic chips and heating using lasers. 

However, these methods are costly (lasers) and inefficient (lasers and resistance 

heating)  [42]. There is also delay associated with resistance heating that can cause the 

process to take longer  [42]. In these methods, IR cameras are used to monitor 

temperature because they do not absorb any of the thermal energy used to heat the 

droplet, providing a true value of temperature change  [41].  

 

2.3.1.1 Diagnostics Using PCR 

Diseases can be detected in PCR by replicating DNA or RNA that is found within 

human tissue or body fluid samples. The desired DNA or RNA can be isolated in a 

sample, which can then be amplified for the purposes of detecting its presence. In the 

case of non-small-cell lung cancer (NSCLC) a biomarker that can be used for diagnosis, 

are micro RNA strands found within the plasma of human blood. Diagnosing the NSCLC 

through a blood sample eliminates the requirement of preforming a lung biopsy on the 

cancerous tissue, which is a more invasive test. Additionally, PCR will be able to detect 

the micro RNA strands within the blood plasma before a biopsy site can be seen on the 
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patient. Therefore, using PCR for the diagnosis of cancer can lead to less invasive and a 

faster diagnosis of cancer, leading to a higher survival rate in patients  [40]. 

2.3.1.2 Thermal Cycling in PCR 

There are three stages in a PCR procedure, the first stage is the exponential 

amplification stage, where DNA is replicated. The second stage of PCR is the levelling 

off stage, in which the enzymes within the solution begin to lose their ability to react with 

components to replicate DNA, due to the lack of required reagents. Lastly, in the plateau 

phase, all reagents are consumed and there is no replication occurring  [41]. 

During the exponential amplification phase of DNA, thermal cycles must occur, 

where the sample is heated to specific temperatures to activate enzymes. In thermal 

cycles, there are three steps that are repeated approximately 30 times. The first step is 

the denaturation phase, where the double bonds within the DNA are broken down, 

unzipping the double strand of DNA into two single strands. This is done by keeping the 

sample at a constant temperature of 98°C. The second step, the annealing stage, the 

temperature is decreased from 98°C to 50-60°C, this allows annealing of the primers to 

the strands of the DNA. Once the annealing stage is complete, the third step, extension, 

begins by lowering the temperature to 75-80°C. At this temperature the enzymes within 

the sample are activated and begin replicating the DNA strands, binding a new strand of 

DNA to the old strand. These steps are then repeated, and the quantity of DNA is doubled 

every thermal cycle  [40]. 
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Ensuring that the temperature for which the sample is exposed, is constant and 

stable is imperative. If the temperature fluctuates, denaturation of the enzymes can occur, 

or the process will slow due to non-ideal conditions. To keep the temperature constant, 

heating methods with high selectivity and scalability must be used. Contact stimulation 

methods such as resistance heating only transfer thermal energy through conduction 

where the droplet is in contact with the resistance heater. Using the optical stimulation to 

heat the sample with electromagnetic radiation will lead to a more uniform heating due to 

its ability to heat the sample internally  [14]. 

2.3.2 Contact Stimulation 

Conventional PCR thermal cycling is accomplished by using resistance 

heating  [34]. Resistance heating uses an electric current passing through a resistive 

material which transduces the electrical input into thermal energy by resisting the flow of 

current  [34]. Once the resistive material is heated, it transfers the thermal energy 

generated to the PCR sample  [31].  

Other methods introduce an additional medium to rapidly alter the temperature of 

the PCR sample [34]. This requires a large quantity of water to be preheated and pumped 

to transfer enough thermal energy to the PCR sample  [34]. Resistive and contact 

stimulation involves the indirect heating of the PCR sample  [14]. First the contact 

stimulator must be heated then the thermal energy must transfer to the PCR sample. This 

step takes a long time and energy will be lost when the thermal energy is transferred to 

the PCR sample. Therefore, controlling this system with high specificity will require a 

sensitive controller that can account for the delay caused by the thermal energy 
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transfer  [12]. Heating the sample internally, instead of relying on an additional material 

for the transfer of thermal energy, will remove the time delay and energy waste associated 

with contact heating  [36]. 

2.3.3 Optical Stimulation 

2.3.3.1 Assisted Optical Stimulation 

Non-contact stimulation can be achieved through the photothermal effect within the 

sample, by using an electromagnetic source. This is demonstrated through the method 

developed by Chen et al., where a PCR thermal cycle was achieved by an IR lamp  [14]. 

However, to maximise the efficiency of the power, the optical source should be collimated, 

so that all electromagnetic radiation generated can precisely be directed into the 

sample  [43]. Using an uncollimated optical source can lead to waste of the 

electromagnetic radiation generated, due to the difficulty of directing an uncollimated 

beam into a small area  [14]. The power loss can be seen between the power 

requirements for the IR lamp method (100 W) and a laser system (40 mW)  [12,14]. 

Using a low-power laser is required for reducing power requirements of PCR 

devices. The use of lasers that have an acceptable absorption coefficient in water are 

limited by their availability and cost  [44]. Visible light Fabry-Perot lasers have reduced 

the cost and increased the availability of collimated optical sources, however, they have 

a low coefficient of absorption in water  [45]. Methods have been developed to address 

this issue, such as using a dye (fluorescein) to increase the absorption of the sample for 

a more readily available laser wavelength (λ = 514 nm)  [45]. However, using dyes adds 

both cost and complexity to the system, it has also been noted by Liu et al. that using 
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fluorescein can negatively impact the detection of DNA after amplification  [46]. Visible 

light lasers have also been integrated into PCR by heating gold monolayers where the 

sample is located  [43]. By having a gold monolayer, the absorption of blue light will be 

approximately 100% on the surface  [43]. This method allows for high thermal conversion 

but relies on contact heating through the gold surface to the sample, which reintroduces 

the inefficiencies of contact heating. 

2.3.3.2  Infrared Optical Stimulation 

 Infrared radiation has a higher absorption coefficient in water than the visible 

spectrum  [36]. This means the electromagnetic radiation requires a smaller interaction 

length than visible light for it to be fully converted into thermal energy. This is 

advantageous because the quantity of water can be substantially reduced without the 

requirement of dissolved particles or additional design parameters. Thermal cycling of 

water droplets for the purposes of PCR have been accomplished by using only IR 

radiation  [12]. These procedures have achieved rapid thermal cycling (six minutes), with 

high selectivity  [36]. Stimulating the droplet using only an IR source allows for the 

selectivity of optical heating, without the added complexity (increasing optical absorption) 

that is required for visible wavelengths  [14]. Near IR wavelengths can efficiently heat 

droplet sizes of up to 400 μm, however, droplets with diameters of up to 60 μm can be 

reproducibly created  [47]. This means that to fully optimize the scalability of an optical 

PCR platform additional parameters must be included in the design to reduce power loss. 
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2.3.4 Optical Stimulation in Digital Microfluidics 

In scalable microfluidic designs it is imperative to that the stimulation have high 

selectivity and scalability. Resistance heating has potential to increase scalability in digital 

microfluidic devices. However, selectivity prevents contact heating from usage due to the 

inability to reliably control the location of thermal energy transfer. Additionally, contact 

heating relies on the transduction of electrical energy into thermal energy within a 

resistance heater, and subsequently for thermal energy to transfer by means of 

conduction into the droplet. In each of these processes there is energy loss and time 

consumed. In optical heating the droplet is the transducer, eliminating the additional 

component and increasing targetability. The disadvantage to optical heating is that the 

droplet acting as the transducer cannot be scaled below the penetration depth of the used 

wavelength. Scaling the droplet below the penetration depth will exponentially decrease 

the photothermal absorption, making the process inefficient. This can be addressed by 

assisting the optical absorption by suspending colloids within the droplet to decrease the 

penetration depth  [44]. However, this would require additional reagents increasing cost 

and potentially limiting the applications due to negative interaction between the colloid in 

suspension and the materials used. Thus, innovative techniques must be designed so 

that the penetration depth of a wavelength may be reduced without compromising the 

applications and composition of a droplet.  

To increase the absorption of IR radiation in water without increasing the required 

reagents or modification of the design, geometric manipulation is proposed in this thesis. 

No additional reagents are required when geometrically manipulating the droplet, 
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however, the travel path of the electromagnetic wave can be changed. Through total 

internal reflection a WGM wave can be produced, which increases the travel path of the 

electromagnetic wave, increasing the total absorption. 
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3 Scalable Sensing in Digital Microfluidic Devices 

This chapter has been published as a journal article in Sensors and Actuators A: 

Physical  [48] . The contents have been reproduced with permission. 

3.1 Chapter Introduction 

Microelectromechanical system (MEMS) technology has been under significant 

development since the 1950s  [18,49]. At the end of this decade (1959), the American 

physicist Richard Feynman challenged the scientific community to develop micron-scale 

devices through his remarks at the California Institute of Technology [1]. Since this historic 

event, MEMS technology has had many relevant scientific breakthroughs, such as the 

development of planar silicon transistor fabrication processes  [18], the miniaturization of 

logic-based electric circuits (the density of which form an exponential function doubling 

biyearly according to Moore's Law  [50]]) and photolithography and micromachining 

techniques for the development of sensors and actuators  [8,51]. These MEMS 

technologies are now ubiquitous in modern society and have been applied to numerous 

fields including pharmaceutical processes, automotive electronics, and biomedical 

systems. Pharmaceutical processes have applied MEMS technology in controlled drug 

delivery  [52,53] and analytical techniques  [47]. Automotive electronics have applied 

MEMS technology through the use of microsensors for diagnostic monitoring and user 

safety  [11,21,54]. Biomedical systems have applied MEMS technology in (among others) 

hearing aids  [55], surgical instrumentation  [56], and microfluidic devices  [57–59]. 

Microfluidic devices are of particular interest—having found a myriad of applications—

and represent a large portion of all MEMS technology. 
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Microfluidic devices are commonly used for diagnostics  [15,60], patient point-of-

care applications  [61], and glucose monitoring  [3]. Traditionally, microfluidic devices 

have been based on continuous flows; however, an immerging field is digital microfluidic 

(DMF) devices, whereby microdroplets are actuated using dielectrophoresis  [62] and 

electro-wetting  [63] actuation forces. Commonly, DMF devices are implemented in an 

electro-wetting-on-dielectric configuration, as this offers high-speed actuation and 

reconfigurability, and has the potential for extremely high throughputs  [22,64,65]. 

To maximize throughput in DMF devices, it is desirable to implement microdroplet 

control architectures that are scalable. This microdroplet control requires actuation, to 

move microdroplets towards their intended position, and sensing, to ensure microdroplets 

reach their intended position and initiate correction if needed. (This creates a closed loop 

control system where actuation and sensing are analogous to input and feedback, 

respectively.) These DMF devices must be made to be scalable, with actuation and 

sensing architectures that are both highly-localized (for control of individual microdroplets) 

and practical (to avoid complex electrode designs requiring fabrication with via holes). 

With this in mind, DMF devices must be designed with sensing architectures that have 

scalable and practical actuation. 
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Figure 3.1: The fibre-optic sensing architecture is shown. The architecture consists of claddingless 
fibre-optic cables with column and row orthogonal groupings of parallel fibre-optic cables. 
Microdroplets make contact with individual fibre-optic cables and lower the TIR angle due to a 
higher refractive index than the previous medium, thereby optical transmission, Popt. The difference 
in optical transmission with microdroplet contact (j = 1 fibre-optic cable) and without microdroplet 
contact (j = 2 fibre-optic cable) is represented in the insets. This measured optical transmission in 
both orthogonal groupings (i = 1 to m and j = 1 to n fibre-optic cables) of the fibre-optic cables can 
quickly be analysed to exactly locate the position (i.e., Cartesian coordinates) of single 
microdroplets. 

 

Over the past few years, DMF devices have made tremendous strides towards 

scalable and practical actuation architectures, with progression of architectures from the 

square electrode grid  [66,67], to the cross-referenced grid  [68], to the multiplexer 

grid  [16,17], architectures. Square electrode grids operate using an m × n matrix of 

electrodes, where m and n are the respective numbers of planar column and row 

electrodes, with an electric potential applied between corresponding top and bottom 

electrodes to actuate a microdroplet towards the region of high electric field. This allows 



 

 

21 

 

for an m × n number of microdroplet actuation positions (highly-localized) but 

unfortunately also has m × n voltage activation points (impractical). Due to the sheer 

number of components this system has poor scalability. Cross-referenced grids operate 

using an m + n matrix of electrodes, whereby m parallel elongated column electrodes are 

orthogonally overlapped with n parallel elongated row electrodes. A single actuation 

control point is shared across a row or column in lieu of individual actuation control points. 

This allows for m + n voltage activation points (practical), but unfortunately also has n + 

m microdroplet actuation positions (not highly-localized). This results in microdroplet 

interference effects, and limits the use of the cross-referenced grid. Multiplexer grids 

operate using an m + n matrix of electrodes with the same physical structure as the cross-

referenced grid. However, a threshold voltage for microdroplet actuation  [69] is 

strategically applied to create a trinary operation state. In this way, above-threshold 

actuation voltages can be applied for highly-localized microdroplet actuation. This allows 

for an m + n microdroplet actuation positions (highly-localized) with n × m voltage 

activation points (practical). 

Despite this development of the scalability of DMF devices in terms of actuation 

architectures, there has been little progress in developing scalable sensing architectures 

that are both highly-localized and practical. Sensing architectures are typically 

implemented as conductance  [23] or capacitance  [70] sensing architectures. Here, to 

achieve the required m × n microdroplet sensing positions, there will be m × n sensing 

control points (requiring the same number of direct measurements). This limits the 

scalability of such sensing architectures. The presented work introduces a fibre-optic 
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sensing architecture for DMF devices that achieves the same m × n microdroplet sensing 

positions but only requires m + n sensing control points. This is achieved by using fibre-

optic cables arranged in a similar structure to the cross-referenced grid actuation 

architecture. Here, m parallel column fibre-optic cables are orthogonally overlapped with 

n parallel row fibre-optic cables, as shown in Fig. 3.1. Microdroplets make contact with 

the claddingless fibre-optic cables and lower the measured optical transmission through 

a release of light from the altered total internal reflection (TIR) angle due to the change in 

refractive index outside of the fibre-optic cable  [71]. (The difference in optical 

transmission before and after contact with a microdroplet can be seen in the insets of Fig. 

3.1 for j = 1 and j = 2 fibre-optic cables.) This measured optical transmission in both 

orthogonal groupings of the (column and row) fibre-optic cables can quickly be analysed 

to exactly locate the position of single microdroplets. This creates m × n microdroplet 

sensing positions (highly-localized), with only m + n measurement points (practical). 

In this work, the fibre-optic sensing architecture is developed, with characterization 

according to two fundamental operational principles, being actuation contact time and 

differentiation of multiple microdroplets. First, the actuation contact time is characterized 

for the fibre-optic sensing architecture. The actuation contact time is found to be an 

important parameter that may limit scalability. To characterize the actuation contact time, 

dielectrophoresis actuation forces are used to move the microdroplet in and out of contact 

with the fibre-optic cable and the actuation contact time is extracted. Second, the 

differentiation of multiple microdroplets is characterized for the fibre-optic sensing 

architecture. An optical transmission model is developed to investigate optical 
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transmission loss from microdroplet contact. Experimental characterization is also carried 

out. Within the developed fibre- optic sensing architecture, optical transmission is 

recorded along each fibre-optic cable as a function of the number of microdroplets making 

contact. 

3.2 Actuation Contact Time 

In the fibre-optic sensing architecture, microdroplets are moved in and out of contact 

with fibre-optic cables and the lowering of optical transmission in the two orthogonal 

groupings of fibre-optic cables is used to extract the coordinates (i.e., the position) of 

single microdroplets. Actuation was achieved through the application of a sinusoidal 

voltage of 0.9 kVrms at a frequency of 1.7 kHz to a bottom plate consisting of a glass 

substrate (200 µm thick) below an indium tin oxide layer (200 nm thickness). Each 

microdroplet was dispensed using a microdot 33 gauge needle tip using a Luer-Lok 

syringe™. The interaction between a microdroplet and a fibre optic cable is tested in terms 

of its effect on actuation speed (as high throughput is desired). This is to ensure that the 

actuation contact time is much less than the actuation time for movement of a 

microdroplet between adjacent electrodes. In this experiment, the claddingless 

polymethylmethacrylate (PMMA) fibre-optic cables are treated with a low-cost 

hydrophobic coating (NeverWet™). This hydrophobic coating is selected for its similar 

refractive index to that of the core of the PMMA fibre-optic cable. (Optically, the 

surrounding medium or microdroplet liquid will act as the cladding of the fibre-optic cable 

while the hydrophobic coating, with its matching refractive index, will act as an extension 

of the core.) As shown in Fig. 3.2, a 270 nL microdroplet is brought in and out of contact 
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with the fibre-optic cable. This microdroplet motion is consistent with positive 

dielectrophoresis behaviour  [62] (which is in agreement with the estimated positive 

Claussius-Mossotti factor). Electrode and dielectric layers are constructed from indium tin 

oxide and vinyl adhesive, respectively. The actuation contact times are found to be 400 

μs, both advancing and receding, as shown in Figs. 3.2(c) and 3.2(d), respectively. Using 

this 400 μs actuation contact time as an upper limit, the limit of scalability can be found. 

The actuation contact time is multiplied by the highest actuation speed recorded in the 

literature (25 cm/s  [62]) to find the acceptable minimum pitch between adjacent 

electrodes. This minimum pitch is found to be 100 μm (calculated as 25 cm/s × 400 μs), 

which is unimpressive, as microfluidic devices are often desired to operate below 100 μm. 

With this in mind, the fibre-optic sensing architecture is scaled down to a volume of 15 

nL, as shown in Fig. 3.3. The actuation contact times are found to be 200 μs, both 

advancing and receding, as shown in Figs. 3.3(c) and 3.3(d), respectively. Using this 200 

μs actuation contact time as an upper limit, a DMF device utilizing the fibre-optic sensing 

architecture can be scaled down to a pitch of 50 μm (calculated as 25 cm/s × 200 μs) 

between adjacent microdroplet actuation positions while maintaining the high 25 cm/s 

actuation speed  [62]. In fact, the fibre-optic sensing architecture can be scaled down 

much lower than this pitch as the actuation contact time is predicted to be much lower for 

smaller microdroplet volumes. Additionally, the scale of the pitch can be further reduced 
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in situations where the desired actuation speed is less than that of the fastest in the 

literature.  

 

Figure 3.2: Experimental results are shown for the characterization of the actuation contact time 
(advancing and receding) for a microdroplet with volume of 270 nL. An illustration of the 
microdroplet motion is shown in (a). The microdroplet is (b) initially at rest, (c) brought into contact 
with the fibre-optic cable and (c) brought out of contact with the fibre-optic cable with the dashed 
outline showing the boundary of the initial position. The actuation contact times are found to be 
400 μs for both advancing and receding. 
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Figure 3.3: Experimental results are shown for the characterization of the actuation contact time 
(advancing and receding) for a microdroplet with volume of 15 nL. An illustration of the microdroplet 
motion is shown in (a). The microdroplet is (b) initially at rest, (c) brought into contact with the fibre-
optic cable and (c) brought out of contact with the fibre-optic cable with the dashed outline showing 
the boundary of the initial position. The actuation contact times are found to be 200 μs for both 
advancing and receding. 

 

3.3 Differentiation of Multiple Microdroplets  

In the fibre-optic sensing architecture, the presence and differentiation of multiple 

microdroplets are sensed through a lowering of optical transmission in the two orthogonal 

groupings of fibre-optic cables. From these optical transmission measurements, the 
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coordinates of single microdroplets can be extracted through column and row fibre-optic 

cables. This fundamental operation is investigated theoretically and experimentally. 

To theoretically explore the effect of multiple microdroplets on the optical 

transmission through the fibre-optic cables, an optical transmission model is developed 

and applied. In the optical transmission model, the initial optical transmission through a 

fibre-optic cable of diameter (d) is defined by integrating contributions from optical rays 

parallel to the optical axis, being θ = 0, where θ is the angle defined off of the optical axis, 

through to optical rays that are at the core-medium TIR angle, being θ = θCM where 
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The loss in optical transmission can be found by integrating lost contributions from 

microdroplet contact. Rays that strike the contact area are considered lost. Here, the 

contact area is approximated as a length along the optical axis of w, and an azimuthal 

angle in the plane perpendicular to the optical axis of 0. The lost optical rays are 

integrated from the core-liquid TIR angle, being θ = θCL with 
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to the core-medium TIR angle. This loss in optical transmission is found to be 
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Ultimately, the transmitted optical power, Popt, can be related to the initial optical power, 

Pinitial, through the exponential function 
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where k is the number of droplets. 
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Figure 3.4: The fundamental operation of the fibre-optic sensing architecture is shown through the 
model and experimental optical transmission results. Optical transmission results are collected for 
a claddingless PMMA fibre-optic cable. The surrounding medium is air and the microdroplet liquid 
is deionized water. Optical transmission experimental results are shown (a) without a hydrophobic 
coating on the fibre-optic cable and (b) with a hydrophobic coating on the fibre-optic cable. 

 

The fundamental operation of the fibre-optic sensing architecture is shown through 

the model and experimental results of Fig. 3.4. A claddingless PMMA fibre-optic cable 
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with diameter of d = 1,000 μm and refractive index of ncore = 1.49 is considered. Air is the 

surrounding medium and deionized water is the microdroplet liquid with respective 

refractive indices of nmedium = 1.00 and nliquid = 1.33. Optical transmission from a light-

emitting diode with 470 nm centre wavelength is directed through the fibre-optic cable 

and measured with a silicon photodiode (Thorlabs DET36A) and measuring the voltage 

drop across an 820 kΩ load resistor. (The spectra of the light-emitting diode is shown in 

the insets of Fig. 3.1.) In Fig. 3.4(a), optical transmission results are presented for a fibre-

optic cableS without a hydrophobic coating. As such, the microdroplets make large 

contact areas with the fibre-optic cable of approximately 0.11 μm2. The optical 

transmission model predicts the experimental results largely within the error bars (defined 

as the standard deviation of five experimental trials). The error has an increasing trend 

with increasing number of microdroplets, which is likely due to variations in the volume of 

individual microdroplets. (Microdroplets were dispensed by hand). These results 

demonstrate the fundamental proof-of-principle operation of the fibre-optic sensing 

architecture, however, the ultimate implementation requires a hydrophobic coating (for 

decreased actuation contact time as measured above). With this in mind, model and 

experimental optical transmission results are collected with the fibre-optic cable with a 

hydrophobic coating applied, as in Fig. 3.4(b). Each microdroplet makes a small contact 

area of approximately 0.059 μm2. Again, the optical transmission model predicts the 

experimental results largely within the error bars (over five experimental trials). The 

optical transmission results change the optical transmission by approximately five percent 

for up to eight microdroplets. Given the remaining ninety five percent headroom, it is 
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predicted that many additional microdroplets can be distinguished. Additionally, with 

modifications to the geometry of the fibre-optic cables (e.g., reducing the diameter of the 

fibre-optic cable relative to the microdroplet size), the contrast between additional 

microdroplets can be made more pronounced. This will be particularly applicable to 

situations with varied microdroplet size. Overall, in the fibre-optic sensing architecture, 

the number of microdroplets over one row or column fibre-optic cable can be determined 

for numerous microdroplets. This indicates that the fibre-optic sensing architecture 

possesses excellent scalability for systems with many microdroplets present. In these 

situations, the actuation position (i.e., Cartesian coordinate) of each microdroplet will be 

distinguishable. 

The operation of the fibre-optic sensing architecture is shown experimentally in the 

form of a DMF device. This DMF device is implemented in a 3 × 3 (i.e., m = n = 3) 

architecture and is shown in Fig. 3.5. The implementation is tested with single and multiple 

microdroplets with fibre-optic cable of diameter of 200 μm arranged with a pitch of 460 

μm using microdroplets with volume of 64 nL. The chosen fibre-optic cable reliably 

produces optical transmission of 100%, 97%, and 94% for contact with zero, one, and 

two microdroplets, respectively. 

In Fig. 3.5(a), the 3 × 3 architecture is tested with one microdroplet, with Fig. 3.5(b) 

showing the associated illustration of optical transmission. This microdroplet positioning 

produces optical transmission, Popt, of 97% (i = 1), 100% (i = 2), 100% (i = 3), 100% (j = 

1), 100% (j = 2), and 97% (j = 3) for the column and row fibre-optic cables. From this 

optical transmission information, it is clear that there is one microdroplet positioned along 
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row i = 1 and one microdroplet positioned along column j = 3. As such, it can be 

determined that there is a microdroplet positioned at Cartesian coordinates of (i = 1, j = 

3).  

 

Figure 3.5: The fibre-optic sensing architecture is demonstrated on an isolated 3 × 3 grid (i.e., m = 
n = 3) for (a) one microdroplet being present with (b) the associated illustration of optical 
transmission and for (c) two microdroplets being present with (d) the associated illustration of 
optical transmission. From the lowering of optical transmission, it can be determined that there is 
a single microdroplet present in (a) and (b) at Cartesian coordinates of (i = 1, j = 3) and two 
microdroplets present in (c) and (d) at Cartesian coordinates of (i = 1, j = 3) and (i = 3, j = 3). 
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In Fig. 3.5(c), the 3 × 3 architecture is tested with two microdroplets, with Fig. 3.5(d) 

showing the associated illustration of optical transmission. This microdroplet positioning 

produces optical transmission of 97% (i = 1), 100% (i = 2), 97% (i = 3), 100% (j = 1), 100% 

(j = 2), and 94% (j = 3) for the column and row fibre-optic cables. From this optical 

transmission information, it is clear that there is one microdroplet positioned along each 

of rows i = 1 and i = 3 and two microdroplets positioned along row j = 3. As such, it can 

be determined that there are microdroplets positioned at Cartesian coordinates of (i = 1, 

j = 3) and (i = 3, j = 3). Given this demonstration of the fundamental operation in a 3 × 3 

architecture, it follows that large architectures can also be made, whereby the position of 

microdroplets can be pinpointed and assigned Cartesian coordinates. 

3.4 Practical Considerations for Future Implementation 

Although the fibre-optic sensing architecture has significantly reduced the number 

of light source and detector pairs required for operation (from m × n to m + n), further 

improvements are possible. Specifically, two viable solutions can be discussed to assist 

with the physical realisation of the fibre-optic sensing architecture for large systems. 

First, the operation of our system can be facilitated with a reduced number of light 

source and detector pairs (even down to just one pair) by modulating the light passing 

through each fibre-optic cable and filtering with Fourier analyses. This would allow all of 

the light to originate from a single source and be collected in a single detector. 

Differentiation of fibre-optic channels would be achieved by searching out the specific 
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modulation frequency of each channel. This modulation can be achieved with frequency 

encoding using optical chopping from integrated liquid crystal display shutters  [72]. As 

before, the droplet location can be identified through the frequencies that have a depleted 

signal from their initial state. In this way, the physical realisation of the fibre-optic sensing 

architecture can be facilitated for large scale systems. 

Second, with the advent of organic light emitting diode (OLED) technologies that 

are commercially available (e.g., through Samsung), smaller light source and detector 

systems with pitches less than 25 µm are available. In fact, OLED screens with even 

higher pixel density are currently being integrated into products and will be available 

commercially in the near future. (In fact, nano scale light emitters have even been 

fabricated and explored experimentally  [73]). It is envisioned that such a micro-array of 

light sources and detectors could be integrated in the overall system. This micro-array 

would still have m + n light sources and detectors, however, the micron-scale of such 

components facilitates the physical realisation of such a sensing architecture. 

3.5 Chapter Conclusion 

This work introduced a fibre-optic sensing architecture for DMF devices. The 

architecture was developed to detect the presence of microdroplets in contact with the 

fibre-optic cables from a change in the TIR angle and resultant losses in optical 

transmission. The architecture used m parallel column fibre-optic cables that are 

orthogonally overlapped with n parallel row fibre-optic cables to provide the Cartesian 

coordinates of multiple microdroplets. The architecture possesses m × n microdroplet 

sensing positions with only m + n measurement points, for high localization and practical 
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implementation, respectively. The contact times of advancing and receding microdroplets 

were measured experimentally. These contact times were found to be within the 

acceptable time limitations for high-speed operation of DMF devices. Ultimately, the 

architecture was modelled and experimentally demonstrated, with sensing capabilities 

distinguishing multiple microdroplets. A close agreement was seen between the model 

and experimental optical transmission results. The fibre-optic sensing architecture was 

experimentally demonstrated as a 3 × 3 architecture for the localization of multiple 

microdroplets. 
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4 Scalable Stimulation in Digital Microfluidic Devices 

This work has been submitted as a journal article. 

4.1 Chapter Introduction 

Integrated circuits and optical sensors have become commonplace in modern day 

life, and this is largely due to continued advancements in silicon micromachining  [10]. 

Associated with these advancements in silicon micromachining, micro-electro-

mechanical systems (MEMS) technology has had a similar development and impact on 

modern day life  [10,27].  The development of MEMS technology has required integration 

of transducers that make use of piezoelectric  [9,27], photoresistive  [74,75], and 

photothermal  [4,76] elements. The impact of MEMS technology is seen in improvements 

to automotive ventilation through micro gas sensors  [27], tunable lenses through 

piezoelectric actuation  [9], improvements to photothermal spectroscopic devices through 

porous silicon based Fabry-Perot interferometers  [77], and improvements to point-of-

care diagnostics through microfluidic devices  [20,78,79]. In particular, microfluidic 

devices have great potential for continued development and impact, with the ability to 

miniaturize the procedures associated with analytical chemistry  [80–82]. 

For microfluidic devices to be used in analytic chemistry, actuation, sensing, and 

stimulation mechanisms must be implemented in a scalable way to facilitate the required 

procedures. Microfluidic actuation of minute volumes of fluid can be achieved by 

micropumps and microvalves  [2,82–85], or electric field interactions  [26,86,87]. The 

scalability of this microfluidic actuation has been a subject of great interest in recent years 

with advancements appearing in multiplexed digital microfluidic devices  [16,17]. 
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Microfluidic sensing of minute volumes of fluid can be achieved by ferrofluid optofluidic 

switches  [13], digital holographic microscopy  [88], and magnetic membranes 

MEMS  [89].  The scalability of this microfluidic sensing has also been a subject of great 

interest in recent years with advancements appearing in fibre-optic integration (in Chapter 

3 of this thesis  [48]). Microfluidic stimulation has advanced recently through optofluidic 

technologies  [13,88–91]. However, scalability is an issue that still needs to be addressed 

for many instances of these optofluidic technologies. 

Of particular interest is optofluidic technologies in polymerase chain reaction (PCR) 

as PCR can be used for a myriad of applications including whole genome sequence 

analysis  [92], bacterial and pathogen detection  [35], and DNA fingerprinting [93]. The 

important work of Forest et al. introduced infrared excitation as a mechanism for optical 

annealing in a digital (droplet-based) microfluidic PCR chip  [41]. Here, discrete droplets 

underwent exposure to a 1450 nm wavelength infrared beam that was incident upon its 

bulk. This method of optical annealing was successful with large temperature changes 

for the large droplet volumes (approximately 1.0 μL) that were demonstrated  [41]. 

However, this large droplet had an interaction length (700 μm) that was well above the 

330 μm penetration depth of 1450 nm wavelength infrared light for water  [41]. A concern 

for this digital microfluidic PCR technology is that the interaction length of the infrared 

light is dependent on the dimensions of the droplet. As such, scalability to dimensions 

much below the penetration depth is limited. 

In this work, a whispering gallery mode (WGM) optofluidic method is developed to 

increase the interaction length of infrared light within a droplet. The WGM optofluidic 
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method makes use of near-oblique optical incidence (near the edge of the droplet) and 

traps light within the droplet through total internal reflection. The WGM optofluidic method 

is demonstrated through theoretical simulations and experimental results. Theoretical 

simulations, through electromagnetic finite-difference time-domain (FDTD) analyses 

shows the WGM optofluidic method to obtain greater trapping and interaction length than 

traditional optical annealing of droplets. Experimental results show enhanced 

performance when optical annealing is performed with the WGM optofluidic method, 

rather than with traditional optical annealing. 

4.2 Theoretical Simulations 

Infrared annealing for microfluidic stimulation of a droplet can be modeled within an 

FDTD analysis. This is shown for traditional optical annealing and the WGM optofluidic 

method.  

The FDTD analyses begin with an exploration into traditional optical annealing, as 

in the work of Forest et al., whereby an optical beam is incident along the normal of the 

droplet interface. Such an FDTD analysis is shown in Fig. 4.1 for time steps of 0, 100, 

200, and 275 fs, for Figs. 4.1(a)-(d), respectively  [41]. The infrared optical pulse 

(wavelength of  = 1550 nm) is collimated and begins in the top-to-bottom center of the 

simulation space and travels from left to right of the 1,000 μm2 simulation area. Upon 

interaction with the droplet, the pulse enters the droplet and after interaction with the 

droplet, the pulse leaves without an opportunity for significant absorption (particularly for 

small droplet diameters that are much less than the penetration depth). 
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The FDTD analyses continue with an exploration into the introduced WGM 

optofluidic method, whereby an optical beam is incident at the periphery of the droplet 

interface, activating WGM behavior and trapping of the optical beam. Such an FDTD 

analysis is shown in Fig. 4.2 for time steps of 0, 75, 125, and 275 fs, for Figs. 4.2(a)-(d), 

respectively. The infrared optical pulse (same wavelength of  = 1550 nm) is collimated 

and begins in the bottom of the simulation space and travels from left to right. As the 

FDTD analysis proceeds for the WGM optofluidic method, the pulse enters the droplet 

and travels along the perimeter of the droplet. The pulse is trapped within the droplet and 

continues for a long (for full absorption) interaction length. Therefore, for the WGM 

optofluidic method, the interaction length is significantly longer than traditional optical 

annealing. Without the WGM optofluidic method, the interaction length is dependent on 

the diameter of the droplet. 

4.3 Experimental Results 

In the introduced WGM optofluidic method, the stimulation of the droplet is 

provided by a laser with wavelength of 1550 nm, which has a penetration depth of 1,000 

μm for liquid water  [94,95]. A droplet with volume of 1.4 μl (corresponding to a 1,400 

μm interaction length) is used. These experimental conditions are chosen as they 

approximately replicate the conditions of previous work with penetration depth of 330 

μm and interaction length of 700 μm  [41].  
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Figure 4.1. The FDTD analysis is shown for traditional optical annealing with a 1,000 μm2 simulation 
area. The collimated optical pulse is directed onto the center of the droplet and travels from left to 
right. The collimated optical pulse progresses through several stages as (a) the pulse begins, (b) 
the pulse enters the droplet (initiating optical absorption), (c) the pulse leaves the droplet (ending 
optical absorption), and (d) the pulse continues beyond the edge of the simulation area (with no 
further optical absorption). 
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Fig. 4.2. The FDTD analysis is shown for the WGM optofluidic method with a 1,000 μm2 simulation 
area. The collimated optical pulse is directed near the periphery of the droplet and travels from left 
to right. The collimated optical pulse progresses through several stages as (a) the pulse begins, (b) 
the pulse enters the droplet (initiating optical absorption), (c) the pulse is trapped within the droplet 
(continuing optical absorption), and (d) the pulse continues to be trapped within the droplet 
(ensuring high optical absorption). 

As shown in the experimental schematics of Fig. 4.3, the droplet is placed on a 

hydrophobic coated glass substrate for both the traditional optical annealing, in Fig. 

4.3(a), and the WGM optofluidic method, in Fig. 4.3(b). The hydrophobic coating allows 
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the droplet to retain a spherical geometry (with greater than ninety degree contact 

angle), which is advantageous in producing a WGM wave such that the optical beam 

can be directed onto the plane of the center of the circular cross-section of the 

droplet  [96]. In the experimental schematic, an (infrared) thermal camera (labelled 

Thermal Camera) captures thermal images of the droplet. The optical beam (labelled 

Collimated IR Beam) is initiated from an infrared laser (labelled IR Source) and is 

directed onto the center of the droplet in the Fig.4.3(a) experimental schematic for the 

traditional optical annealing, and is directed tangentially to the droplet in the Fig. 4.3(b) 

experimental schematic for the WGM optofluidic method. 
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Fig. 4.3: The experimental schematics for (a) traditional optical annealing and (b) the WGM 
optofluidic method are shown. In (a), the collimated IR beam passes through the center of the 
droplet, creating some absorption but ultimately resulting in significant transmission loss as the 
collimated IR beam passes through the droplet. In (b), a WGM wave is generated as the collimated 
IR beam strikes the edge of the droplet, creating high absorption and trapping of the collimated IR 
beam. The experimental schematics include the IR source, for initial creation of the collimated IR 
beam, the hydrophobic coated glass substrate, for positioning of the droplet, and the thermal 
camera, for data acquisition of temperature changes.  
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The experimental results for both the traditional optical annealing and the WGM 

optofluidic method are shown in Fig. 4.4. Figure 4.4 presents the temperature change, 

T, of the droplet versus the laser position with respect to the droplet center, x, for a 

droplet with a radius of Rdroplet = 700 μm. When operated with traditional optical annealing, 

the temperature change is the value seen at x = 0 (to which the Fig. 4.4 results are 

normalized), which corresponds to the optical beam being directed at the center of the 

droplet. When operated with the WGM optofluidic method, the temperature change is the 

value seen at x = 300 μm, which corresponds to the optical beam being closer to the 

edge (or periphery) of the droplet. The temperature change corresponding to operation 

with the WGM optofluidic method is 17% higher than that of the temperature change 

corresponding to operation with traditional optical annealing. This is a significant 

improvement. However, it is envisioned that this improvement will drastically increase as 

the radius of the droplet (currently at 700 μm) scales well below the 1,000 μm penetration 

depth (for water interacting with an optical beam with wavelength of 1550 nm)  [94,95]. 
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Fig. 4.4: The temperature change of a droplet, T, is shown as a function of the laser position with 

respect to the droplet center, x. The performance of the traditional optical annealing can be seen 

for x being a value equal to zero. The performance of the WGM optofluidic method can be seen for 

x being a value closer to the radius of the droplet. The temperature change corresponding to 
operation with the WGM optofluidic method absolute maximum is 17% higher than that of the 
temperature change corresponding to operation with traditional optical annealing.  
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4.4 Chapter Conclusion 

This chapter presented a solution to scalability challenges associated with 

stimulation in PCR digital microfluidic devices when using infrared optical annealing. 

These scalability challenges are caused by the inevitable loss of optical power when there 

is not sufficient interaction between the optical beam and the droplet (when the droplet 

dimensions are much lower than the penetration depth). The presented solution, being 

the WGM optofluidic method, makes use of WGM geometries for optical excitation and 

traps the optical beam through total internal reflection.  

The two methods, being the traditional optical annealing and the WGM optofluidic 

method, are compared through theoretical simulations. Here, FDTD analyses revealed 

the complete trapping of (the loss of the optical beam in traditional optical annealing) and 

optical beam in the WGM optofluidic method.  

The two methods are also compared through experimental results. Here, the WGM 

optofluidic method is shown to have increased performance over that of traditional optical 

annealing. The WGM optofluidic method shows great promise as an optical annealing 

geometry for future implementations of PCR with small-scale digital microfluidic devices. 
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5 Conclusion 

In this chapter the contributions of this thesis are summarized. 

5.1 Summary of Contributions 

The first chapter of this thesis introduced the importance of MEMS for 

miniaturization of analytical chemistry processes (stimulation, sensing, and actuation). 

The functionality of MEMS was shown to be dependent on scalable architectures. These 

scalable architectures can be facilitated through the use of DMF devices. Scalable 

actuation in DMF devices can be achieved by using multiplexer grids. Scalable designs 

for a sensing DMF architecture have not been extensively explored. Refractometry 

provides a unique solution to the problems presented by developing a scalable sensing 

architecture. PCR was shown to be an important biomedical tool that can be integrated 

on DMF devices to improve selectivity and targetability. Current stimulation methods PCR 

either lack targetability or scalability thus require the development of innovative 

procedures. Optical stimulation provides targetability but lacks scalability. Optical 

stimulation can be used in combination with a WGM wave to provide a unique solution to 

the scalability of optical heating. 

The second chapter of this thesis provided the theoretical context of the thesis 

contributions through a literature review. The literature review provided the overall state 

of MEMS in society, sensing methods widely used within MEMS, and stimulation used 

within MEMS for PCR. The scalability of actuation within MEMS has been addressed by 

using multiplexed electrode grids. Using the available methods of sensing, a scalable 
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sensing architecture is conceived, which can be facilitated through refractometry. 

Scalability and selectivity are identified as an issue for stimulation in PCR methods 

integrated into MEMS. Selectivity has been addressed with optical methods, but the 

scalability of optical methods requires scalability. Scalability can be accomplished with 

opto-geometric phenomena like a WGM wave. 

In the third chapter of this thesis a fibre-optic sensing architecture was developed to 

solve scalability issues associated with sensing in DMF devices. A grid of fibre-optic 

cables was designed to sense the location of droplets using refractometry. By conducting 

light through a fibre-optic cable, depletion of the light transmission will occur. This was 

caused by the change in refractive index that occurs when the droplet touches the glass 

surface of the fibre-optic cable. The droplet touched two orthogonal fibre-optic cables at 

its actuation point. Thus, the location was determined by identifying the two orthogonal 

cables that have a lowered optical transmission. The full sensing implementation was 

shown experimentally. 

In the fourth chapter of this thesis a method for improving the scalability of optical 

stimulation in PCR for DMF devices was developed. Scalability in optical heating is limited 

by the optical property penetration depth. The penetration depth is dependent on both the 

material (water) absorbing the electromagnetic radiation and the wavelength of the 

electromagnetic radiation (1550 nm). The penetration depth determines the interaction 

length required for most of the electromagnetic radiation to be converted to thermal 

energy. Conventionally, the maximum interaction length that can be achieved within a 

droplet is the diameter of the droplet. Therefore, the droplet diameter was required to be 
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at least equal to the penetration depth, to achieve an acceptable photothermal efficiency. 

However, using a WGM wave this interaction wave can be extended through total internal 

reflection. This eliminated the limitation on scalability for optical stimulation. 

This thesis addressed the lack of scalability in stimulation and sensing in DMF 

devices. This work provided the relevant architectures to facilitate the miniaturization of 

analytical chemistry processes in MEMS.  



 

 

50 

 

REFERENCES 

 

1.   E. K. Miller, "Development of the digital computer - I," IEEE Potentials 22, 40–43 
(2003). 

2.   M. W. Ashraf, S. Tayyaba, and N. Afzulpurkar, "Micro Electromechanical 
Systems (MEMS) based microfluidic devices for biomedical applications," Int. J. 
Mol. Sci. 12, 3648–3704 (2011). 

3.   C. J. Huang, Y. H. Chen, C. H. Wang, T. C. Chou, and G. Bin Lee, "Integrated 
microfluidic systems for automatic glucose sensing and insulin injection," Sensors 
Actuators, B Chem. 122, 461–468 (2007). 

4.   C. Elbuken, L. Gui, C. L. Ren, M. Yavuz, and M. B. Khamesee, "Design and 
analysis of a polymeric photo-thermal microactuator," Sensors Actuators, A Phys. 
147, 292–299 (2008). 

5.   C. Y. Lin and J. C. Chiou, "Design and fabrication of MEMS-based thermally-
actuated image stabilizer for cell phone camera," Solid. State. Electron. 77, 64–71 
(2012). 

6.   K. W. Markus and K. J. Gabriel, "MEMS: The systems function revolution," 
Computer (Long. Beach. Calif). 32, 25–31 (1999). 

7.   P. Cerveri, M. Quinzi, D. Bovio, and C. A. Frigo, "A Novel Wearable Apparatus to 
Measure Fingertip Forces in Manipulation Tasks Based on MEMS Barometric 
Sensors," IEEE Trans. Haptics 10, 317–324 (2017). 

8.   Y. Hanein, Y. V. Pan, B. D. Ratner, D. D. Denton, and K. F. Böhringer, 
"Micromachining of non-fouling coatings for bio-MEMS applications," Sensors 
Actuators, B Chem. 81, 49–54 (2001). 

9.   M. A. Farghaly, M. N. Akram, and E. Halvorsen, "Modeling framework for 
piezoelectrically actuated MEMS tunable lenses," Opt. Express 24, 28889 (2016). 

10.   O. Solgaard, A. A. Godil, R. T. Howe, L. P. Lee, Y. A. Peter, and H. Zappe, 
"Optical MEMS: From micromirrors to complex systems," J. 
Microelectromechanical Syst. 23, 517–538 (2014). 

11.   S. A. Soper, K. Brown, A. Ellington, B. Frazier, G. Garcia-Manero, V. Gau, S. I. 
Gutman, D. F. Hayes, B. Korte, J. L. Landers, D. Larson, F. Ligler, A. Majumdar, 
M. Mascini, D. Nolte, Z. Rosenzweig, J. Wang, and D. Wilson, "Point-of-care 
biosensor systems for cancer diagnostics/prognostics," Biosens. Bioelectron. 21, 
1932–1942 (2006). 



 

 

51 

 

12.   K. Hettiarachchi, H. Kim, and G. W. Faris, "Optical manipulation and control of 
real-time PCR in cell encapsulating microdroplets by IR laser," Microfluid. 
Nanofluidics 13, 967–975 (2012). 

13.   Y. Gu, G. Valentino, and E. Mongeau, "Ferrofluid-based reconfigurable 
optofluidic switches for integrated sensing and digital data storage," Appl. Opt. 53, 
537 (2014). 

14.   J. J. Chen and I. Hsiang Hsieh, "Using an IR lamp to perform DNA amplifications 
on an oscillatory thermocycler," Appl. Therm. Eng. 106, 1–12 (2016). 

15.   M. Gnerlich, S. F. Perry, and S. Tatic-Lucic, "A submersible piezoresistive MEMS 
lateral force sensor for a diagnostic biomechanics platform," Sensors Actuators, A 
Phys. 188, 111–119 (2012). 

16.   C. M. Collier, M. Wiltshire, J. Nichols, B. Born, E. L. Landry, and J. F. Holzman, 
"Nonlinear dual-phase multiplexing in digital microfluidic architectures," 
Micromachines 2, 369–384 (2011). 

17.   J. Nichols, C. M. Collier, E. L. Landry, M. Wiltshire, B. Born, and J. F. Holzman, 
"On-chip digital microfluidic architectures for enhanced actuation and sensing," J. 
Biomed. Opt. 17, 067005 (2012). 

18.   J. J. Allen, "Micro Electro Mechanical System Design," Micro Electro Mech. Syst. 
Des. (2005). 

19.   D. Niarchos, "Magnetic MEMS: key issues and some applications," Sensors 
Actuators A Phys. 109, 166–173 (2003). 

20.   S. L. Karsten, M. C. Tarhan, L. C. Kudo, D. Collard, and H. Fujita, "Point-of-care 
(POC) devices by means of advanced MEMS," Talanta 145, 55–59 (2015). 

21.   D. T. Wong, "Salivary diagnostics powered by nanotechnologies, proteomics and 
genomics," J. Am. Dent. Assoc. 137, 313–321 (2006). 

22.   W. C. Nelson and C. J. C. Kim, "Droplet actuation by electrowetting-on-dielectric 
(EWOD): A review," J. Adhes. Sci. Technol. 26, 1747–1771 (2012). 

23.   F. Castaño, R. M. Del Toro, R. E. Haber, and G. Beruvides, "Conductance 
sensing for monitoring micromechanical machining of conductive materials," 
Sensors Actuators, A Phys. 232, 163–171 (2015). 

24.   N. Moser, J. Rodriguez-Manzano, T. S. Lande, and P. Georgiou, "A scalable 
ISFET sensing and memory array with sensor auto-calibration for on-chip real-
time DNA detection," IEEE Trans. Biomed. Circuits Syst. 12, 390–401 (2018). 



 

 

52 

 

25.   E. Kätelhön, D. Mayer, M. Banzet, A. Offenhäusser, and B. Wolfrum, "Nanocavity 
crossbar arrays for parallel electrochemical sensing on a chip," Beilstein J. 
Nanotechnol. 5, 1137–1143 (2014). 

26.   N. M. Contento and P. W. Bohn, "Electric field effects on current voltage 
relationships in microfluidic channels presenting multiple working electrodes in the 
weak-coupling limit," Microfluid. Nanofluidics 18, 131–140 (2014). 

27.   F. Khoshnoud and C. W. De Silva, "Recent advances in MEMS sensor 
technology-thermo-fluid and electro-magnetic devices," IEEE Instrum. Meas. Mag. 
15, 16–20 (2012). 

28.   T. X. Dinh, V. T. Dau, S. Sugiyama, and P. H. Pham, "Fluidic device with 
pumping and sensing functions for precise flow control," Sensors Actuators, B 
Chem. 150, 819–824 (2010). 

29.   J. Gong and C. J. Kim, "All-electronic droplet generation on-chip with real-time 
feedback control for EWOD digital microfluidics," Lab Chip 8, 898–906 (2008). 

30.   Q. Pei and Y. Yang, "Efficient photoluminescence and electroluminescence from 
a soluble polyfluorene," J. Am. Chem. Soc. 118, 7416–7417 (1996). 

31.   J. Sabaté del Río, T. Steylaerts, O. Y. F. Henry, P. Bienstman, T. Stakenborg, W. 
Van Roy, and C. K. O’Sullivan, "Real-time and label-free ring-resonator 
monitoring of solid-phase recombinase polymerase amplification," Biosens. 
Bioelectron. 73, 130–137 (2015). 

32.   Z. Hua, J. L. Rouse, A. E. Eckhardt, V. Srinivasan, V. K. Pamula, W. A. Schell, J. 
L. Benton, T. G. Mitchell, and M. G. Pollack, "Multiplexed real-time polymerase 
chain reaction on a digital microfluidic platform," Anal. Chem. 82, 2310–2316 
(2010). 

33.   S. C. C. Shih, I. Barbulovic-Nad, X. Yang, R. Fobel, and A. R. Wheeler, "Digital 
microfluidics with impedance sensing for integrated cell culture and analysis," 
Biosens. Bioelectron. 42, 314–320 (2013). 

34.   H. Terazono, H. Takei, A. Hattori, and K. Yasuda, "Development of a High-Speed 
Real-Time Polymerase Chain Reaction System Using a Circulating Water-Based 
Rapid Heat-Exchange," Jpn. J. Appl. Phys. 49, 6–10 (2010). 

35.   M. Onori, L. Coltella, L. Mancinelli, M. Argentieri, D. Menichella, A. Villani, A. 
Grandin, D. Valentini, M. Raponi, and C. Russo, "Evaluation of a multiplex PCR 
assay for simultaneous detection of bacterial and viral enteropathogens in stool 
samples of paediatric patients," Diagn. Microbiol. Infect. Dis. 79, 149–154 (2014). 

36.   H. Kim, S. Vishniakou, and G. W. Faris, "Petri dish PCR: Laser-heated reactions 



 

 

53 

 

in nanoliter droplet arrays," Lab Chip 9, 1230–1235 (2009). 

37.   W. Pongruengkiat and S. Pechprasarn, "Whispering-gallery mode resonators for 
detecting cancer," Sensors (Switzerland) 17, (2017). 

38.   J. Rockberg, J. M. Amelio, A. Taylor, L. Jörgensen, P. Ragnhammar, and J. 
Hansson, "Epidemiology of cutaneous melanoma in Sweden—Stage-specific 
survival and rate of recurrence," Int. J. Cancer 139, 2722–2729 (2016). 

39.   J. H. Son, S. Hong, A. J. Haack, L. Gustafson, M. Song, O. Hoxha, and L. P. Lee, 
"Rapid Optical Cavity PCR," Adv. Healthc. Mater. 5, 167–174 (2016). 

40.   J. jie, ma., ning, Li., maria, guarnera., Feng, "Quantification pf Plasma miRNAs 
by Digital PCR for Cancer Diagnosis," Biomark. Insights 8, 127–136 (2013). 

41.   C. R. Forest, R. Jerris, S. Culpepper, D. C. Saunders, J. Birjiniuk, N. Pak, C. R. 
Phaneuf, G. L. Holst, N. Nagpal, A. L. Shane, and E. Popler, "Thermally 
multiplexed polymerase chain reaction," Biomicrofluidics 9, 044117 (2015). 

42.   V. Miralles, A. Huerre, F. Malloggi, and M.-C. Jullien, A Review of Heating and 
Temperature Control in Microfluidic Systems: Techniques and Applications 
(2013), Vol. 3. 

43.   Z. Li, P. Wang, L. Tong, and L. Zhang, "Gold nanorod-facilitated localized heating 
of droplets in microfluidic chips," Opt. Express 21, 1281 (2013). 

44.   H. Li, J. Huang, J. Lv, H. An, X. Zhang, Z. Zhang, C. Fan, and J. Hu, 
"Nanoparticle PCR: Nanogold-assisted PCR with enhanced specificity," Angew. 
Chemie - Int. Ed. 44, 5100–5103 (2005). 

45.   M. Robert De Saint Vincent, Ŕ. Wunenburger, and J. P. Delville, "Laser switching 
and sorting for high speed digital microfluidics," Appl. Phys. Lett. 92, 2006–2009 
(2008). 

46.   T. J. Li, C. M. Chang, P. Y. Chang, Y. C. Chuang, C. C. Huang, W. C. Su, and D. 
Bin Shieh, "Handheld energy-efficient magneto-optical real-time quantitative PCR 
device for target DNA enrichment and quantification," NPG Asia Mater. 8, e277-7 
(2016). 

47.   N. R. Beer, B. J. Hindson, E. K. Wheeler, S. B. Hall, K. A. Rose, I. M. Kennedy, 
and B. W. Colston, "On-chip, real-time, single-copy polymerase chain reaction in 
picoliter droplets," Anal. Chem. 79, 8471–8475 (2007). 

48.   I. Spotts, D. Ismail, N. Jaffar, and C. M. Collier, "Fibre-optic sensing in digital 
microfluidic devices," Sensors Actuators, A Phys. 280, 164–169 (2018). 



 

 

54 

 

49.   R. P. Feynman, "There is plenty of room at bottom," Eng. Sci. 23, 22–36 (1960). 

50.   G. M. Moore, "Moore’s Law ,Electronics," 38, 114 (1965). 

51.   W. Chen, R. H. W. Lam, and J. Fu, "Photolithographic surface micromachining of 
polydimethylsiloxane (PDMS)," Lab Chip 12, 391–395 (2012). 

52.   S. Hassan, G. Prakash, A. Bal Ozturk, S. Saghazadeh, M. Farhan Sohail, J. Seo, 
M. Remzi Dokmeci, Y. S. Zhang, and A. Khademhosseini, "Evolution and clinical 
translation of drug delivery nanomaterials," Nano Today 15, 91–106 (2017). 

53.   C. B. Fox, J. Kim, L. V. Le, C. L. Nemeth, H. D. Chirra, and T. A. Desai, 
"Micro/nanofabricated platforms for oral drug delivery," J. Control. Release 219, 
431–444 (2015). 

54.   D. R.Walt, "Miniature Analytical Methods for Medical Diagnostics," Science (80-. 
). 308, 217–219 (2005). 

55.   N. Zargarpour, H. Abdi, and H. J. Bahador, "Low-noise and small-area integrated 
amplifier circuit for mems-based implantable hearing aid applications," Microsyst. 
Technol. 23, 2965–2971 (2017). 

56.   R. B. Bhisitkul and C. G. Keller, "Development of Microelectromechanical 
Systems (MEMS) forceps for intraocular surgery," Br. J. Ophthalmol. 89, 1586–
1588 (2005). 

57.   S. L. S. Freire, "Perspectives on digital microfluidics," Sensors Actuators, A Phys. 
250, 15–28 (2016). 

58.   M. T. Guler, P. Beyazkilic, and C. Elbuken, "A versatile plug microvalve for 
microfluidic applications," Sensors Actuators, A Phys. 265, 224–230 (2017). 

59.   X. Wang, H. Jiang, Y. Chen, X. Qiao, and L. Dong, "Microblower-based 
microfluidic pump," Sensors Actuators, A Phys. 253, 27–34 (2017). 

60.   A. W. Martinez, S. T. Phillips, G. M. Whitesides, and E. Carrilho, "Diagnostics for 
the developing world: Microfluidic paper-based analytical devices," Anal. Chem. 
82, 3–10 (2010). 

61.   C. D. Chin, V. Linder, and S. K. Sia, "Commercialization of microfluidic point-of-
care diagnostic devices," Lab Chip 12, 2118–2134 (2012). 

62.   C. M. Collier, K. A. Hill, and J. F. Holzman, "A dielectrophoresis microjet for on-
chip technologies," RSC Adv. 3, 23309–23316 (2013). 

63.   A. R. Wheeler, "Chemistry: Putting electrowetting to work," Science (80-. ). 322, 



 

 

55 

 

539–540 (2008). 

64.   S. Walker, "Modeling, simulating, and controlling the fluid dynamics of electro-
wetting on dielectric," 15, 986–1000 (2007). 

65.   J. H. Lee, K. H. Lee, J. M. Won, K. Rhee, and S. K. Chung, "Mobile oscillating 
bubble actuated by AC-electrowetting-on-dielectric (EWOD) for microfluidic mixing 
enhancement," Sensors Actuators, A Phys. 182, 153–162 (2012). 

66.   A. R. Wheeler, H. Moon, C. J. Kim, J. A. Loo, and R. L. Garrell, "Electrowetting-
based microfluidics for analysis of peptides and proteins by matrix-assisted laser 
desorption/ionization mass spectrometry," Anal. Chem. 76, 4833–4838 (2004). 

67.   J. F. Cooney, "Multi-jurisdictional and successive prosecution of environmental 
crimes: The case for a consistent approach," J. Crim. Law Criminol. 96, 435–464 
(2006). 

68.   T. Xu, S. Member, and K. Chakrabarty, "A Droplet-Manipulation Method for 
Achieving Digital Microfluidic Biochips," IEEE Trans. Comput. Des. Integr. Circuits 
Syst. 27, 1905–1917 (2008). 

69.   R. Renaudot, V. Agache, B. Daunay, P. Lambert, M. Kumemura, Y. Fouillet, D. 
Collard, and H. Fujita, "Optimization of Liquid dielectrophoresis (LDEP) Digital 
Microfluidic Transduction for Biomedical Applications," Micromachines 2, 258–273 
(2011). 

70.   D. Xu, S. Michel, T. McKay, B. O’Brien, T. Gisby, and I. Anderson, "Sensing 
frequency design for capacitance feedback of dielectric elastomers," Sensors 
Actuators, A Phys. 232, 195–201 (2015). 

71.   P. Mach, T. Krupenkin, S. Yang, and J. A. Rogers, "Dynamic tuning of optical 
waveguides with electrowetting pumps and recirculating fluid channels," Appl. 
Phys. Lett. 81, 202–204 (2002). 

72.   J. Heo, J. W. Huh, and T. H. Yoon, "Fast-switching initially-transparent liquid 
crystal light shutter with crossed patterned electrodes," AIP Adv. 5, (2015). 

73.   E. Le Moal, S. Marguet, B. Rogez, S. Mukherjee, P. Dos Santos, E. Boer-
Duchemin, G. Comtet, and G. Dujardin, "An electrically excited nanoscale light 
source with active angular control of the emitted light," Nano Lett. 13, 4198–4205 
(2013). 

74.   X. Y. Wang, A. L. Fitch, H. H. C. Iu, V. Sreeram, and W. G. Qi, "Implementation 
of an analogue model of a memristor based on a light-dependent resistor," 
Chinese Phys. B 21, (2012). 



 

 

56 

 

75.   S. F. Almeida, J. Mireles, E. J. Garcia, and D. Zubia, "MEMS Closed-Loop 
Control Incorporating a Memristor as Feedback Sensing Element," IEEE Trans. 
Circuits Syst. II Express Briefs 63, 294–298 (2016). 

76.   T. Wang, D. Torres, F. E. Fernández, C. Wang, and N. Sepúlveda, "Maximizing 
the performance of photothermal actuators by combining smart materials with 
supplementary advantages," Sci. Adv. 3, 1–10 (2017). 

77.   D. A. Kozak, T. H. Stievater, M. W. Pruessner, K. Nierenberg, and W. S. 
Rabinovich, "Porous Silicon MEMS Infrared Filters for Micromechanical 
Photothermal Spectroscopy," ECS Trans. 64, 197–203 (2014). 

78.   A. Kaushik, A. Vasudev, S. K. Arya, S. K. Pasha, and S. Bhansali, "Recent 
advances in cortisol sensing technologies for point-of-care application," Biosens. 
Bioelectron. 53, 499–512 (2014). 

79.   S. Moon, H. O. Keles, A. Ozcan, A. Khademhosseini, E. Hæggstrom, D. 
Kuritzkes, and U. Demirci, "Integrating microfluidics and lensless imaging for 
point-of-care testing," Biosens. Bioelectron. 24, 3208–3214 (2009). 

80.   P. A. E. Piunno, A. Zetina, N. Chu, A. J. Tavares, M. O. Noor, E. Petryayeva, U. 
Uddayasankar, and A. Veglio, "A comprehensive microfluidics device construction 
and characterization module for the advanced undergraduate analytical chemistry 
laboratory," J. Chem. Educ. 91, 902–907 (2014). 

81.   D. J. Boles, J. L. Benton, G. J. Siew, M. H. Levy, P. K. Thwar, M. A. Sandahl, J. 
L. Rouse, L. C. Perkins, A. P. Sudarsan, R. Jalili, V. K. Pamula, V. Srinivasan, R. 
B. Fair, P. B. Griffin, A. E. Eckhardt, and M. G. Pollack, "Droplet-based 
pyrosequencing using digital microfluidics," Anal. Chem. 83, 8439–8447 (2011). 

82.   S. Mashaghi, A. Abbaspourrad, D. A. Weitz, and A. M. van Oijen, "Droplet 
microfluidics: A tool for biology, chemistry and nanotechnology," TrAC - Trends 
Anal. Chem. 82, 118–125 (2016). 

83.   Y. Zeng, M. Shin, and T. Wang, "Programmable active droplet generation 
enabled by integrated pneumatic micropumps.," Lab Chip 13, 267–73 (2013). 

84.   S. B. Im, M. J. Uddin, G. J. Jin, and J. S. Shim, "A disposable on-chip microvalve 
and pump for programmable microfluidics," Lab Chip 18, 1310–1319 (2018). 

85.   A. Nejat, F. Kowsary, A. Hasanzadeh-Barforoushi, and S. Ebrahimi, "Unsteady 
pulsating characteristics of the fluid flow through a sudden expansion microvalve," 
Microfluid. Nanofluidics 17, 623–637 (2014). 

86.   R. Fobel, C. Fobel, and A. R. Wheeler, "DropBot: An open-source digital 
microfluidic control system with precise control of electrostatic driving force and 



 

 

57 

 

instantaneous drop velocity measurement," Appl. Phys. Lett. 102, (2013). 

87.   S. Prasad, M. Del Rosso, J. R. Vale, and C. M. Collier, "Optofluidic lenses with 
horizontal-to-vertical aspect ratios in the subunit regime," Appl. Opt. 57, 5474 
(2018). 

88.   V. P. Pandiyan and R. John, "Optofluidic bioimaging platform for quantitative 
phase imaging of lab on a chip devices using digital holographic microscopy," 
Appl. Opt. 55, A54 (2016). 

89.   F. Pirmoradi, L. Cheng, and M. Chiao, "A magnetic poly(dimethylesiloxane) 
composite membrane incorporated with uniformly dispersed, coated iron oxide 
nanoparticles," J. Micromechanics Microengineering 20, (2010). 

90.   T. Tang, X. Wu, L. Liu, and L. Xu, "Packaged optofluidic microbubble resonators 
for optical sensing," Appl. Opt. 55, 395 (2016). 

91.   K. Banerjee, P. Rajaeipour, Ç. Ataman, and H. Zappe, "Optofluidic adaptive 
optics," Appl. Opt. 57, 6338 (2018). 

92.   S. Ishii and M. J. Sadowsky, "Applications of the rep-PCR DNA fingerprinting 
technique to study microbial diversity, ecology and evolution: Minireview," 
Environ. Microbiol. 11, 733–740 (2009). 

93.   L. Roewer, "DNA fingerprinting in forensics: past, present, future," Investig. 
Genet. 4, 22 (2013). 

94.   D. M. Wieliczka, S. Weng, and M. R. Querry, "Wedge shaped cell for highly 
absorbent liquids: infrared optical constants of water," Appl. Opt. 28, 1714 (1989). 

95.   W. M. Irvine and J. B. Pollack, "Infrared optical properties of water and ice 
spheres," Icarus 8, 324–360 (1968). 

96.   E. Nuhiji, F. G. Amar, H. Wang, N. Byrne, T. L. Nguyen, and T. Lin, "Whispering 
gallery mode emission generated in tunable quantum dot doped glycerol/water 
and ionic liquid/water microdroplets formed on a superhydrophobic coating," J. 
Mater. Chem. 21, 10823–10828 (2011). 

 

 


