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Abstract 

Camouflage represents a critical skill in both nature and combat zones, as it enables concealment 

from potential threats. With the advancement of visual and infrared-sensitive surveillance 

equipment, adaptive camouflage across the visible and infrared (IR) spectrums has become 

increasingly important due to the advantage of blend in the background. Therefore, the low-cost, 

high-speed fabrication of adaptive visible and infrared camouflage control system has gained 

significant attention. Microfluidic devices have a high potential for achieving adaptive multiband 

camouflage including both visible and infrared (IR) spectrums because they can manipulate fluids 

that may be dyed, transparent, or opaque to different parts of the electromagnetic spectrum. In the 

initial phase of this thesis work,  we developed a high-speed, low-cost robust process to fabricate 

microfluidic devices entirely made from polyethylene using xurography and thermocompression 

molding techniques. Moreover, a novel method that thermally bond macro-scale polyethylene 

tubing to micro-scale channels is developed. The simplicity and flexibility of the method allow the 

fabrication of devices with different channel heights, widths, and patterns. Upon filling the 

microfluidic devices with dyed liquids and testing them with different backgrounds, the devices 

showed fast and high adaptive visible camouflage capabilities. Moreover, the thermal IR 

appearance of microfluidic systems can be altered without changing temperature by incorporating 

a metalized surface which can be covered by an IR opaque liquid to alter the apparent temperature 

when reflecting IR sources. However, the long actuation times and unfavorable scaling laws for 

pressure-driven flows in smaller channels posed challenges for rapid fluid actuation. To address 

this, the second phase of this work focused on replacing the pressure-driven flow with an 

electrowetting system, capable of fast-actuating droplets using low voltage while preserve the 

capabilities to achieve adaptive infrared camouflage. We developed and conducted an initial 
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feasibility test for an electrowetting on dielectric (EWOD) system based on simple fabrication 

techniques without atomic deposition for adaptive infrared camouflage. The electrowetting of a 

drop of water within an IR transparent oil (dodecane) can occur between an aluminum electrode 

surface with a self-assembled lipid bilayer as the dielectric. This lipid dielectric bilayer both 

reduces required electrowetting voltage to below 5V and is spontaneously formed in the system. 

More importantly, the thermal appearance of the electrodes can be altered upon wetting the droplet 

when reflecting IR sources with a fast actuation time (about one second). The thickness of the 

dodecane must be less than 1 mm before it is sufficiently transparent for thermal IR to function 

effectively as an IR variable pixel, but this technique may hold promise to produce faster switching 

and more effective microfluidic-based thermal camouflage in the future.  

 

Keywords: Microfluidic devices, Adaptive visible camouflage, Adaptive Infrared camouflage, 

Polyethylene, UHMWPE, Flexible microfluidic devices, Macro-to-Micro interface, Infrared 

Characterization, Infrared reflectance, Infrared absorbance, Boundary detection, Electrowetting 

(Digital Microfluidic), Lipid Bilayer 
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1.1 Research Objectives 

This work aims to design, investigate, test, and characterize innovative adaptive multi-spectrum 

camouflage control methods through the use of microfluidic/digital microfluidic devices. Several 

key features are emphasized, including cost-effectiveness, energy efficiency, short fabrication time, 

simplicity in fabrication, robustness, reusability, and reconfigurability. For these purposes, the 

research work has been divided into two paper-based chapters:  

• In Chapter 2, a microfluidic device is designed and characterized to achieve multi-

spectrum camouflage control within a thermally and visibly semi-transparent polymer 

(Ultra-high molecular weight polyethylene, UHMWPE). Considering the key features of 

interest, the device fabrication process does not include micro-fabrication and etching, and 

a clean-room condition is not required. Owing to the nature of UHMWPE, it develops a 

high-speed, low-cost robust process to fabricate microfluidic devices using xurography 

and thermocompression molding techniques. Moreover, a novel method that thermally 

bond macro-scale polyethylene tubing to micro-scale device channels is developed. The 

camouflage performance is extensively characterized through. Scanning Electron 

Microscopic (SEM) observation, FTIR and UV-Vis analysis, visual background matching 

analysis, average RGB colour matching analysis, colour pattern matching analysis, 

infrared reflectance appearance testing, and computerized edge detection analysis. 

• In Chapter 3, an electrowetting device is designed and characterized to determine its 

feasibility for IR variable camouflage. Electrowetting, which is also known as digital 

microfluidics, shares similar functionality as the device developed in Chapter 2. The 

regular microfluidic device uses pressure-driven flow, whereas the electrowetting device 

utilizes a low voltage-actuated droplet. The electrowetting device does not require any 
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atomic or thin film depositions. Multiple modifications are applied to the device with all 

design choices being made toward IR camouflage. The configuration includes planar 

electrodes and very thin layer of dodecane which improves the IR appearance. The device 

is characterized through digital tensiometer observations, infrared reflectance appearance 

testing, capacitance measurements, and infrared absorbance analysis.  

1.2 Thesis Structure 

This is a paper-based master dissertation that contains four chapters. Chapter 2 is published, while 

Chapter 3 is under preparation for submission.  

Chapter 1 provides detailed background information about several major topics to offer a more 

comprehensive understanding of this thesis work. It presents a brief overview of microfluidic 

devices, including their classification based on fabrication techniques, applications, and materials 

used. The chapter also introduces the concept of the Macro-to-Micro interface in microfluidic 

devices. There's an in-depth look at polyethylene, specifically distinguishing UHMWPE from 

other types by presenting a general classification. Additionally, the chapter provides an overview 

of electrowetting devices and discusses a commonly observed phenomenon known as contact 

angle saturation within electrowetting systems. The concept of camouflage is also introduced and 

connected to the microfluidic system. As this thesis work primarily focuses on the development 

and characterizations of UHMWPE-based microfluidic and electrowetting approaches for adaptive 

camouflage across both visible and infrared spectrums, Chapter 1 provides a detailed introduction 

to the background and related information regarding these topics. 

Chapter 2 presents a published work detailing the development and characterization of an 

innovative microfluidic device capable of adaptive multi-spectrum camouflage control, featuring 
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a unique Macro-to-Micro interface design. It presents the results of characterization including 

SEM observation, FTIR and UV-Vis analysis, visual background matching analysis, average RGB 

colour matching analysis, colour pattern matching analysis, infrared reflectance appearance testing, 

and computerized edge detection analysis.  

Chapter 3 presents a work detailing the development and characterization of an innovative low-

voltage-driven electrowetting device designed for adaptive infrared camouflage control. The 

results are articulated through various techniques including digital tensiometer observations, 

infrared reflectance appearance testing, capacitance measurements, and infrared absorbance 

analysis. Notably, the presented electrowetting is characterized as nearly complete wetting without 

significant contact angle saturation effect.  

Chapter 4 summarizes the major findings of all chapters of this thesis and suggests future 

directions for this research work. 

1.3 Microfluidic Devices 

Microfluidic devices and related technologies have been widely studied, researched, and fabricated 

over recent decades [1]–[3]. The history of research and fabrication of microfluidic devices dates 

back to the late 1970s [4], [5], primarily at Stanford University [6] and IBM [7]. The former 

focused on the development of a miniature gas analysis system based on gas chromatography on 

a silicon wafer. This chromatography system was fabricated by using photolithography and 

chemical etching techniques [4]–[6]. The system at IBM would go on to be used in inkjet nozzle 

production and was fabricated by using chemical etching techniques and versatile 

photolithographic micromachining for smaller dimensions [4], [5], [7]. These early applications of 

microfluidics were restricted by the materials and fabrication techniques which were silicon based 
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and came out of integrated circuit manufacturing techniques [8]. Modern microfluidic technologies 

as known today were developed in the early 1990s [5], [9] as was their concept for being used as 

miniature biological laboratories. Since this time, the field has experienced exponential growth 

and diverged into many different areas[2], [3], [5]. Modern microfluidic device fabrication 

methods can be classified depending on the nature of processes applied such as chemical, 

mechanical, and other processes and the feasibility of these processes depend on the structural 

materials being used [3]. Common chemical processes for glass as an example include wet and dry 

etching [10]–[13]. While chemical processes are imperfect, since wet etching often involves 

hydrofluoric acid (HF) which is severely toxic [14], and while dry etching can avoid HF, it is much 

more time consuming and expensive for the equipment [12]. Mechanical processes that can be 

used for alternative structural materials like polymers include micromachining, micro-milling, 

xurography and laser etching. Of these techniques, xurography, which patterns thin layers by using 

a razor blade is a low-cost less time consuming process, and more importantly does not require a 

clean-room conditions [15]–[19]. The schematic representation of the xurography technique for 

microfluidic device preparation is illustrated in Figure 1. Some general microfabrication material 

removing techniques applicable to microfluidics have been summarized by a 2021 review article 

[3].  
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Figure 1. Demonstrates the schematic processes of xurography for microfluidic device preparation. The 

microchannel – patterned sheet is fabricated by trimming the shape of channel off the original sheet using 

razor blade.  

1.3.1 Device Applications 

The majority of reported microfluidic applications have been in support of bioscience (drug 

discovery, cell studies, analysis and diagnostic tools etc.) and fall under a theme of Lab-on-a-Chip 

(LoC) devices. The benefits of such device if it functions as desired could be significant as if the 

scale of the system could be shrunk, the consumption of reagents and samples can also be reduced, 

and the fabrication cost is decreased [1], [5], [9], [20] in an analogous fashion to the reduction in 

cost of computer processing power over decades. LoC microfluidic devices have been developed 

for many applications under the comprehensive biochemical and biomedical subjects, including 

chemical material detection [21], compositional analysis [22], biomedical reaction analysis [23], 

and even cell manipulation [24]. LoC systems are not the only application of microfluidics 

however, and microfluidic devices have also demonstrated promising results in optical areas [25], 

[26] where the devices showed the capability to act as a variable focusing liquid lens based on 

electro-wetting for curvature sensors [27]. By incorporating multiple microfluidic plugs into 

interior fiber microchannels, a class of active, tunable optical fiber can be fabricated [28]. A 

flexible multicolor display was developed based on microfluidic recently [29].  
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1.3.2 Device Materials 

The range of material selection of microfluidic devices is diverse due to the broad applications. 

Silicon was used for the very first devices [6], [7] and Ecoflex silicone rubber has been used for a 

soft machine with microfluidic channel [30]. Silica gel can also be used to fabricate microfluidic 

device for more exotic applications in display purposes [31]. Poly(dimethylsiloxane) (PDMS) has 

emerged as one of the most actively developed foundational polymers for microfluidics owing to 

it ease of use, optical clarity and ability to be replicated with nm accuracy from a variety of mold 

materials [25], [29], [32]–[36]. Thermoplastic polymer materials including poly(methyl 

methacrylate) (PMMA), polycyclic olefin (PCO), polycarbonate (PC), polystyrene (PS), and 

polyethylene (PE) are also widely used for their relatively low costs and range of visible or thermal 

properties [35], [37]–[39]. Many other materials exploited in microfluidic devices can be found in 

various review articles [3], [40], [41].  

1.3.3 Macro-to-Micro Interface 

Although there have been many applications and development of microfluidic systems, a critical 

concern still exists as the connection between the microfluidic components and the rest of the 

world (macro) [42]. It is also referred to Macro-to-Micro interface, interconnect, or world-to-chip 

interface [42]–[45]. The interface is typically the least reliable components of a LOC microfluidic 

device and has huge impact on the overall performance [46]. Moreover, the processes to integrating 

fluidic connections typically contributes significantly to the overall cost of the device [42], [46]. 

Multiple interfaces were developed including wells, integrated interconnectors, module interfaces, 

and other systems, and detailed information can be found in a comprehensive review article[42].  
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1.4 Polyethylene 

Polyethylene (PE) has the simplest structure of any polymer and is also the largest volume 

produced plastic currently [47]–[49]. The official polymerization of ethylene (CH2 = CH2) into 

solid polyethylene (−CH2 − CH2 −)  was first achieved in 1933 by Reginald Gibson and Eric 

Fawcett, who worked in the laboratories of Imperial Chemical Industries, Ltd [50]–[52]. A 

subsequent patent was filed in 1936 and accepted in 1937 [53]. All the related commercial PE since 

then was fabricated by the high-pressure process introduced in this patent, and these PEs were 

recognized as low-density polyethylene (LDPE). However, in the mid-1950s, two alternative paths 

[48] (Phillips Catalyst [54], [55] and Z-N Catalyst [56], [57]) were developed which reduced the 

formation pressure and temperature. Through these processes, polyethylene can be formed at lower 

temperatures and pressures which resulting in a harder polymer with higher density and higher 

melting points. This type of polyethylene is also known as high density polyethylene (HDPE). 

Since then, more types of PEs have been synthesized based on different improved catalysis 

methods [58]–[60]. Owing to the various types of PE, it is typically classified based on the density 

and melt index (MI or melt flow index) [47]. Some typical PE types include LDPE, HDPE, linear 

low-density polyethylene (LLDPE), and ultra high molecular weight polyethylene (UHMWPE) 

[61]. Due to its versatile properties, PE has been used for packaging films, containers, pipes [47], 

clinical purposes [62], fibers, insulators, personnel armours [63], and almost every other aspect of 

daily life. 

1.4.1 Ultra High Molecular Weight Polyethylene 

UHMWPE is a subset of polyethylene family, distinguished by its extremely long chains of 

polymer unit which has a molecular weight over 3 ∗ 106g/mol [64], [65]. It served as a type of 
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high-performance specialty polymers with unique properties such as high wear resistance, 

corrosion resistance, mechanical resistance, and low friction [61], [66]–[69].  

A brief comparison between several PEs is presented in Table 1 which reveals some vital features 

of UHMWPE such as no flow at melt condition and a relatively high melting temperature. 

Table 1. General classification of polyethylene with physical properties, this table is adapted from [64]. 

Polyethylene MFI (g/10 min) Molecular weight Mw (× 106 g/mol) Melting Temperature (°C) 

HDPE 0.1 – 100 0.1 – 0.5 125 – 135 

HMW HDPE 0.01 – 0.1 0.2 – 1.0 130 – 135 

UHMWPE No Flow  > 3 135 – 148 

 

1.5 Electrowetting 

Electrowetting systems and related technologies have been widely researched, fabricated, and 

developed for over a century from 1875 when Gabriel Lippmann developed the theory of 

electrocapillarity in his PhD thesis [70], [71]. The electrocapillarity effect indicates that adding 

external electrostatic charge across an interface can greatly alter the capillary forces, which is the 

basis of electrowetting [72], [73]. Multiple works were conducted since then including the early-

stage liquid droplet actuation by external signals [74]–[76], mercury droplet manipulation utilized 

in displays and optical switches (also the origin of the terminology of “electrowetting”) [77]–[79], 

and more investigations on different electrodes [79]–[81]. However, these studies relied upon 

direct contact at the droplet – electrode interface, which was fundamentally different from modern 

electrowetting systems, and far from practical applications [73], [76], [79]. The main obstacles of 

direct contact configuration were the involvement of toxic heavy metal – mercury [82], and the 

electrolytic decomposition of liquid droplet upon adding external voltages above several hundred 
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millivolts [72], [79]. Another groundbreaking configuration setup was proposed by Berge to solve 

the decomposition [73], [83], which implemented a thin layer of insulator film on the electrode to 

separate the droplet from direct electrical contact. This was known as electrowetting on insulator 

coated electrodes (EICE), or in well-known modern terminology as electrowetting on dielectric 

(EWOD) [79]. Since EWOD was developed, electrowetting technologies have improved rapidly. 

Due to the demand of precise manipulations of liquid droplets and the trend of miniaturization, 

multiple practical applications were developed [71], [79]. These applications include liquid lenses 

[84]–[87], electronic displays [88]–[91], and multiple lab-on-a-chip microfluidic assay devices 

[92]–[94]. The commercialization status of EWOD systems was also reviewed recently [95]. More 

detailed information about the electrowetting developments can be found in other reviews [71]–

[73], [76], [79].  

1.5.1 Contact Angle Saturation 

The electrowetting contact angle behaviour can be modeled using the simplified version of 

Lippmann – Young’s equation as [72]:  

cos 𝜃(𝑈) = cos 𝜃Y +
𝐶𝑈2

2𝜎lv
 

 

where 𝜃 is the contact angle of the liquid droplet, 𝜃Y is the Young’s angle (i.e., the equilibrium 

angle when no voltage applied), 𝜎lv is the interfacial tension between the liquid droplet can vapour, 

note that the ambient phase was denoted as “vapour” for simplicity, the ambient can be another 

immiscible liquid with the droplet, 𝐶 is the capacitance per area of the dielectric layer and 𝑈 is the 

applied voltage. The relationship between 𝜃 (contact angle of the liquid droplet) and 𝑈 (applied 

voltage) is described as parabolic function in the equation. The droplet contact angle obeyed the 

relationship for small voltages, however, as the applied voltages goes larger the contact angle often 
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appears to deviate from the equation’s predicted value and saturates [96]–[99]. This phenomenon 

is also known as Contact Angle Saturation (CAS). For some generic electrowetting system 

including oxide-cover with nanometer scale thin layer of hydrophobic coating, the saturation value 

can be as high as 70° - 80° [100]. Multiple saturated electrowetting systems were documented with 

the contact in angle of 30° - 95° [101]. The nature of CAS is still under investigation, yet multiple 

models have been built to discuss and analyze the mechanism [100], [102]–[104]. However, these 

efforts are beyond the scope of this work. 

1.6 Camouflage 

Camouflage is a vital ability, serving as a means of hiding from potential threats. Many animals 

exhibit natural camouflage skills, evolving a variety of inherent defensive color patterns [105], 

[106]. However, animals with fixed body colorations face limitations, especially when their static 

colors cannot adapt to changing backgrounds as they move [107]. Compared to fixed body color,  

a more remarkable mechanism is rapid adaptive camouflages that can be achieved by cephalopods, 

which can change their visual appearance in seconds [107]. Similarly, camouflage is crucial for 

soldiers in the military fields [108], [109] as it will make detection or recognition more difficult 

[105]. The pattern of modern military camouflage is designed digitally [110]. However, typical 

military camouflage faces similar drawbacks as animal’s fixed protection colors, the pattern itself 

is unchangeable [111]. The conventional solution has been to provide soldiers with multiple 

uniforms, each with different patterns and colors suited for various backgrounds [112]. Modern 

military camouflage textiles are typically olive, green, khaki, brown and black [113]. Many efforts 

have been made to improve the camouflage performance of military textiles since the detection 

system equipped at the beginning of the 20th century [114], [115]. Apart from regular visible 

camouflage, infrared camouflage is also highly desired due to the use of surveillance equipment  
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that is sensitive to infrared radiation [113]. The wavelength range of detection are 3-5 and 8-12 

micron which are transparent to infrared in Earth’s atmosphere [116]. different approaches was 

reported by using nanostructured polymers that alternate reflection, using thin film to control 

emission, manipulate diffraction, and tuning emissivity through micro-scale designed 

metamaterial [117]–[121]. Moreover, various microfluidic devices have been developed for 

infrared camouflage. These devices utilize the programmable microfluidic strategy to manipulate 

infrared lights [38] and alter temperature to achieve camouflage [30].  
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Chapter 2 

Low-Cost and High-Speed Fabrication of Camouflage-

Enabling Microfluidic Devices using Ultra High 

Molecular Weight Polyethylene  
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2.1 Introduction 

Microfluidic devices and related technologies have been widely studied, researched, and fabricated 

for decades [1]–[3]. The history of research and fabrication of microfluidic devices dates back to 

the late 1970s [6], [7]; however, the progress in the early stages of microfluidics was restricted by 

materials (silicon was used as a basic material early on) and fabrication techniques 

(photolithography, micromachining, and thin-film techniques) [8]. Despite these limitations,  

modern microfluidic technologies were developed in the early 1990s [3], [5], [9]. Since then, the 

microfluidics field has experienced substantial growth and diverged into various areas including 

biochemical, biomedical and optical areas [122]–[124].  

Camouflage is a crucial topic in the field of optics, as it provides a means of hiding from danger. 

Some animals show camouflage skills in the nature by evolving a range of defensive colour 

patterns including fixed and adaptive body coloration [105], [106]. The limitation of fixed body 

coloration in an animal is evident as the color cannot adapt to the changing background while in 

motion [107]. In contrast, cephalopods possess a remarkable ability to achieve rapid adaptive 

camouflage by altering their visual appearance in a matter of seconds [125, pp. 145–163]. Similarly, 

camouflage plays a crucial role in military operations, making it harder for soldiers to be detected 

or recognized [108], [109]. The patterns of modern military camouflage is often designed digitally 

[110], [126] with a fixed coloration patterns. Since the patterns are unchangeable, soldiers face 

difficulty in adapting to different environments or unpredictable situations [111], [112]. 

Researchers have been investigating innovative methods of adaptive camouflage utilizing 

microfluidic technology [114]. In this approach, a colored liquid fills a specific microfluidic pattern, 

which can rapidly alter its appearance to blend in with the surrounding environment. A type of 

liquid colour-changing lenses with a microfluidic channel was developed with the capability of 
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vision protection, camouflage, and optical filtering [25]. However, the material used was 

poly(dimethylsiloxane) (PDMS) which is not IR transparent and, thus, limited its application for 

visible camouflage. To the author’s knowledge, only one microfluidic device that used PE was 

fabricated to manipulate both visible and infrared appearance. This device was fabricated using 

levels of channels combined by thermocompression molding [38]. Although the device achieved 

the proposed goal, the mold manufacturing required chemical etching of a stainless-steel sheet 

which adds extra complexity on the device fabrication. Moreover, many of the chemical etchants 

are highly corrosive, toxic and pose a risk to human health and the environment [30], [38], [114].  

Microfluidic devices capable of achieving color-changing camouflage followed specific critical 

design and fabrication rules for material selection. In particular, only visible transparent or 

semitransparent materials should be used as the surface (top) layer of these devices to enable the 

efficient manipulation of fluids and enable the desired color-changing effects [30], [38], [127]. 

Most microfluidic materials have been used to fabricate transparent microfluidic devices in the 

visible spectrum. Silicon was used for the very first devices [6], [7]. Ecoflex silicone rubber was 

used for a soft robot with microfluidic channels to create a camouflage system [30]. Silica gel can 

also be used to fabricate microfluidic devices [31]. In addition, PDMS is a mineral-organic 

polymer (a structure containing carbon and silicon) which has been one of the most actively 

developed and been a foundational polymers for microfluidics [25], [29], [32]–[36]. Thermoplastic 

polymer materials such as poly(methyl methacrylate) (PMMA), polycyclic olefin (PCO), 

polycarbonate (PC), and polystyrene (PS) can also be alternative materials to fabricate color-

changing microfluidic devices as they are optically transparent [37]. However, these different 

materials are opaque to infrared light. On the other hand, Polyethylene (PE) is transparent from 
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the visible region to the end of mid-IR [35], [38], which makes it a promising candidate for 

combined visible and IR camouflage.  

The selection of fabrication methods for camouflage microfluidic devices is restricted by the need 

to ensure both simplicity and reliability while maintaining optical transparency and precise control 

over the microchannel geometry [40], [128]. The traditional microfluidic device fabrication 

methods can be classified into two main categories, material removal techniques (subtractive) and 

material depositing techniques (additive). However, material deposition usually requires the 

material can be applied in desired amounts at specific locations; the material needs to be 

transportable and can turn into a solid at that location [11]. On the other hand, material removal 

techniques have fewer requirements regarding the material properties; therefore, removal 

techniques have been more generally applied [11]. Besides this classification in terms of material 

addition and removal, the fabrication methods can also be identified by the processes, including 

chemical processes, mechanical processes, and laser-based processes [3]. More information can 

be found in detailed reviews published on these fabrication processes [3], [10], [11]. Some 

processes are complex with multiple steps/operations involved (such as chemical etching); some 

of them such as laser-based processes are expensive; some of them such as electrochemical 

discharge machining can only be performed in a cleanroom facility; and many of them can suffer 

weak reproducibility, low resolution, material restriction, and slow rates [3], [10]. However, there 

is one mechanical process for material removal that is low cost and fast, and does not need to be 

performed in a cleanroom facility [3], [129]. Xurography, which is also known as razor writing, is 

an environmentally friendly and flexible process that uses a cutter to pattern features in a material. 

Xurography also has the ability to fabricate inexpensive and robust microfluidic devices in a short 

time [18], [130].  
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Besides channel manufacturing, it is also very important to connect the micro-structured device to 

the outer world, which is often referred to as the macro-to-micro interface. Since the interface 

between the microfluidic device and the peripherals (tubing) is typically the least reliable 

components of a microfluidic device, getting interconnection to be robust has a significant impact 

on the overall performance. Moreover, the processes used to integrate fluidic connections typically 

contribute to the overall cost of the device [42], [46]. Further work related to microfluidic 

interfaces can be found in the following review article [46].  

In this study, we demonstrated a fast (few minutes) and inexpensive (less than 0.09 Canadian dollar 

per piece) fabrication technique for a multilayered microfluidic device with adaptive camouflage 

capabilities. It is featured with a microchannel structure and is based on a single material, ultra 

high molecular weight polyethylene (UHMWPE). This technique combines xurography (for the 

channel layer) and a thermal bonding process to complete the whole system. The process has the 

capability to be mass produced since the manufacturing can be standardized at scale by using 

punches or other cutting tools to produce complex channels from sheets. In addition, our 

fabrication technique shows the flexibility of the design as the size and aspect ratio of the 

microfluidic channel are fully tunable by different cutting patterns and choice of type of stock 

material. The microfluidic channel device demonstrates the ability to achieve visible camouflage 

by filling the channel with dyed liquids to match the microfluidic device to the background color 

as the device itself is semi-transparent and the transparency can be improved by simple surface 

treatment. In addition, the semi-IR transparent nature of polyethylene allows this design to also 

achieve IR camouflage by changing the IR appearance of an embedded metalized surface. The 

manufactured microfluidic devices were characterized in terms of the channel dimensions, IR & 

visible properties, and visible and IR camouflage effectiveness in matching different backgrounds. 



18 

 

2.2 Experimental Methodology 

2.2.1 Materials 

Ultra high molecular weight polyethylene film (UHMWPE, McMaster-Carr, Thickness = 0.004” 

and 0.01”) and polyethylene tubing (PE tubing, McMaster-Carr, Inner Diameter = 1/16”, Outer 

Diameter = 1/8”) were utilized to fabricate the visible camouflage microfluidic channel device. 

Food dyes (E-Kongton, China) were used to prepare aqueous dyed solutions using deionized (DI) 

water. The concentration of the food dye in DI water was 20% weight ratio. An ultra thin multi-

layered metalized (aluminium) polyethylene sheet used in food packaging (Cleaned Cheetos 

Bugles Package Bag) was added to the original visible camouflage microfluidic device to obtain 

an IR camouflage device. DI water was used as the circulation fluid inside the channel. All the 

materials were used without modifications and can be considered commercial off-the-shelf (COTS) 

components. 

2.2.2 Equipment 

A craft cutter (Silhouette Cameo 4, China) was used to fabricate the microchannel layer. The 

cutting pattern can be designed either by the Cameo 4 studio software or the drawing file can be 

imported from an engineering drawing software (SolidWorks was used for our design). The heat 

bonding of the layers of the microfluidic device was performed with a hot plate (HS40A Scientific 

Programmable and Stirring Hot Plate, Torrey Pines, USA) and a T-shirt heat press. A setup with a 

syringe was developed to circulate the liquid within the microfluidic channel. An oven (Isotemp™ 

Model 281A Vacuum Oven, Fisherbrand™, USA) was used as a thermal background for the 

infrared transparency demonstration. A 3D printer (Ender 3, Creality 3D, China) heating bed was 

used as a thermal source for the infrared reflection characterization. The cross-section of the 

microfluidic channels was analyzed using a Field Emission Scanning Electron Microscope (FE-
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SEM, Zeiss, Oberkochen, Germany). The infrared and visible spectra of the microfluidic devices 

were measured using attenuated total reflectance Fourier transform infrared (ATR-FTIR, Agilent 

Cary 600 series, Canada) and UV-Vis spectrophotometer (Thermo Fisher Scientific GENESYSTM 

10, Canada), respectively. The pictures and videos of the microfluidic devices were recorded by 

smartphone (iPhone 13 Pro Max, USA).  

2.2.3 Preparation of the Microchannel Layer 

The microchannel layer was prepared by cutting a thin sheet of 0.004” UHMWPE with a blade 

using the craft cutter. In this design, the height of the microfluidic channels was mainly controlled 

by the thickness of the PE sheets used for each layer. The UHMWPE sheet was attached to a sticky 

mat for the cutting operation. The cutting setting was optimized for each thickness of PE sheet in 

order to achieve the highest accuracy of cutting along with an acceptable speed. More information 

on the cutting settings can be found in Table A1. After cutting the UHMWPE sheet, the layer was 

transferred to a piece of double-sided polyester tape (Flexmount DF051521). By removing the 

interior cut portion from the tape, the channel structure was achieved.  

2.2.4 Fabrication of the Microfluidic Device for Visible Camouflage  

The fabrication process of the visible camouflage microfluidic device was based on thermal 

bonding as shown in Figure 2. The order of in which the layers were bonded matters as the 

microfluidic channel must have at least one inlet and one outlet for the connection tubes. The 

overall fabrication process consisted of three parts: the formation of the bottom layer (Figure 2a – 

d), which had the channel structures; the formation of the top layer (Figure 2e-h), which had the 

inlet/outlet tubes; and the final assembly of the two layers (Figure 2i – j).  
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The formation of the bottom layer started by placing a polyester sheet (which acted as a high 

temperature tolerant release layer) on a hotplate set at a temperature of 180℃. An UHMWPE sheet 

was placed on top on the polyester sheet. A silicone roller was used to ensure complete melting of 

the UHMWPE sheet (Figure 2a). Convenient for this process, UHMWPE barely flows in its molten 

state due to the high molecular weight and is more of a rubbery solid than liquid; therefore, it 

maintained its dimensions and relative tolerances despite being above its melting point. Thereafter, 

the microchannel structure (prepared in the previous section) was placed on top of the heated 

UHMWPE sheet and rolled a few times to ensure good bonding between the channels and the 

bottom layer – detectable once both surfaces looked transparent with no visible voids (Figure 2b 

& c). Since the double-sided tape had a higher heat resistance than the UHMWPE sheet, it did not 

melt during this step and was easily peeled off after cooling. A permanent bond was achieved 

between the channel structure and the bottom sheet, and the PE 2-layer assembly remained adhered 

to the polyester sheet (Figure 2d). 

The formation of the top layer began in a similar way as for the bottom layer by placing a polyester 

sheet on the hotplate at 180℃ then rolling an UHMWPE sheet on top of it until complete melting 

(Figure 2e & f). For heat bonding the PE tubes to the UHMWPE sheet, an extra layer of polyester 

sheet was required: it had two holes cut using a hole puncher (Figure 2e & f). The distance between 

the holes was the same to the distance between the inlet and the outlet of the microfluidic channel; 

the diameter of the holes was slightly larger than the PE tube (by less than 1mm) to ensure that the 

tubes can go through the holes in the polyester sheet. This polyester sheet with holes was then 

placed on top of the PE sheet and rolled with the silicone roller to form a sandwich structure so 

that the UHMWPE sheet was in between the two polyester layers. Thereafter, two 1-inch-long PE 

tubes were inserted through the holes in the polyester sheet and press melted to the UHMWPE 
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layer. The bonding time between the tube and the UHMWPE sheet was ~ 5 seconds, which was 

enough to ensure complete bonding. The sandwiched UHMWPE with the tubes was cooled down 

and the bottom polyester layer was removed (Figure 2g). Finally, a needle was used to punch 

through the PE tube and the UHMWPE layer, forming the inlet/outlet holes (Figure 2h).  

The final step was to melt the bottom layer with the top layer on the hotplate at 180℃. The top 

layer (with the polyester sheet) was placed on the bottom layer with the two tubes aligned with the 

inlet and outlet positions in the microfluidic structure in the bottom layer (Figure 2i). A silicone 

roller was used to ensure a complete bonding between the layers. After removal from the hotplate 

and cooling down, the polyester layers were removed, which completed the fabrication of 

microfluidic device (Figure 2j). If the polyester support were not used in the fabrication process, 

large membranes over reservoirs and channels would frequently buckle and self- adhere in 

undesirable locations (See Figure A1).  

The effectiveness of the fabrication method was evaluated by fabricating microfluidic channels 

with different thicknesses and heights. The channels were categorized based on their width into 

W1 (0.5mm), W2 (1.0mm), and W3 (2.0mm), while the height of the channels was categorized 

into H1 (0.004 inches), H2 (0.008 inches), and H3 (0.012 inches). The channel height for W1, W2, 

and W3 was fixed at 0.004 inches. The channel widths for H1, H2, and H3 was fixed at 1.0mm. 

Channel heights of 0.008 inches, and 0.012 inches were achieved by thermally bonding two and 

three layers of the 0.004 inch thick sheets, respectively, prior to cutting the channels.  

2.2.5 Fabrication of the Microfluidic Device for IR Camouflage 

The fabrication process of the IR camouflage microfluidic device was very similar to the visible 

one (Figure 2). The main difference is that the IR camouflage device uses an additional metallized 

layer between the microchannel layer and the bottom layer. This was achieved by embedding a 
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metalized polyethylene laminate film from food packaging between a 0.004” UHMWPE sheet and 

a 0.01” UHMWPE sheet (that served as a harder back layer to support the package bag) by using 

the T-shirt heat press set to 148.9℃. The metal side was facing upwards and placed in between two 

PE sheets; the 0.004” UHMWPE was used as the top layer, and the 0.01” UHMWPE was used as 

the bottom layer to form a sandwich structure. When bonded between two PE sheets, the package 

bag was flattened and kept mechanically stable for the following xurography process. For this 

operation, the UHMWPE-metallized layer-UHMWPE sandwich structure was cut by the craft 

cutter. For this cutting, the depth of the blade was precisely controlled so that only the top 

UHMWPE layer was cut without penetrating the metallized layer below. More information on the 

cutting settings can be found in Table A1. Next, the cut-out material inside the channel was 

removed. The top layer with the connection tubes was prepared as shown in Figure 2e-h. For the 

assembly of the two layers, the heat bonding temperature was lowered to 150℃. Since the package 

bag itself is an ultra thin multi-layered metalized sheet and the package bag tended to shrink due 

to polymer internal stress at temperatures above 150 ℃. An image of the microfluidic device with 

an incorporated metalized sheet can be found in Figure A2. 
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Figure 2. The fabrication steps of the microfluidic devices including the top layer, the bottom layer, and 

the final assembly: (a) melting an UHMWPE sheet on a polyester substrate at 180℃; (b) & (c) bonding and 

rolling the taped UHMWPE layer with the microchannel structure on the melted UHMWPE sheet; (d) 

peeling off the double-sided tape from the channels, which results in the formation of the bottom layer; (e) 

melting and sandwiching an UHMWPE sheet between two polyester sheets with the top polyester layer 

having holes for the inlet outlet tubes; (f) melting PE tubes through the holes of the top polyester sheet to 

the sandwiched UHMWPE sheet and rolling the structure to ensure complete melting; (g) & (h) removing 

the bottom polyester and piercing holes through the PE tubes to form the inlet/outlet channels; (i) & (j) 

melting the top and bottom layers to form the final microfluidic device.   

2.2.6 Characterization 

2.2.6.1 Microchannel Structure and Dimensions 

The cross-section images of the microchannels with different dimensions were examined by field 

emission scanning electron microscopy (FE-SEM,). The specimens were prepared by cutting the 

UHMWPE sheets with the microchannels using stainless steel scissors. The microchannel samples 

were mounted on SEM stubs with carbon tape and coated with a gold layer (~2 nm, Denton gold 

sputter) prior to SEM imaging.  

2.2.6.2 Microfluidic Device Visible Camouflage Tests 

The visible light camouflage tests were performed at the outdoor scenes of Edmonton, Canada 

during fall season (September and October 2022). Several most representative background colors 

were selected: green from grass, red from maple leaves and bricks, yellow from withered leaves, 

and brown from dirt. The visible camouflage of the prepared microfluidic devices was 

characterized using the canny edge-finding algorithm, which is a popular and effective technique 

to detect edges and is widely used in computer vision for object recognition and detection [131]–

[133]. The working principle of the edge-finding algorithm involves the conversion of an image 

into a grayscale version, followed by the use of two thresholds to detect a large gradient magnitude. 

The gradient magnitude at each pixel is then compared to its neighbors. Given that the gradient 

magnitude represents the change in intensity at a particular pixel, the color-change edge can be 

precisely detected [131]–[133]. The complete MATLAB code can be found in the supplementary 
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information as Code 1. The visible camouflage of the devices was also characterized by evaluating 

the color matching performance. Two comparison regions were selected on the microfluidic 

devices and the environmental background. Upon filling the dyed liquid, the average color of the 

unfilled device region, filled device region, and background region were evaluated in terms of 

RGB values, which is a standard color space coding [134]. The average color RGB codes within 

each region are assessed and compared to demonstrate the color matching performance. The 

complete MATLAB code can be found in the supplementary information as Code 2.  

2.2.6.3 Microfluidic Device IR Camouflage Tests 

The IR camouflage tests were performed indoors using a FLIR E95 camera to look at microfluidics 

that were heated or reflecting a nearby thermal source. Figure 3 shows a schematic of the testing 

setup for both states unfilled (Figure 3a) and filled (Figure 3b). The emitted IR radiation on the 

microfluidic device experienced absorption, transmission, and reflection (specular and diffusive) 

by the top layer of the microfluidic device. Reflection tests were performed by exposing the 

microfluidic surface to a heat source (a 3D printer bed with a temperature of 100℃ ) with an 

incident angle of 45° and placing the camera at a reflecting angle of 45°. The angle was chosen so 

that the infrared radiation from the heat source can be reflected by the metal layer embedded in the 

device. Images of the microfluidic devices were recorded using the IR camera at different liquid 

filling stages. 
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Figure 3. Schematic representation of the testing setup for the IR camouflage tests: (a) and (b) show the 

mechanism of the IR reflection and detection of the microfluidic surface in two states, non-activated 

(unfilled channels) and activated (channels filled with water). 

2.3 Results and Discussion 

The cross-sectional FESEM images of W1, W2, W3, H1, H2, and H3 devices are shown in  

Figure 4. The desired/achieved channel widths of W1, W2, and W3 were 0.50/0.6 mm, 1.0/1.3 mm, 

2.0/1.8 mm, respectively, with a height of 100 µm ±9 µm. The desired/achieved channel heights 

of H1, H2, and H3 were 101.6/110.0 µm, 203.2/184 µm, and 304.8/264 µm, respectively. There 
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was a slight deviation between the desired channel widths/heights and the values achieved. It was 

attributed to some inconsistencies in the craft cutting step and rolling pressure during thermal 

bonding. Since H2 and H3 required thermal bonding of multiple UHMWPE layers, the difference 

between the desired and the achieved thickness was higher than for H1, indicating that rolling 

during thermal bonding has a significant effect on the height. Upon closer examination of the 

channel edges, as illustrated in Figure 4 (H3), it was observed that the edges were devoid from any 

inter-layer extension, suggesting a complete permanent bonding between the three UHMWPE 

layers.  
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Figure 4. Cross-sectional SEM images for three different widths (W1, W2, and W3) and three different 

thicknesses (H1, H2, and H3) of the microfluidic device.   
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Figure 5a & b show the FTIR and UV-Vis transmittance and absorbance results for the UHMWPE 

sheets. Polyethylene is a semi-transparent material to infrared radiation because of the unique 

simplicity of its molecular structure [135]. It is made of a long chain of repeating units of ethylene 

monomers that are arranged such that there are relatively few chemical bonds that absorb/emit 

infrared radiation in the range of–3 – 14 µm. Therefore, IR passes through the material to some 

extent, making it semi-transparent as shown in Figure 5a. The visible transparency of the 

UHMWPE comes from the interaction between the visible light and the polymer molecular 

structure. The photons of the visible light do not have sufficient energy to excite the electrons in 

the PE molecules and cause them to absorb light. Therefore, visible light is transmitted through 

the material without being significantly absorbed (Figure 5b). Figure 5c shows a photograph of a 

microfluidic device placed on top of a heated University of Alberta (UofA) logo. The logo was 

made by cutting it from a metalized polyester film, which was then taped on top of a heated oven. 

The measured temperatures of the logo with and without the microfluidic device were 53 ℃ and 

42 ℃, respectively. As expected, there was a small drop in the apparent temperature due to the PE 

IR absorption. Figures 5d shows a picture of a microfluidic device placed on top of a UofA logo. 

Although the device consisted of 2 layers (0.008 inches in total) of PE, the UofA logo could be 

clearly identified. In order to achieve higher transparency, a simple surface treatment was 

introduced.  Figures S3 & S4 demonstrated the results of different surface treatment temperatures 

by heat-pressing a 100 μm UHMWPE sheet on a smooth surface such as Kapton tape or polyester 

sheet. The treatment reduced the surface roughness and increased the visible transparency of the 

UHMWPE sheets. The visible appearance of the sheets changed from translucent to transparent. 
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Figure 5. (a) Transmittance results for an UHMWPE sheet with a thickness of 0.004 inches over the range 

of 3 – 14 µm; (b) Absorbance results of UHMWPE sheets with different thicknesses (0.004, 0.08, and 0.12 

inches); (c) IR images of a microfluidic device (W1) placed in front of a metalized heated UofA logo; (d) 

Microfluidic device (W1) placed on top of a printed UofA logo. 

The visible camouflage characterization considered the color differences between the 

environmental background and the microfluidic channels in both states (filled and unfilled) as 

shown in Figure 6. The microfluidic devices were placed in front of various backgrounds, such as 

grass, dirt, leaf, and brick, to demonstrate their camouflage capabilities. The unfilled devices were 

easily visible and distinguishable against the background, but as the devices were filled with dyed 

liquid, they quickly blended in with the surroundings and became hard to detect. By changing the 

color of the dye, the microfluidic devices were able to adapt to different backgrounds. The 

effectiveness of the devices camouflage was more pronounced for grass (Video S1) and dirt (Video 

S2) backgrounds, as there was a close match between the intensity of the dyed liquid and the 

background. However, in the case of the leaf and brick backgrounds, the match with the device 
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color was still acceptable but not as good as in the former two scenarios. The intensity and color 

of the dyes are not limited to what were used in this study and can be adjusted and modified as 

required. Therefore, adjusting the color and intensity of the dyed liquid can result in devices that 

are optimized for specific environmental conditions, therefore increasing their effectiveness in the 

field. The total time for the device actuation was typically less than 15 seconds; it was controllable 

by the change in the pressure applied on the syringe. With a larger pressure, the color changing 

was faster. By retracting the dyed liquid, the microfluidic device was able to return to a semi-

transparent appearance. It is worth mentioning that our developed method for the permanent 

interface between macro-scale PE tubes and micro-scale channels ensured having robust and leak-

free operations. All the prepared devices exhibited airtight and watertight features providing a 

strong and reliable seal that can withstand the high pressures and flows typically encountered in 

microfluidic.  
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Figure 6. Images of microfluidic devices tested for their camouflage capabilities with different 

backgrounds (grass, dirt, leaf, and brick). The photos were captured in outdoor conditions on the University 

of Alberta campus. 
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The aim of visible camouflage is to conceal an object or individual when observed under visible 

light conditions [136]. This is achieved by reducing or eliminating the contrast between the object 

and the background, and by disguising the object’s edges. Typically, this involves using colors and 

patterns that are similar to those found in the surrounding environment or by incorporating 

contrasting colors to break up the object’s outline. To achieve effective concealment, it is necessary 

for camouflage devices to incorporate multiple colors, as natural environments are not comprised 

of a single color. Fortunately, our devices can easily be fabricated as a multi-input/output system 

to blend in multicolored background. Moreover, our fabrication process could easily be adjusted 

to fabricate devices with different channels patterns and shapes. By carefully designing the channel 

feature, the channel coverage ratio can be maximized with the rest surface areas including channel 

walls and device edges minimized. However, it is worth mentioning the presented visible 

camouflage demonstration focused on color-matching, shape-matching, and edge-hiding. The 

minimum feature size is not tested. Figure 7 shows three devices that are connected to correspond 

to distinct military camouflage patterns commonly utilized in various environmental conditions 

(Videos S3 and S4). These patterns were tailored to match the requirements of semi-arid climates 

(Middle East & Asia), leafy forests (North America & Europe), and naval environments [109], 

[137]. The multi-input/output microfluidic device demonstrated high matching capability in these 

diverse environments, making it a versatile and adaptable solution for visible camouflage. Notably, 

the device was not limited to a specific pattern, allowing it to be used across a wide range of 

environmental conditions. By providing a universal camouflage solution, this device could 

eliminate the need for multiple garments to match specific environments. 
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Figure 7. Multi input/output microfluidic devices for visible camouflage capabilities in multicolored 

backgrounds; The devices were tailored to match the colors and patterns of semi-arid climates (Middle East 

& Asia), leafy forests (North America & Europe), and naval environments. 

 To gain a deeper understanding of the visible camouflage effects of the microfluidic devices, 

further analysis was conducted using the canny edge finding algorithm. This algorithm is a 

commonly used image processing technique that can identify the edges of objects in an image 
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[133]. By applying this algorithm to images of the devices in various environmental settings, we 

assessed the effectiveness of the camouflage in terms of its ability to disguise or break up the 

outline of the device. The unfilled microfluidic devices showed up as black voids and were thus 

very distinguishable and detectable by the edge-finding algorithm. Interestingly, the filled devices 

merged into the background and were not recognizable. These results confirmed that the 

microfluidic devices were successful in reducing the contrast between the device and the 

background, as well as disguising the edges of the device as shown in Figure 8. Results for the leaf 

and brick backgrounds can be found in the supplementary information (Figure A5). 

 

Figure 8. Canny edge-finding algorithm analysis results for selected trials (grass and dirt background). The 

first row provides images of the unfilled and dye-filled devices against the background. The second row is 

the results from MATLAB of the “Canny” edge finding algorithm. The white lines shows the edges detected 

by the code; the empty channels for both grass background and dirt background do not have detected edges 

inside. Some edges showed inside are most likely due to objects in front of the device. As for the filled 

channels, there are many detected edges inside the region of the device, which blurred the actual boundary 

between the device and background. 

Besides disguising the edges and matching the shapes of the microfluidic device, the match of 

colors is also vital for camouflage evaluation. We assessed the color matching performance upon 

filling the channels by evaluating the average RGB color values of the microfluidic device and the 

background. The results are presented in Figure 9, where the first and second columns demonstrate 
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the labeled environmental backgrounds and microfluidic devices in both states (filled and unfilled). 

The red square represents the selected background region, while the green square represents the 

selected microfluidic device region. The third column presents the analysis results of the average 

color RGB values for the unfilled device region, filled device region, and background region. The 

bar charts separately display the red, green, and blue values to show the matching trend as the 

device was filled. RGB codes have a range of [0-255], where 0 represents black, and if all three R, 

G, and B values are at their maximum of 255, it appears as white. Under normal conditions, the 

unfilled device appears visibly translucent (whitish), thus the RGB codes for the unfilled device 

have relatively high values. As shown in Figure 9, filling the device results in its RGB values to 

have a significant trend of matching to the background RGB values. The RGB values of the filled 

devices and background were similar, indicating a similar color. These results support the 

successful matching of the microfluidic devices with the background color. The detailed RGB 

values can be found in the supplementary information in Figure A7.  
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Figure 9. Average color RGB code analysis results for different backgrounds (grass, dirt, leaf, and brick). 

The first and second columns presented the labeled images to indicate the regions. Red squares are the 

environmental background regions and green squares are the device regions. The results were presented in 

the third column, which included all the RGB values for the unfilled device region, filled device region, 

and background region. The filled device region has very similar RGB values as the background region 

compared to unfilled device, which indicated the color matching was successful. 
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IR camouflage is another important application that can be achieved using a modified version of 

this microfluidic device. In general, smooth surface metals have low emittance but high infrared 

reflectivity [138], [139]. This makes metal objects thermally visible as long as there is a heat source 

in the region even the metal object itself does not emit much infrared radiation. The reflection from 

the heat source makes metal appear to be at a higher temperature. However, this reflected IR 

radiation can be easily blocked by a thin layer of water. By circulating a layer of water above the 

reflective metal layer, the IR reflection can be blocked, which makes the metal appear colder 

(ambient temperature). This allows the manipulation of the IR appearance of metals.  Versions of 

W1, W2, and W3 devices were modified by embedding a metal surface between the channels and 

the bottom layer. The result of the measurement of their IR appearance was presented in Figure 10.  
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Figure 10. Images of the IR reflection appearance of W1, W2, and W3 positioned in front of a hot 3D 

printer bed (100℃) under unfilled (column 1) and filled (column 2) states. The average temperature 

measurement area is indicated in each subfigure in column 1 and column 2 as the white square. Column 3 

shows the area average temperature drop upon filling the microfluidic devices with DI water. 

The first column in Figure 10 shows the empty channel’s IR reflection appearance against a hot 

3D printer bed (surface temperature at 100℃); the second column shows the reflection appearance 

from the filled channel with DI water; and the third column shows the measured average 

temperatures data of the metal surface by the IR camera for both filled and unfilled channels. The 

area of measurement was indicated in each subfigures in column 1 and column 2 as a white square. 

The measured average temperature results for the unfilled W1, W2, and W3 devices were 45.3, 

45.4, and 46.7 ℃, respectively. Although the temperature of the heated source was set at 100℃, 

the highest average reflected temperature was 46.7℃. This could be attributed to the presence of 

UHMWPE layers above the metal surface. Despite the high IR transparency of the PE sheet, it still 

absorbed a certain portion of the IR radiation before it reaches the underlaying metal surface. 

Furthermore, after the IR radiation is reflected from the metal, the PE sheet continued to absorb a 

fraction of it. As the IR radiation passed twice through the PE sheet before it was detected by the 

IR camera, it significantly contributed to the observed temperature difference. Another possible 

factor could be the precision of the IR camera. This type of camera measures the average 

temperature within a measurement zone rather than the temperature at specific point. Upon filling 

the devices with DI water, the area average temperatures of W1, W2, and W3 were 40.1, 37.4 and 

36.0 ℃, respectively. The area average temperature drop of all devices was 8.3 ℃, demonstrating 

the effectiveness of our method in blocking reflected IR radiations. Notably, despite the area 

average temperature drop was lower than 9 ℃, the spot temperature at the channel dropped from 

50.1 to 31.6 ℃ upon filling, which was nearly 19 ℃ decrease. Detailed experimental infrared 

images during the characterization can be found in supplementary information in Figure A6. In 
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addition, the width of the channels had an obvious impact on the reflected IR appearance, with 

wider channels appearing as colder surfaces. This was primarily due to the large channel area vs. 

support wall structure that was achieved for these designs and suggests future improvements are 

possible.  

2.4 Conclusion 

In this work, we fabricated and characterized microfluidic devices made entirely from 

polyethylene (UHMWPE) including inlet/outlet tubes (PE). The devices are inexpensive (less than 

0.09 CAD per piece), extremely durable, and relatively transparent to both visible light and thermal 

infrared wavelengths. The fabrication technique is simple and relies solely on xurography and 

thermal bonding. The fabrication of the microfluidic device is fast (a few minutes per piece), and 

thanks to the simplicity of the process, it would be possible to mass produce this type of 

microfluidic device. Our characterization showed the channel was watertight and airtight, which 

demonstrated the reliability of the device. Besides the unique fabrication process, our group 

developed some innovative applications of this microfluidic device with microchannels. Due to 

the transparency of polyethylene, it has been shown that this microfluidic device is capable of 

achieving visible camouflage by circulating a dyed liquid through the microchannel. A prototype 

has been fabricated to demonstrate the ability to have multiple camouflage colors on a same device. 

IR camouflage was achieved by slightly modifying the original structure of the microfluidic device. 

An ultra thin metalized polyethylene was added between the microchannel layer and the bottom 

layer. IR reflection tests showed the capability to manipulate the IR reflectivity of metals and 

therefore the apparent temperature of the system, without altering its actual temperature. Improved 

thermal infrared performance should be achievable using thinner polyethylene sheets. The low 

cost, durability, and ease of fabrication of these microfluidic devices, combined with their unique 
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camouflage properties, make them promising candidates for a wide range of applications, 

including environmental monitoring, medical diagnostics, and military and surveillance operations 

[1], [2], [114]. The ability to mass produce these devices with minimal resources could lead to 

significant advancements in these fields and contribute to the development of more accessible and 

affordable technologies.  
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Chapter 3 

Development of low voltage electrowetting on self-

assembled dielectric layers for variable IR appearance 
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3.1 Introduction 

Electrowetting systems and related technologies have been widely researched, fabricated, and 

developed for over a century from 1875 when Gabriel Lippmann developed the theory of 

electrocapillarity in his PhD thesis [70], [71], which is the basis of electrowetting [72], [73]. 

Multiple early-stage works were conducted since then [74]–[81], however, these studies relied 

upon direct contact at the droplet – electrode interface, which was fundamentally different from 

modern electrowetting systems, and far from practical applications [73], [76], [79]. The main 

obstacles of such configuration were the often involvement of toxic heavy metal [82], and the 

electrolytic decomposition of liquid [72], [79]. Alternative configuration was proposed to solve 

the decomposition by Berge [73], [83], which implemented a thin layer of insulator film on the 

electrode to separate the droplet from direct electrical contact. It was known as electrowetting on 

insulator coated electrodes (EICE), or electrowetting on dielectric (EWOD) [79]. Since then, 

electrowetting technologies improved rapidly due to the demand of precise manipulations of liquid 

droplets and the trend of miniaturization. Multiple practical applications were developed [71], [79]  

including: liquid lenses [84]–[87], electronic displays [88]–[91], and multiple lab-on-a-chip 

microfluidic assay devices [92]–[94]. More information about the electrowetting developments 

can be found in other reviews [71]–[73], [76], [79]. However, most of the electrowetting 

applications are exclusively focused on visible spectrum.  

Apart from the narrow application interests range, there are other fundamental challenges in 

modern electrowetting systems, including a universal phenomenon known as contact angle 

saturation (CAS), which describes how the contact angle will reach a minimum value at high 

voltage where the parabolic relationship in Eq(1) fails [72], [96], [99]. Several hypotheses were 

developed regarding this CAS, however, the mechanism of this phenomenon is still ambiguous 
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[96], [97], [99], [140]. Early review claimed that no voltage-induced transition from partial to 

complete wetting has ever been observed [72]. While the first complete wetting was reported in 

2013 [141], generic electrowetting system can have a saturation angle as high as 70° - 80° [100]. 

Besides the contact angle saturation, the high actuation voltage required to achieve large contact 

angle changes was also a bottleneck for practical applications as most conventional EWOD devices 

were operating at over 100 V [142], [143]. This was inevitable since the thickness of the dielectric 

layers was commonly in the range of several hundreds of nanometers to tens of micrometers [142], 

[144], Even with such high voltage, the contact angle decreases were often just dozens of degrees 

due to CAS [99]. Moreover, the manufacturing of such dielectric layers used complicated 

processes such as electron beam deposition, sputtering [145], plasma-enhanced chemical vapor 

deposition [146], and spinning coating [142], [147], [148]. Several innovative works were 

performed to mitigate the challenges by introducing an alternative configuration, including a self-

formed lipid bilayer as main dielectric layer [144], [149], [150]. The actuation voltage in these 

systems was extremely low (several volts or even without external voltage) owing to the thickness 

of the bilayer being only several nanometers [149], [151]. However, there were still some 

remaining drawbacks such as the usage of a liquid metal EGaIn, which is expensive and whose 

geometry is hard to control [152]. Other approach also involved the usage of rare earth metal 

hafnium which has the abundance of only 4.5ppm in the earth’s crust [153].  

Besides the visible spectrum, there is great potential in applications within the infrared spectrum, 

such as IR camouflage, a highly sought-after topic [113]. Multiple IR camouflage approaches has 

been reported by using nanostructured polymers that alternate reflection, using thin film to control 

emission and manipulating diffraction, applying smart textiles, and micro-scale designed 

metamaterial to tune emissivity [114], [117]–[121]. Our group has recently reported an adaptive 
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visible and IR camouflage control system based on thermally transparent pressure-driven 

microfluidics [39]. However, as the scaling law indicates: 𝛥𝑝/𝐿 ∝ 𝑙−4which means the pressure 

drop rate is to the fourth power of the scale reduction ratio. It becomes difficult to drive liquids 

through microfluidic channels using pressure [154]. Also, the actuation time is relatively long since 

the water has to travel along the channel to achieve adaptive camouflage. Therefore, We aimed to 

develop a fast-actuated,  innovative IR camouflage system without pressure-driven flows. 

In this study, we developed a low voltage (~3.4V DC) fast actuated, nearly complete wetting (~15° 

of wetting contact angle), inexpensive (less than 1 Canadian dollar per setup), simple-to-

manufacture configuration for an electrowetting on dielectric system. No dielectric layer 

deposition process or clean-room facility is required. Our system uses a metalized (aluminum 

coated) polyester film commonly found in emergency blankets and reflective insulation as the 

electrode; an aluminum oxide layer spontaneously formed on top of the film, which ensured 

stability [155]. The system was submerged in dodecane with sorbitan trioleate surfactant, while 

the droplet was made of distilled water containing another surfactant - sodium dodecyl sulfate 

(SDS). This configuration decreased the 𝜎lv  significantly due to the inclusion of surfactants. 

Furthermore, an ultra-thin lipid bilayer will form upon the application of a water droplet in 

dodecane acting as a dielectric layer [149], [156].  

More importantly, inspired from the optical display applications of the electrowetting system, we 

conceived another innovative direction for electrowetting – the high IR transmittance nature of 

dodecane [157], which allows this system to achieve adaptive IR camouflage by manipulating the 

reflected IR appearance of the metalized polyester electrode via an electrowetting droplet on top 

of it. Several modifications were applied towards the goal of IR. Multiple characterization results 

indicated that this electrowetting system has the capability to achieve adaptive infrared camouflage. 
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3.2 Experimental Methodology 

3.2.1 Theoretical Model 

The electrowetting behaviour can be modeled using the Lippmann – Young’s equation, which 

predicts the change in contact angle upon the application of an external voltage across the interface 

[72] 

cos 𝜃(𝑈) = cos 𝜃Y +
𝜀0𝜀1

2𝑑H𝜎lv
(𝑈 − 𝑈pzc)

2
 (1) 

where 𝜃 is the contact angle of the liquid droplet, 𝜃Y is the Young’s angle (i.e., the equilibrium 

angle when no voltage applied), 𝜀0  is the vacuum permittivity (≈ 8.854110-12 F1m-1), 𝜀1  is the 

dielectric constant of the liquid, 𝑑H is the thickness of the dielectric layer, 𝜎lv is the interfacial 

tension between the liquid droplet and vapour (note that the ambient phase was denoted as “vapour” 

for simplicity, but it can be another liquid immiscible with the droplet), 𝑈 is the applied voltage, 

and 𝑈pzc is the potential zero charge, which represents the voltage required to compensate for the 

spontaneous charging of the electrode.  

By  combining the terms for capacitance 𝐶 =
𝜀0𝜀1

𝑑H
 and using the assumption that the surface of the 

insulating layer does not give rise to spontaneous absorption of charge (i.e., the 𝑈pzc was set as 

zero), Eq(1) can be rewritten as: 

cos 𝜃(𝑈) = cos 𝜃Y +
𝐶𝑈2

2𝜎lv
 

(2) 

where 𝐶 is the capacitance per unit area of the dielectric layer.  
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3.2.2 Materials 

Metalized polyester (0.002” thick Mylar Film with surface coated with aluminum, Amazon), and 

copper foil tape (dual conductivity adhesive tape, ELK) were utilized as the electrode for the 

electrowetting system and connection to the external voltage. Laboratory grade dodecane (Sigma 

Aldrich) was used as the ambient phase. A non-ionic surfactant, sorbitan trioleate, was added to 

dodecane in order to decrease the actuation voltage. Distilled water was used as the actuating liquid 

drop. Another surfactant, sodium dodecyl sulfate, was added to the water for the same purpose of 

reducing the activation voltage by lowering the surface tension. Ultra-high molecular weight 

polyethylene (UHMWPE, thickness = 0.01”, McMaster Carr) was used to limit the droplet to a 

confined area. Water soluble pigmentation was used to dye the water droplet for easier observation 

during experiments. A thin stainless-steel wire was used as electrode. All the materials were used 

without modifications and can be considered commercial off-the-shelf (COTS) components. 

The concentration of the sorbitan trioleate in dodecane was 0.8 wt%, and the sodium dodecyl 

sulfate in the distilled water droplet was 3 wt%. Some particular conditions should be noticed in 

order to form a stable lipid bilayer. The concentration of surfactant (sorbitan trioleate in our study) 

must be over 0.1 wt%, and the water droplet must be applied onto the electrode after it is 

submerged in the dodecane. More information can be found in this study [149].  

3.2.3 Equipment 

A digital tensiometer setup (Smartphone-based tensiometer, Droplet Lab Instrument, Canada) was 

used for accurate measurement and monitoring of the droplet. The droplet images were captured 

by the embedded smartphone while the droplet was applied by the default threaded plunger syringe. 

A 3D printer (Ender 3, Creality 3D, China) heating bed was used as a thermal source for the 

infrared reflection characterization. A Thermal Imaging Camera (E75, Teledyne FLIR LLC, US) 
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was used for thermal characterizations of reflected heat. A direct current power supply (LWK605D, 

LONGWEI, China) was used for external voltage application across the electrode and droplet. An 

analytical electronic balance (ZQ-563, BAOSHISHAN, China) was used to assist the 

configuration and characterization operations. A digital camera (iPhone 13 Pro Max, US) was used 

to capture the visible appearance of the droplet wetting behaviour. A flat glass petri dish was used 

as a container for the dodecane-based ambient phase. A digital multimeter (U1252B, Agilent 

Technologies, US) was used to measure the capacitance across the system. A schematic diagram 

of the initial system is shown in Figure 11. 

3.2.4 Preparation and Modification 

Four configurations were prepared to measure and observe the change in contact angle, the change 

in visible appearance, the change in IR appearance, and demonstrated the capability to control the 

wetting direction.  

3.2.4.1 Preparation of Configuration 1 

Configuration 1 was prepared for the observation of contact angle. The metalized polyester was 

cut to a 30mm*30mm square piece and taped on the bottom of a petri dish with the metal side 

facing up. The metal side was connected to the power supply by adhering the copper tape directly 

on the metalized polyester. The contact angle measurement system used a vertical stainless steel 

needle filled with distilled water and surfactant. The needle was connected to the power supply 

with a piece of copper tape connected to alligator clips. The petri dish was filled with dodecane-

surfactant liquid until the needle tip was submerged and the needle was then lowered until it was 

close to the metal surface. Finally, a droplet of water/surfactant was dispensed and kept in contact 

with both the needle and the metal side. A small voltage across the electrodes could then be applied 

to activate droplet electrowetting. A schematic setup is demonstrated in Figure 11a.  
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3.2.4.2 Preparation of Configuration 2 

Configuration 2 was modified for the observation of visible appearance change. The vertical needle 

in the configuration 1 blocked the view from top and resulted in a distorting top view image. Such 

concerns were mitigated by replacing the needle with a thin steel wire to make the contact with 

the droplet. The thin wire was connected directly to the power supply clamped by alligator clips, 

the rest of the system remained the same.  

3.2.4.3 Preparation of Configuration 3 

Configuration 3 was prepared for the observation of IR appearance. Due to the nature of dodecane 

of high viscosity [158], it tended to cling on the wire due to capillary action and form a curved 

region surrounding the wire. Such region created an IR distortion due to the curvature of dodecane 

surface. Therefore, configuration 3 included planar electrodes so that the distortion was eliminated. 

Two pieces of metalized polyester was cut into the size of 15mm*30mm as electrodes. The planar 

electrodes were taped to the bottom of the petri dish, similarly to what was done previously in 

configuration 1, The electrodes were taped next to each other without forming an electrical contact. 

The droplet was discharged between the electrodes and the power supply was connected to both 

electrodes to provide voltage across the system. The biggest advantage of such setup was 

eliminating the vertical electrode to provide an undistorted top view. A schematic setup is 

demonstrated in Figure 11c.  

3.2.4.4 Preparation of Configuration 4 

Configuration 4 was prepared to demonstrate the controllability of the droplet. Two extra 

UHMWPE pieces were cut into the size of 10mm*30mm and added to configuration 3 as 

boundaries to create a semi-confined region for it. With the boundary, the droplet can be actuated 

primarily in one dimension. A schematic setup is demonstrated in Figure 11d. 
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Figure 11. (a) Schematic representation of the configuration 1 electrowetting system that has been 

developed in this work. The power supply in this system offers direct current external voltage, the negative 

pole was connected to a deionized water droplet via a stainless steel syringe tip. The positive pole was 

connected to the metalized polyester via a copper tape. The droplet contained 3 wt% of SDS (sodium 

dodecyl sulfate) that was submerged in dodecane with 0.8 wt% of sorbitan trioleate. The presented 

condition is unwetted (no electric voltage applied across the system). (b) A close-up view at the droplet-

oil-electrode interface to demonstrate the lipid bilayer composed of sorbitan trioleate spontaneously formed 

between the interfaces. SDS surfactant ions remain in the water droplet congregate on the interface between 

the water and dodecane which does not influence the lipid bilayer since SDS ions are mainly inside the 

water droplet [159]. The aluminum oxide layer was also spontaneously formed on top of the metalized 

polyester due to oxidation. Note that the thicknesses of these layers, sizes of surfactant molecules and ions, 

and the droplets are not to scale. Several research also suggest similar structures [144], [149], [159]. (c) 

(a) 

(b) 

(c) 
(d) 
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Schematic representation of configuration 3 which replaced the vertical electrode by two planar electrodes 

providing a non-distorted top view, the droplet was placed in the middle of the electrodes and the power 

supply was directly connected as demonstrated. The droplets can be actuated in an un-controlled area. (d) 

Schematic representation of configuration 4 which added two pieces of UHMWPE as boundaries. The rest 

of the setup remained the same as configuration 3, however, the boundary creates a semi-confined region 

for water so the droplet can be actuated mainly in one direction.  

3.2.5 Characterization 

3.2.5.1 DC Electrowetting Performances and Characteristics 

The electrowetting performance was characterized based on configuration 1. The lipid bilayer 

thickness was estimated from the measurement of the capacitance of it according to the following 

equation: 

𝐶 =
𝜀0𝜀1 ∗ 𝐴

𝐷
 

(3) 

where 𝐶 is the capacitance for parallel plates, 𝐴 is the area of this capacitor, and 𝐷 is the distance 

between the parallel plates, 𝜀0 is the vacuum permittivity (≈ 8.854 ∗ 10−12F ∙ m−1), and 𝜀1 is the 

dielectric constant of the material. Since the lipid bilayer’s thickness is in the range of nanometers 

[151] due to the nature of oleate molecular length and could not be directly measured due to the 

resolution of optical microscope (the diffraction limit is at 200-300 nm [160]). The contact angle 

change upon wetting was determined using the digital tensiometer. Detailed calculations are 

provided in the results section. 

3.2.5.2 Electrowetting System Visible Appearance Characteristics 

In order to improve the visibility of the droplet on the metalized surface, the water droplet was 

colored using water soluble pigments for the visible appearance characterization. Configuration 2 

was used to provide a better top view of the system. By gently touching the droplet with the wire 

and applying the voltage across the electrodes, the droplet can be actuated. One thing to note is 

that avoiding direct contact between the wire and the planar electrode is necessary to prevent short 
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circuiting the whole system. The visual images were captured by digital cameras to demonstrate 

the coverage area change. 

3.2.5.3 Electrowetting System IR Camouflage Performances and Characteristics 

The electrowetting system IR camouflage tests were performed using configuration 3 with the IR 

camera pointed at 45° to observe the electrode and droplet that was reflecting the IR radiation from 

the heat source (3D printer heating bed @ 383 K). The IR images before and after electrowetting 

actuation were captured for a measurement of the coverage area. The configuration 4 was also 

tested to demonstrate the controllability of the droplet which can be more accurate when wetted in 

a preferential direction. Figure 12 shows the schematic of the testing scenarios for both the 

unwetted state (Figure 12a) and wetted state (Figure 12b). As shown in Figure 12, the radiation 

from the heat source underwent absorption, transmission, and reflection by the electrode. It is 

worth noting that even though dodecane has a high infrared transmission at these wavelengths 

(allowing IR to pass through), a thick layer of dodecane will absorb most of the IR radiation (which 

passes through the layer twice in this reflection mode), which is undesirable. Therefore, we also 

performed an experiment to seek the effect of the thickness of dodecane on the observed 

temperature. The dodecane thickness-observed temperature relationship was characterized by 

gradually removing dodecane from the petri dish while observing the apparent temperature from 

the electrode using configuration 1 but without the needle. The thickness of the dodecane was 

estimated based on the weight added to the dish and the area of the dish.  
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Figure 12. Schematic representation of the IR camouflage testing setup for the electrowetting system. (a) 

and (b) show two different states of system (wetted and unwetted) and their thermal detection mechanism 

where the 3D printer bed acted as heat source and emitted IR radiation, which was reflected by the electrode 

and finally observed by an IR camera. Since water has very low IR transmittance (IR opaque), the wetted 

droplet will block the reflected radiation from the electrode and resulted in the decrease of observed 

temperature.  

3.3 Results and Discussion 

The contact angles of the droplet for both a wetted and unwetted state were demonstrated in Figure 

13. The droplet remained hydrophobic with a contact angle of 133° when no external voltage 

applied. When the droplet was actuated by only 3.6V DC, it achieved nearly complete wetting 

with a contact angle of 15°. This voltage of 3.6 V DC is much lower than what is observed in 

conventional electrowetting systems.  
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Figure 13. Images of the droplet which achieved complete wetting actuated by 3.6 V DC. The contact angle 

changed from 133° to 15° by applying voltage across the droplet and electrode (metalized polyester). (a) 

demonstrated the unwetted state with no external voltage applied, (b) demonstrated the wetted state with 

3.6V applied. The wetting process is fully repeatable. 

One of the main reasons for this low actuation voltage was that the lipid bilayer that spontaneously 

formed at the interface acted as a dielectric layer, which were basically made of two layers of 

sorbitan trioleate molecules. It draws our attention that the lipid bilayer must have a thickness in 

the range of nanometers to decrease the voltage from several hundred volts to several volts. 

According to Eq(1), the relationship between applied voltage and dielectric layer thickness follows 

𝑈2 ∝ 𝑑H for the same contact angle change. Therefore, reducing the dielectric thickness by a factor 

of 100 can only result in a reduction of the required voltage by a factor of 10. A characterization 

was developed to measure the thickness of sorbitan trioleate lipid bilayer. Since the contact 

interface was smooth and flat, it can be assumed as two capacitors made of lipid bilayer and 

aluminum oxide respectively connected in series. The visualization of the capacitor circuit was 

shown in Figure 14. Although it seems possible to calculate the capacitance of aluminum oxide, 

800 μm 800 μm 
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owing to it being a naturally formed oxidation layer, the thickness of aluminum oxide cannot be 

certain, therefore, an alternative approach was developed. The overall capacitance measured across 

the circuit is 0.042 nF, and the capacitance of the aluminum oxide is 0.043 nF. The capacitance of 

the lipid bilayer can be calculated based on these as 1.806 nF. The area of lipid bilayer was 

estimated by assuming the contact region is a circle with the diameter same to the needle (0.80 

mm). According to Eq(3), the thickness of lipid bilayer was calculated as 4.928 nm. This quantity 

validated the hypothesis that low actuation voltage is possible when the dielectric layer is thin 

enough. This value is also very close to double the carbon chain length of the oleate molecule 

[151].  

 

Figure 14. A detailed-look of the interface between the droplet and electrode. The SDS surfactant in water 

droplet is neglected since it does not involve in the formation of lipid bilayer. The lipid bilayer can be 

simplified as a parallel plate capacitor connected in series to another parallel plate capacitor made of 

aluminum oxide.  

It is worth noting that obvious change in apparent temperature only appeared when the dodecane 

layer is very thin as dodecane also absorbs the portions of the IR radiation wavelengths. Therefore, 

we characterized the relationship between the thickness of dodecane and apparent temperature 

from the reflection of electrode. The heat source was set at 333 K for safety reasons. We noticed 
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that the apparent temperature changed significantly along with the thickness of dodecane. 

Therefore, the dodecane was removed gradually from the system, the weight of dodecane and the 

apparent temperatures were recorded respectively, and the thickness of dodecane was then 

estimated by the weighing method. The result was presented in Figure 15, which revealed an 

interesting trend of changing, the appeared temperature almost stayed constant (close to room 

temperature 296 K) when the thickness was decreased from over 4000 μm to around 1100 μm. 

After this point, the apparent  temperature increased rapidly with only small amount of decrease 

of dodecane thickness and appeared closer to the heat source (333 K). The shape of the curve is 

very likely an exponential curve, as the intensity of the light in water versus the depth has an 

exponential relationship [161].  However, the relationships between the appeared temperature and 

the thickness of dodecane is still under investigation. With the relationship being revealed, later 

IR appearance tests were performed with preferable thickness of dodecane to demonstrate 

significant temperature change upon electrowetting.  
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Figure 15. The computer generated averaged line of appeared temperature versus dodecane thickness. This 

line included three separated completed measurements of the system. The error bars are also included in 

the graph, since the temperature changed rapidly when the dodecane thickness fell bellow 1100 μm, the 

measurements shared an increase of human measurement error. The errors were mainly due to the precise 

removal of dodecane. The curve shape is highly similar to an exponential curve. Several representative IR 

camera measurement images are also presented to show different apparent temperatures with different 

thickness of dodecane. The apparent temperatures are indicated on the curve respectively. Ambient 

temperature (296 K) and heat source temperature (333 K) are indicated on the plot. 

Figure 16 presents the infrared images of the electrowetting system. Smooth metalized surface like 

the electrode used in this electrowetting system typically have high IR reflectivity [138], [162], it 

makes such materials highly detectable though IR camera especially when there are heat source 

nearby. The reflected heat source’s IR radiation from the metal surface will appear very distinct in 

comparison to the surrounding non-reflective material. Fortunately, reflected IR radiation can be 

eliminated by just a thin layer of water since water has low IR transmittance [163]. By wetting the 

droplet on the metal electrode, the apparent temperature dropped significantly from around 323 K 

to a near ambient temperature of 298 K. The apparent temperature change is demonstrated in 

Figure 16 where the water droplet appears much colder than surrounding. In addition to the 

10 mm 

10 mm 

10 mm 

10 mm 
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temperature difference, the electrowetting behaviour was evident under the IR camera with the 

coverage of the droplet increasing over 50%  upon wetting. The unwet droplet had an area of 17.09 

mm2 while the wetted droplet was 25.86 mm2 (151.3% larger). The length of droplet increasing 

over 50% in the controlled planar electrode configuration. The unwet droplet had the longest 

vertical length of 6.08 mm while the wetted droplet was 9.33 mm (153.4% longer).  Figure 16 also 

shows the visible electrowetting from vertical direction in the steel wire configuration with a dyed 

water droplet. Furthermore, the average wetting actuation time was about one second (1.00 ± 0.33 

s). Overall, the electrowetting system shows the capability to achieve IR camouflage with multiple 

vital features: the wetting of droplet can reversibly alter the IR appearance, the system actuation 

time is short (few seconds), and the actuation voltage is very low (3.6 V).  

 

Figure 16. The first column demonstrated the visual appearance of the electrowetting system as the steel 

wire configuration, the black droplet was pigmented water to improve the visibility. By touching the droplet 
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with the voltage-applied wire, the droplet had nearly complete electrowetting and the coverage area 

increased dramatically upon wetting. Images of the IR reflection appearance of the droplet in the electro-

wetting system positioned beneath a heated 3D printer bed with the temperature set as 383 K. The 

electrowetting system’s IR appearances were presented in column 2 & 3. The second column presented the 

uncontrolled planar electrode configuration, in the IR image, the two planar electrodes were very obvious 

(arranged up and down) as the electrodes appeared hotter than the ambient due to the reflection of IR 

radiation. The droplet appeared as ambient temperature and the coverage area increased over 50% compared 

to unwetted droplet within a few seconds upon wetting. The third column presented the controlled planar 

electrode configuration by simply adding UHMWPE boundaries to confine the droplet in one dimensional 

movement. It indicated an obvious increase of coverage area as the length of the droplet increased 

significantly due to wetting. These demonstrated the thermal appearance manipulation can be achieved by 

presented electrowetting configurations. 

3.4 Conclusion 

In this study, we demonstrated an innovative electrowetting-on-dielectric system that has the key 

features of low actuation voltage, nearly complete wetting, inexpensive, simple to manufacture 

with all commercial off-the-shelf (COTS) components. More importantly, we demonstrated this 

electrowetting system has the capability to achieve adaptive infrared camouflage. The system 

utilized surfactants to decrease the interfacial tension dramatically and an ultra thin lipid bilayer is 

spontaneously formed and acted as a dielectric layer. Also, the system received multiple 

modifications of configuration to improve the controllability of the droplet. Our characterizations 

demonstrated a strong potential in the field of IR camouflage owing to the low actuation voltage, 

high temperature change, and fast actuation time. The appeared temperature-dodecane thickness 

relation was also investigated along with the IR camouflage characterization. Overall, this 

electrowetting system presented multiple unique features comparing to the conventional system, 

which could lead to more innovative development in these fields and further work to encapsulate 

pixels for IR switching for future development. 
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Chapter 4 

Concluding remarks and future directions of research 
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4.1 Conclusion 

In this thesis research, we aimed to develop and characterize devices that are capable of achieving 

adaptive visible and infrared camouflage control while being low-cost, energy efficient, short 

fabrication time, robust and reconfigurable.  

In the initial phase of this research work, as presented in Chapter 2, we developed and 

characterized innovative microfluidic devices made entirely from polyethylene including 

inlet/outlet tubes with a novel interface between the device and tubing. The devices are low-cost 

(less than $0.09 CAD per piece) and extremely durable due to the nature of UHMWPE. The 

fabrication technique is simple and relies solely on xurography and thermal bonding, which is fast 

(a few minutes per piece) and the reconfiguration can be achieved by designing new xurography 

pattern and using different thicknesses of polyethylene sheet. UHMWPE was selected as the main 

material of the device because it remains mechanically stable above its melting point, preserving 

the channel features during thermal bonding. This microfluidic device is capable of achieving 

visible camouflage by circulating a dyed liquid through the microchannel. A prototype has been 

fabricated to demonstrate the ability to have multiple camouflage colors on a same device. IR 

camouflage was achieved by slightly modifying the original structure of the microfluidic device 

with an ultra thin metalized polyethylene layer, enabling liquid circulation over the metal to modify 

its reflected IR appearance. IR reflection characterization showed the capability to manipulate the 

IR reflectivity of metals and therefore the apparent temperature of the system, without altering its 

actual temperature. Overall, the low cost, durability, and ease of fabrication and reconfiguration of 

these microfluidic devices, combined with their unique camouflage properties, make them 

promising candidates for a wide range of applications, including environmental monitoring, 

medical diagnostics, and military and surveillance operations.   
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In the second phase of this research work, as presented in Chapter 3, we aimed to develop and 

characterize another electrowetting device and determine if it could achieve infrared camouflage 

control by manipulating a droplet on metal surfaces. In this phase, all the design choices were 

made towards the IR appearance control. Dodecane was selected as the submerging oil interface 

because it is infrared transparency, and DI water was used as the droplet on the electrode. The 

contact angle measurement tool’s needle was replaced by a planar electrode to avoid creating 

disturbing top view IR images. The relationship between the thickness of dodecane and the 

apparent reflected temperature from electrode was also characterized, although dodecane is IR 

transparent, it still absorbs IR radiation. Therefore, a thinner layer of dodecane is preferred. By 

using surfactants in both water (with 3w% SDS) and dodecane (with 0.8w% of sorbitan trioleate), 

the contact angle was significantly reduced which resulted in an increased coverage area. We also 

overcame one of the biggest challenges - contact angle saturation - with only 3.6 V DC. This 

electrowetting system presented multiple unique features compared to the conventional system, 

suggesting potential for innovative development in these fields. Overall, we demonstrated an 

innovative electrowetting-on-dielectric system with low actuation voltage, nearly complete 

wetting, inexpensive setup, simple fabrication processes with all COTS components. Multiple 

characterization results indicated this electrowetting device has the capability to achieve adaptive 

infrared camouflage. 

4.2 Possible Future Directions 

Based on accomplished works, the following future directions of research are identified: 

• Investigation into the polarity limitation observed during the electrowetting device 

experiment, where the original configuration was used. This configuration involved a 

stainless-steel needle and an aluminum-coated, metalized polyester as the electrode. With 
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this combination, the system could only be actuated when the negative pole was connected 

to the stainless-steel needle and the positive pole to the aluminum electrode. The water 

droplet appeared to decompose when the poles were flipped. The electrochemical 

mechanism underlying this phenomenon has not yet been fully understood and requires 

further future experiments and characterizations. 

• Investigation into strange donut shape water droplet formed on metalized polyester 

submerged under dodecane oil. Interestingly, the formation seems to occur spontaneously 

without external power input. This phenomenon was first observed during regular 

electrowetting testing. The droplet contained 3 wt% of SDS (sodium dodecyl sulfate) and 

was submerged in dodecane with 0.8 wt% of sorbitan trioleate. We observed that the water 

droplet transforms into a donut shape, with the ring getting thinner until it eventually breaks, 

returning to a spherical shape. This entire process occurs without any external voltage. The 

mechanism behind this is still unknown and requires future work but means that complete 

understanding of all aspects of the electrowetting process is a priority to make this system 

viable for thermal appearance switching. 

• Integration of electrowetting with thermally drawn hollow fibers that have an internal metal 

layer. Our group is currently exploring thermally drawn smart fibers. At present, the filling 

of thin fibers relies on pressure-driven flow of liquid. However, due to fluidic resistance to 

flow in ultra small channels, it can be challenging to fill the fiber quickly. It may be possible 

to incorporate electrowetting, so that water can autonomously "climb" inside the fiber with 

a minimal voltage input and scaling laws become favorable for that type of fluid control in 

microchannels.  
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Table A1. Summarizes the cutting settings of the Silhouette Cameo 4 craft cutter software for different 

channel configurations. These settings include blade number, force, speed, and pass. The blade determines 

the depth of the blade's cut, ranging from 1-10, with 10 being the deepest. The force setting controls the 

amount of pressure the blade applies vertically, while the speed setting controls how quickly the machine 

operates. The pass setting represents the number of times the machine cuts the pattern. 

 
 

W1, W2, and W3 

Channel 

H2 and H3 

Channel 

Channel with Metal layer 

Blade 

Number 

3 9 3 

Force 20 30 20 

Speed 4 4 4 

Passes 1 1 1 

 

 

 

Figure A1. (a) early attempts at bonding UHMWPE without polyester resulted in buckling and wrinkling 

of the sheet, which often led to damage or blockage of the microfluidic channel. Furthermore, the early 

macro-to-micro interface tubing technique depicted in (a) and (b) was complex and unreliable, frequently 

resulting in permanent sealing of the inlet and outlet or significant leakage. However, significant progress 

has been made in the design of the interface, as demonstrated in (c). The current design features a robust 

PE tube thermally bonded to the UHMWPE microfluidic device with no leakage, thanks to the use of a 

polyester sheet that distributes force and eliminates buckling and wrinkling during the bonding process. 

This significant improvement in the design of the microfluidic device underscores the importance of 

continued optimization and refinement of fabrication processes in order to achieve reliable and durable 

microfluidic devices for a wide range of applications. 

(a) (b) (c) 
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Figure A2. shows a microfluidic device microfluidic device with an incorporated metalized sheet. 
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Figure A3. demonstrates the results of different surface treatment temperatures by heat-pressing a 100 

μm UHMWPE sheet on a smooth surface such as Kapton tape or polyester sheet. The treatment reduces 

surface roughness and eliminates internal gaps in the UHMWPE. The treated and untreated UHMWPE 

sheets are then bonded using an impulse sealer, with the upper piece being the treated sheet and the lower 

piece being the original untreated sheet. The specimens were labeled with temperatures of 360℉ and 

400℉. The results show that there is no significant difference in transparency between the treated sheets 

at these two temperatures. However, there is a significant difference in transparency between the treated 

and untreated sheets. When placed directly on the University of Alberta logo, both the treated and 

untreated UHMWPE sheets allow the logo to be seen through them (as demonstrated in (a), (b), and (c)). 

However, when placed roughly 100 mm vertically away from the logo, the treated UHMWPE sheets still 

allow the logo to be visible (as shown in (d) and (e)), while the untreated UHMWPE sheet becomes 

opaque, and the logo is no longer visible (as shown in (f)). 

 

 

 

(a) (b) (c) 

(d) (e) (f) 
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Figure A4. demonstrates the transparency comparison between treated and untreated UHMWPE sheets, 

confirming that the treated sheet has higher transparency. Panels (a) and (c) show the far building through 

the treated sheet, while panels (b) and (d) focus on the sheet itself. The untreated sheet is opaque, while the 

scenes outside the University of Alberta window are visible only through the treated UHMWPE sheet. 

 

(a) (b) 

(c) (d) 
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Figure A5. shows the Canny edge-finding algorithm analysis results for the brick and leaf backgrounds. 

The results for these two backgrounds were not significant since the canny edge finding algorithm was only 

suitable for some certain environments. With these two backgrounds, only the major edges were detected, 

the microfluidic device demonstrated no major improvements in terms of edge hiding. However, this result 

still demonstrated the microfluidic device cannot be detect by edge finding algorithm since the filled and 

unfilled device has very similar results, there is no detected edges within both the filled and unfilled device 

areas. 
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Figure A6. shows the raw images directly captured from the FLIR IR camera, the first row is the W3, the 

second row is W2, and the third row is W1 configuration. The first column is the unfilled channels, the 

second and third columns are the images with the measured data, and the fourth column is the filled channel 

IR appearance. The temperature bar is configured as 25-50℃ to present better contrast. 
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Figure A7. Shows the detailed RGB value in the third column. 
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Code for canny edge finding: 

% Read an image and convert it to grayscale 
img = imread('green0.png'); 
gray = rgb2gray(img); 
 
% Apply a Gaussian filter to the image 
gauss = imgaussfilt(gray, 3); 
 
% Compute the gradient magnitude and direction using Sobel operators 
[Gx, Gy] = imgradientxy(gauss); 
 
% Compute the gradient magnitude and direction 
gradient = sqrt(Gx.^2 + Gy.^2); 
direction = atan2(Gy, Gx); 
 
% Non-maximum suppression 
suppressed = nlfilter(gradient, [3 3], @(x) max(x(:))); 
 
% Double thresholding 
high_threshold = 0.25 * max(suppressed(:)); 
low_threshold = 0.05 * high_threshold; 
potential_edges = zeros(size(gradient)); 
potential_edges(suppressed > high_threshold) = 1; 
 
% Edge tracking by hysteresis 
final_edges = zeros(size(gradient)); 
while any(potential_edges(:)) 
    [r, c] = find(potential_edges, 1); 
    final_edges(r, c) = 1; 
    potential_edges(r, c) = 0; 
    for rr = -1:1 
        for cc = -1:1 
            if r+rr > 0 && r+rr <= size(gradient, 1) && c+cc > 0 && c+cc <= size(gradient, 
2) && final_edges(r+rr, c+cc) ~= 1 && suppressed(r+rr, c+cc) > low_threshold 
                final_edges(r+rr, c+cc) = 1; 
                potential_edges(r+rr, c+cc) = 0; 
            end 
        end 
    end 
end 
 
% Show the edges 
figure; 
imshow(final_edges); 
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Code for color matching: 
clc; 
clear; 
% Read in the image file 
img = imread('red0.png'); 
  
% Define the size and location of the two regions 
size_region = [100,100]; 
location1 = [580,330]; 
location2 = [580,510]; 
  
% Crop the regions from the image 
region1 = img(location1(1):location1(1)+size_region(1)-1, 
location1(2):location1(2)+size_region(2)-1, :);  
region2 = img(location2(1):location2(1)+size_region(1)-1, 
location2(2):location2(2)+size_region(2)-1, :); 
  
% Calculate the mean color difference between the two regions 
%diffR = mean((mean(region1(:,:,1)) - mean(region2(:,:,1)))*10/255); 
%diffG = mean((mean(region1(:,:,2)) - mean(region2(:,:,2)))*10/255); 
%diffB = mean((mean(region1(:,:,3)) - mean(region2(:,:,3)))*10/255); 
%diff = (abs(diffR) + abs(diffG) + abs(diffB))/3; 
% Plot the image 
imshow(img); 
hold on; 
  
% Plot the first region 
rectangle('Position', [location1(2), location1(1), size_region(2), size_region(1)], 
'EdgeColor', 'r','LineWidth', 10); 
%text(location1(2)+size_region(2)/2, location1(1)+size_region(1)/2, 'Region 1', 
'Color', 
'white','HorizontalAlignment','center','VerticalAlignment','middle','fontsize',14,'fo
ntweight','bold'); 
  
% Plot the second region 
rectangle('Position', [location2(2), location2(1), size_region(2), size_region(1)], 
'EdgeColor', 'g','LineWidth', 10); 
%text(location2(2)+size_region(2)/2, location2(1)+size_region(1)/2, 'Region 2', 
'Color', 
'white','HorizontalAlignment','center','VerticalAlignment','middle','fontsize',14,'fo
ntweight','bold'); 
  
% Print the color difference value 
region1R = mean((mean(region1(:,:,1)))); 
region1G = mean((mean(region1(:,:,2)))); 
region1B = mean((mean(region1(:,:,3)))); 
region2R = mean((mean(region2(:,:,1)))); 
region2G = mean((mean(region2(:,:,2)))); 
region2B = mean((mean(region2(:,:,3)))); 
disp(region1R); 
disp(region1G); 
disp(region1B); 
disp(region2R); 
disp(region2G); 
disp(region2B); 


