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This work explores the development of anisotropic ratchet conveyors (ARCs), a type of 

microfluidic system that can transport small liquid quantities in the form of droplets. ARCs derive 

their function from a passive, microfabricated surface pattern and applied orthogonal vibrations. 

A fundamental solid mechanics model is developed to describe how droplets convert a vertical 

vibration to horizontal droplet transport. Results demonstrate the droplet system can be modelled 

as a damped-harmonic-oscillator and elucidate the effect of vibration and substrate parameters on 

droplet behavior. An investigation of how the interface between the substrate and droplet edges 

affects droplet transport demonstrates that the substrate can influence resonance behavior of the 

droplet. These results also demonstrate that transport velocity is the result of a summation of 

discrete step size probabilities, as edge movement is quantized by the rung intervals. This 

understanding led to the development of new ARC devices that can enable controlled 

synchronization, sorting, and transfer of droplets. Finally, the capabilities of this system are 



focused on the development of a field-deployable platform for species identification. Key 

problems in conservation that have need for new DNA testing technologies and would 

substantially benefit from the application of microfluidic systems are discussed. A prototype 

chipset and driving unit is created that can perform an isothermal nucleic acid amplification test 

by delivering reagents with the ARC system. This initial foray of the ARC microfluidic system 

into species identification for conservation demonstrates a promising potential for this system and 

introduces an impactful application setting for microfluidics research that has been previously 

unexplored.  
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Chapter 1.  A BRIEF HISTORY OF MICROFLUIDICS 

Microfluidics is broadly defined as the control and manipulation of fluids with a feature size or 

volume at the micro scale. The first microfabricated fluidic devices appeared in the form of ink-

jet printing nozzles, produced at IBM,1,2 and gas chromatograph sensors at Stanford University 3–

5 in the late 1970’s (Figure 1.1). The success of these initial devices was enabled by advances in 

microfabrication techniques spurred by integrated circuit and microelectromechanical systems 

(MEMS) research.6  

 

Figure 1.1: Original microfluidic devices. Microfabricated ink-jet prinking nozzles (A) 

developed at IBM (© 1982 IEEE)7 and silicon membranes (B) for gas chromatograph sensors (© 

1979 IEEE)3 were the first microfabricated devices used for handling fluids at the microscale. 

  

Following these initial accomplishments, researchers began developing microfluidic valves8–10 and 

pumps11–14 to serve as check valves and flow regulation systems (Figure 1.2). As these endeavors 

led to improved methods and capabilities for fabricating microchannels in silicon and glass 

substrates, microfluidics began to see increased use in basic scientific research, and the 



development of systems with integrated sensors to measure flow15–18 and perform chemical 

analyses19–21 soon followed.  

The advent of soft-lithographic fabrication techniques22 provided for microfluidic devices that 

were less-expensive, flexible, and stackable.23–25 These properties enabled the development of 

three-dimensional microfluidic networks26,27 and microfluidic devices with material properties 

more suitable for interfacing with biologic systems.24,25 This new generation of soft microfluidic 

devices propelled the field towards many applications in medicine and biology, resulting in rapid 

growth and interest in microfluidics as researchers envisioned “lab-on-a-chip” or “micro-total 

analysis systems” that could perform high-throughput analyses of chemical and biologic 

systems.24,28 

 

Figure 1.2: Early microfluidic devices. Microfabricated valves (© 1990 IEEE)9  (A), 

micropumps (adapted from Reference 12, Copyright (1994), with permission from Elsevier)12 

(B), and flow sensors (© 1991 IEEE)16 (C) greatly expanded the capabilities and applications of 

microfluidics.  

 
Despite many innovations, few of these microfluidic devices met commercial success. A major 

barrier to the commercial development of these monolithic microfluidic systems is packaging, 

which is estimated to account for as much as 80% of final device cost and severely impedes 

scalable manufacturing.24 The development of paper microfluidic devices29,30 provided an ultra-

low cost microfluidic platform to perform automated tests and analysis. Paper microfluidics have 

rapidly developed over the last decade, gathering much excitement for their potential to serve as 



point-of-care or point-of-contact (POC) diagnostic tests in low-resources areas.31–33 However, 

paper-based microfluidic devices are restricted by poor transport efficiency of target molecules 

and low measurement sensitivity.31  

Another problem faced by monolithic continuous flow and paper microfluidic systems is undesired 

interaction between flows and the system, such as Taylor dispersion and cross-contamination 

between flows, and solute-surface interactions between the flows and channels.34–36 Segmented 

flow or droplet microfluidic systems generate micro- or nano-scale droplets by applying a shear 

flow of a second immiscible fluid (typically water droplets in oil).37–39 These segmented flow 

systems provided consistent, isolated samples with significantly reduced volume and reactant 

quantities compared to continuous flow systems,34–36 and led to applications requiring high-

throughput enzymatic and cell assays40–42 and combinatorial chemistry.43–45 However, droplets in 

segmented flow systems cannot be individually addressed. The advent of digital microfluidic 

systems provided a platform that can transport and manipulate individual, compartmentalized 

droplets without microchannels or encapsulating fluids. However, digital microfluidic systems 

operate with larger droplet volumes and at lower transport rates than segmented flow systems.46  

Ink-jet printing nozzles are still the most widely used and commercially successful microfluidic 

devices. However, the field of microfluidic has experienced tremendous growth and covers a wide 

variety of applications, exhibiting great potential for widespread commercial use in many 

scenarios. As of today, four main categories compose the field of microfluidics: continuous flow, 

segmented flow, paper, and digital47 (Table 1.1). Each system provides a unique set of advantages 

and shortcomings, which necessitates the decision for implementing a specific microfluidic system 

to be determined by the use-case scenario in which it is applied. This thesis will focus on digital 



microfluidics and the development of a specific system called anisotropic ratchet conveyors to 

serve as a DNA barcode identification tool for wildlife and timber products. 

Table 1.1: Comparison of microfluidic systems 

System Type Advantages Disadvantages 

Continuous Flow48* 

 

High-throughput 

Good sensitivity 

Highly controlled flow 

Difficult packaging 

Poor scalability 

Complex set-up 

Paper49† 

 

Passive transport 

Ultra-low cost 

Simple to use 

Difficult flow control 

Poor sensitivity 

Low transport efficiency 

Segmented Flow50‡ 

 

Compartmentalization 

Minimal volume 

High-throughput 

Packaging/scalability 

Oil separation 

No individual control 

Digital51§ 

 

Individual addressability 

Compartmentalization 

No oil needed 

Larger droplet volume 

Lower throughput 

Limited liquid properties 

                                                 
*Adapted by permission from Springer Nature: Nature Physics Reference 48, Copyright 2010. 
†Adapted from Reference 49. Copyright (2010) American Chemical Society. 
‡Adapted from Reference 50 with permission of the Royal Society of Chemistry. 
§Adapted from Reference 51 with permission of the Royal Society of Chemistry. 



 DIGITAL MICROFLUIDIC SYSTEMS 

The following sub-sections are adapted from: 

Transporting Droplets through Surface Anisotropy47* 

Hal R. Holmes1 and Karl F. Böhringer,1,2 Microsystems & Nanoengineering 1, (2015) 

1Department of Bioengineering, and 2Department of Electrical Engineering, University of 

Washington, Seattle, WA 98195, USA 

2.1 INTRODUCTION 

Each droplet on a digital microfluidic system can be thought of as a unit or “bit” of information, 

and digital microfluidic systems can manipulate droplets independently. This is a significant 

advantage over segmented flow systems that control droplets in series through the flow of an 

immiscible liquid in microchannels.35,46 Digital microfluidic systems discussed here continuously 

transport droplets through surface anisotropy. This anisotropy can be actively created (e.g., an 

applied voltage or shining a light source) or passive (e.g., chemical gradients or surface texture). 

These anisotropies manipulate droplets either by modulating the surface tension or by 

asymmetrically guiding the contact line (“footprint”) of the droplet. 

2.2 SURFACE TENSION DRIVEN DIGITAL MICROFLUIDICS 

“Surface tension driven” was first used by Lee et al.52 in 2002 to describe digital microfluidic 

devices that transport liquid droplets by creating surface tension gradients within the droplet. These 

gradients induce flow patterns that move the droplet along a substrate. Digital microfluidic systems 

                                                 
*Original work of the author distributed under Creative Commons Attribution License 4.0 - 

http://creativecommons.org/licenses/by/4.0/ 



have employed this principle through the application of electrical or thermal energy, and the use 

of chemical gradient surfaces.  

2.2.1 Electrowetting 

Electrowetting on dielectric (EWOD) was the first digital microfluidic platform and is one of the 

most developed methods of manipulating droplets.46,53 EWOD controls droplets through voltages 

applied at electrodes just below the substrate surface (Figure 2.1A). The applied voltage creates a 

charge at the interface between the droplet and the electrode. This charge causes a local reduction 

in surface tension (also referred to as interfacial energy) at the solid-liquid interface (���), which 

reduces the contact angle in this region.52,54 The surface tension is unchanged where no voltage is 

applied and the contact angle is larger in this region. The effect of voltage on surface tension is 

described in Lippmann’s equation (Eq. 2.1 ),54 where ε and d are the permittivity and thickness of 

the insulator between the electrodes and the droplet, respectively, and V is the applied voltage. 

���(�) =  ���(0) −
�

��
��  (2.1) 

 
 This local change in solid-liquid surface tension induces flow in the direction of lower surface 

tension, effectively wetting the surface where the voltage is applied. This wetting effect is 

described through a combination of Lippmann’s and Young’s Equations (Eq. 2.2),52–54 where �� 

is the contact angle with no applied voltage, c is the capacitance per unit area of the electrode, and 

γLG is the surface tension at the liquid-gas interface. 

cos � = cos �� +
�

����
���             (2.2) 

 
This equation shows that the contact angle (�) will decrease with applied voltage (�). This makes 

the electrode surface more hydrophilic and “pulls” the droplet onto the surface over the 

electrode.52–54 



EWOD devices are traditionally fabricated by patterning metal electrodes (typically gold or 

chromium) on a glass or quartz wafer, and coating the electrodes with a hydrophobic, dielectric 

material, such as Teflon.52–54 A second wafer, typically etched or coated with a dielectric, is often 

placed on top to enclose the droplet.52–54  

Optoelectrowetting (OEW) devices function through the same principles of EWOD, but the 

voltage is applied by focusing light on a photoconductive material beneath the droplet. OEW 

devices were first fabricated by patterning a layer of indium-tin-oxide (ITO) on a transparent glass 

slide, and connecting ITO electrodes to biasing lines with strips of amorphous silicon (a-Si:H).55 

This layer is separated from the glass by a thin layer of silicon dioxide, and coated with Teflon, a 

hydrophobic dielectric material. A voltage is initially applied to the biasing lines and illumination 

of the connecting a-Si:H strip triggers the electrowetting effect at the ITO electrode.55 

 

Figure 2.1: Surface tension driven digital microfluidic systems. Droplet transport is 

accomplished by creating anisotropies in surface tension on EWOD (© 2009 John Wiley and 

Sons)46 (A), microheater arrays (© 2003 IEEE)56 (B), and photoreversible chemical gradient 

surfaces (adapted with permission from Reference 57, Copyright (2006) American Chemical 

Society)57 (C). 

2.2.2 Microheater Arrays 

Microheater arrays transport droplets through thermocapillary forces (Figure 2.1B). As surface 

tension is a function of temperature, applying a thermal gradient to a droplet will create a surface 

tension gradient within the droplet, and subsequently a Marangoni flow.58,59 The Marangoni flow 



opposes the viscous or “restoring” force caused by the surface acting on the droplet, resulting in a 

net velocity (V). This relationship is described by Eq. 2.3;58,59 

� = �∗ℎ�[
�

���

��

��� � �
������� �����

+
�

�

�

���

����

������ ���
��������� ������

]
��

��
    (2.3) 

 
where V* is the characteristic velocity (liquid-gas surface tension, ���, divided by viscosity), h0 

is the height of the center of mass of the droplet, T is the prescribed temperature, and S, the 

spreading coefficient, is the relationship between solid-gas, ��� solid-liquid, ���, and liquid-gas 

surface tension (S = ��� – (��� + ���)) observed on the substrate surface. Interestingly, the 

spreading coefficient shows little response to temperature changes when S is small (dS/dT ≈ 0).58,59 

In this case, the Marangoni flow will dominate and the droplet will actually move in the direction 

of higher surface tension (i.e. towards the cold side) because d���/dT will be negative.58,59 

Microheater arrays employ this phenomenon with periodically placed resistive heaters that 

essentially “push” droplets towards a cooler region when the substrate is heated.60 

Microheater arrays have been fabricated by patterning resistive heaters composed of titanium or 

chromium onto a rigid substrate (e.g. glass).  Gold is used to form the leads to the heaters, and self-

assembled monolayer patterns are used to prevent the droplets from spreading outside the path of 

resistive heaters.60  

2.2.3 Chemical Gradients 

The surface tension at the solid-liquid interface of a droplet is related to the contact angle (Figure 

2.1C) through Young’s equation (Eq. 2.4).61  

��� = ��� − ��� cos �           (2.4) 
 

The contact angle of a liquid droplet measures wettability, which is determined by the chemical 

composition of a surface.61 Due to this relationship, a chemical gradient surface will cause the 



spreading coefficient (S = ��� – (��� + ���)) to vary spatially.58 As no Marangoni flow is present 

in this case, the droplet will move in the direction of lower surface tension (i.e. towards the 

hydrophilic region).58 This is similar to the effect described by Eq. 2.3, but Eq. 2.5 more accurately 

models the velocity of the droplet in this case.58 

� =
��

�� ��(����/����)

��

��
            (2.5) 

 
The log defines the limits of the flow region, where lmax is the macroscopic cutoff and lmin is a 

molecular size, and η is the viscosity of the droplet.58 The velocity of the droplet is directly 

proportional to the surface tension gradient (described by the change in the spreading coefficient 

along the surface, dS/dx), and thus the wettability gradient. The ability to move a droplet with this 

concept was first used to show a chemical gradient could transport a droplet uphill.62 However, 

these gradients were static and could move droplets only a limited distance. Since then, droplets 

have been moved on wettability gradients created by selective exposure of photosensitive 

surfaces.63 

Fabrication of a photosensitive surface for inducing wettability gradients was first reported by 

coating a glass substrate with macrocycle amphiphile (O-carboxymethylated 

calix[4]resorcinarine).63 More recently, photoreversible or “rewritable” photosensitive surfaces 

have been fabricated through layer-by-layer deposition of a polyelectrolyte (poly[allylamine 

hydrocholoride]) and SiO2 nanoparticles on negatively charged silicon wafers,57 as well as atomic 

layer deposition of zinc oxide films on glass and quartz wafers.64 These systems can continuously 

drive droplet motion by maintaining surface energy gradients through active control of light 

beams.  



2.3 CONTACT LINE DRIVEN DIGITAL MICROFLUIDICS 

When vertical vibrations are applied to a droplet resting on a substrate, axisymmetric waves will 

form along the surface of the droplet.65 Once of sufficient amplitude, the vibrations will cause the 

contact line (the perimeter of the droplet in contact with the substrate) to oscillate.65 Each 

oscillation cycle is composed of two phases: an expansion phase and a contraction phase. A droplet 

oscillating on a homogeneous substrate enters the expansion phase when the contact line is at its 

smallest circumference. The contact line then advances in all directions throughout this phase. 

During the contraction phase, the contact line starts at its largest circumference and recedes until 

the next expansion phase begins. Contact line driven digital microfluidics utilize surfaces that 

introduce an asymmetry to this oscillation cycle. Unlike surface tension driven digital microfluidic, 

these systems move droplets through an imbalance of pinning forces on the edges of the contact 

line.  

2.3.1 Anisotropic Ratchet Conveyors 

Anisotropic ratchet conveyors (ARCs) function through two sources of asymmetry: a 

heterogeneous surface pattern and a difference in pinning forces during de-wetting compared to 

wetting.66–68 The ARC surface pattern consists of a path of arcs or curved “rungs” surrounded by 

a hydrophobic border (Figure 2.2A) and can be texture or chemical based. In texture ARCs, the 

rungs are patterned mesas surrounded by a trench, and the hydrophobic region is created by an 

array of pillars.66,67 This topography induces a superhydrophobic, or Cassie-Baxter state,69 as air 

is trapped under the droplet in the trenches between rungs. Whereas, chemical ARCs are composed 

of alternating hydrophobic and hydrophilic rungs on a flat surface.68 Applied vertical vibrations 

cause the contact line of a droplet to oscillate along the path of rungs. The contact line expands 

relatively equally in both directions, as the wetting process is less sensitive to ARC surfaces.67,68 



However, during the de-wetting process, when the contact line recedes, the leading edge of the 

contact line experiences higher pinning forces than the receding edge due to the conforming shape 

of the rungs.67 This phenomenon is described by Eq. 2.6,68 where ����� and ������are the line 

fraction of the leading and trailing edges, respectively, that pin to the rungs, w is the width of the 

drop projected orthogonally to the pinning direction, and �� and �� are the equilibrium contact 

angles of the relatively hydrophilic rungs and relatively hydrophobic region between rungs, 

respectively.  

����������� = (����� − ������)����(cos �� − cos ��) (2.6) 

 
The difference in pinning between the two edges results in a net force especially during the 

contracting phase of oscillation.67,68 Eq. 2.6 shows the difference between the forces on the leading 

edge (�����) and the trailing edge (������) of the droplet; if we instead look at the ratio (�����/������) 

of these opposing forces, we obtain Eq. 2.7, which shows the four components that account for the 

anisotropy in ARC systems: the two contact angles �� and �� and the line fractions ����� and 

������ on each edge of the droplet. The rung pattern causes the line fraction to be larger on the 

leading edge of the droplet, without which the forces would be equal on both edges of the droplet 

and no net motion would occur (Figure 2.2B). 
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Both texture and chemical ARCs are fabricated with a single mask process. For texture ARCs, 

silicon or glass wafers are patterned with photoresist and etched with a deep reactive-ion etching 

system to create the trenches and rungs. The ARCs are then coated with a hydrophobic silane  to 

prevent the droplets from infiltrating the trenches.66,68 Texture ARCs can also be fabricated out of 

polydimethylsiloxane (PDMS) by using a silicon or glass wafer etched with the pattern negative 

as a mold.70 Chemical ARCs are fabricated using a similar process, but the wafers are first coated 



with a relatively hydrophilic layer of trimethylsilanol (TMS). The surface pattern is formed with 

photoresist and by etching exposed regions of TMS with oxygen plasma. The hydrophobic regions 

are then created with a silane (perfluorooctyltrichlorosilane) or with gold and dodecanethiol.68  

 

Figure 2.2: Contact line driven digital microfluidic systems. On contact line driven systems 

transport results from the combination of an oscillating contact line and anisotropic pinning 

forces between the leading and trailing edges of a droplet. This anisotropy is created by the 

curvature of periodic structures on anisotropic ratchet conveyors (© 2012 John Wiley and 

Sons)67 (A-B) and the geometry of slanted structures on nanostructured Parylene (adapted from 

Reference 71 with permission from Elsevier)71 and tilted pillar arrays (© 2014 John Wiley and 

Sons)72 (C-E). 

2.3.2 Nanostructured Parylene 

Nanostructured Parylene ratchets are composed of a Parylene film composed in tilted nanorods 

(Figure 2.2C).73 Unlike ARCs, the asymmetry of the Parylene ratchets does not come from a 

surface pattern, but rather the angle of the nanorods. This geometry provides an anisotropic wetting 

effect on the droplet. The contact angles on the advancing (��) and receding (��) edges of a droplet 

on these nanofilms exhibit a directional dependence, which results in a net force73. The ratio of 

forces on opposing edges of the droplet is shown in Eq. 2.8.73 
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Droplet transport is induced by vertical vibrations, like in ARCs, which cause the contact line to 

oscillate.73 Interestingly, this model is similar to the model for ARC systems shown in Eq. 2.7. 



However, the line fraction is the same on both edges of the droplet, and the four components that 

account for the anisotropy in this system are all contact angles, two on each edge of the droplet. In 

this case, the net force results from the difference in these contact angles induced by the angle of 

the nanorods. Hence, removing the tilt of the nanorods results in no net force as the respective 

contact angles would be the same on each edge of the droplet (Figure 2.2D). The similarity between 

the models for ARC and nanostructured Parylene systems presents an interesting possibility of 

combining the key features of each platform. For example, a tilt could be introduced to the rungs 

in the ARC system, or a nanostructured Parylene device could be fabricated with an ARC surface 

pattern. Such a combination could potentially provide dramatic improvements to the transport 

efficiency of these systems.   

Nanostructured Parylene ratchets are fabricated using a technique called vapor deposition 

polymerization (VDP).71 This deposition process is different from the commonly used physical 

vapor deposition, as the reactive monomers can only bind to the end of the polymer chain in VDP.71 

This results in high aspect ratio Parylene rods with a nano-scale diameter. To create the angular 

structure of the Parylene ratchets, the substrate is tipped at an angle with respect to the incident 

vapor flux71,73 during the VDP process.  

2.3.3 Tilted Pillar Arrays 

Tilted Pillar Arrays (TPAs) use silicon pillars arranged in an angular nano- or micro-structure to 

control the contact line pinning of a vibrated droplet (Figure 2.2E).72 Much like nanostructured 

Parylene ratchets, the titled pillars create differences between the contact angles on the leading and 

trailing edges, resulting in a net force that moves the droplet through cycles of contact line 

oscillation.72 Interestingly, droplets move with the direction of the tilt on nanostructured pillars, 

but move against the direction of the tilt on microstructured pillars.72 This observation provides 



further intrigue to the possibility of combining titled structures and surface patterns in contact line 

driven digital microfluidic systems. It would be interesting to understand how the direction of the 

tilt competes with the surface pattern. For example, if a tilted microstructure is in the same 

direction as the surface pattern, the net forces from the two anisotropies may cancel out and 

transport would not be possible. However, if the structures are combined so the net forces are in 

the same direction, then the transport efficiency may be increased, as described in the previous 

section.     

Fabrication of TPAs begins with a silicon wafer substrate, the pattern for nanostructured TPAs is 

formed using a metal, thin film de-wetting process,72,74 whereas the pattern for microstructured 

TPAs is formed using conventional photolithography. In both cases, the silicon wafer is etched 

using “glancing-angle” reactive-ion etching (RIE), wherein the substrate is tilted at a 70° angle 

inside of an RIE chamber.72,74 Once the tilted pillars have been etched into the substrate, the surface 

is then functionalized with a silane coating.72,74 

2.4 FUNCTIONS WITH DROPLETS 

In addition to moving the droplets, DMF systems are also capable of performing specific functions 

on the droplets. Key functions that DMF systems look to achieve are generation, switching, fusion, 

and fission.  

2.4.1 Generation 

Droplet generation describes the process in which individual droplets of a reproducible size are 

pulled from a large reservoir. This function allows for a large sample to be divided into many 

smaller parts, which increases the number of reactions or tests that can be performed with a single 

sample. DMF systems also require a sample to be divided in small droplets. Without this function 



a sample has to be distributed into smaller droplets through manual pipetting or with a separate 

apparatus. Thus far, droplet generation has been reported on with electrowetting (EWOD75 and 

OEW55) and ARC70 systems.  

EWOD systems generate droplets by first activating a pair of electrodes near the meniscus (edge) 

of a reservoir (Figure 2.3A). The meniscus is then pulled further from the reservoir by sequentially 

activating electrode pairs in line with the first pair.75 The location where the droplet separates from 

the reservoir determines the size of the generated droplet but is dependent on the initial shape of 

the meniscus, which is not predictable. However, the shape of the meniscus in the region near the 

first electrode pair can be stabilized with “side electrodes”. The side electrodes are placed on either 

side of the path formed by the initial electrode pairs. This design has provided for the creation of 

relatively uniform droplets with a volume of 2 to 3 µL.75 OEW systems perform this function 

through similar principles, but with a light beam that activates electrodes adjacent to the reservoir, 

pulling a droplet on the active OEW region.55 The sizes of the generated droplets are similar to the 

spot size of the beam.55 

 

 

Figure 2.3: Droplet Generation and Switching. (A) EWOD (© 2003 IEEE)75 and (B) ARC 

systems (© 2008 IEEE)70 can generate droplets by pulling liquid from a large reservoir (C) 

Microheater intersections (adapted from Reference 76, with the permission of AIP Publishing)76 

can also selectively switch droplets (D) EWOD switches (© 2009 IEEE)77 can be integrated in 

ARC devices. 

 



Droplet generation for ARCs is possible using a pattern of concentric circles alternating between 

mesas and trenches.70 Like smaller droplets, the contact line of this reservoir will oscillate in 

response to vertical vibrations of sufficient amplitude. As the vibration amplitude is increased over 

a second threshold, the morphology of the contact line will shift from a relatively perfect circle to 

a trigonal planar shape.65,70 The alternating circle pattern distorts or modifies this contact line, 

which introduces instabilities at the “vertices” of the contact line.70 As the contact line expands 

across the surface texture, the vertices become pinned on the mesas. When the contact line retracts, 

a “pinch-off” occurs as the contact line is sheared over the trench (Figure 2.3B). With this design, 

the resulting droplet size is dependent on the initial size of the reservoir, and droplets as small as 

0.1 µL have been generated.70 

2.4.2 Switching 

Switching is the process of selectively moving a droplet from one path to another. This function is 

essential for sorting droplets and increasing throughput of downstream processes. Switches are 

relatively simple to implement with DMF systems that move droplets by modulating surface 

tension, because a surface tension gradient can be created in any direction within the droplet. On 

an EWOD or OEW device, a droplet will move in the direction of an activated electrode. With an 

array of individually addressable electrodes, a droplet can be switched by activating an electrode 

next to the current path of the droplet.46,55,75 The droplet will be pulled onto this electrode and can 

be subsequently directed to a new path in any direction. Microheaters are also organized in 

individually addressable arrays to move droplets, but unlike EWOD electrodes, individual 

microheaters can only move droplets along a single axis.76 However, microheater switches have 

been achieved through the use of specially designed “intersections”. These intersections can switch 

a droplet by turning it 90 degrees onto a new track (Figure 2.3C). The intersection accomplishes 



this by creating a heated region that pushes the droplet in the direction of the new path while 

inhibiting movement on the direction of the original path.76 With photosensitive surfaces, like 

electrowetting, droplets can be directed in any direction or pattern depending on the location of 

the light-activated chemical gradient relative to the droplet.57,64 

Implementing switches on contact line driven systems has been proven to be more of a challenge. 

ARC systems have been developed that use EWOD electrodes to pull droplets onto a new path of 

rungs (Figure 2.3D).77 However, a switch that selectively moves droplets solely through geometric 

modulation of the contact line has yet to be developed. Interestingly, ARC systems are able to 

selectively move specific droplet sizes based on the frequency of applied vibrations.78 This ability 

is likely present in nanostructured Parylene ratchets and TPAs as well, as the amplitude threshold 

for contact line oscillation is based on droplet volume.79 As mentioned previously, the direction of 

droplet motion is also dependent on the feature size of TPAs. Such phenomena could eventually 

lead to the realization of a switch that relies only on the geometric control of the contact line.  

2.4.3 Droplet Fusion 

The fusion, or merging, of two droplets is a simple function for DMF systems to perform. With no 

encapsulating liquid, two droplets will spontaneously merge when they come in contact. Surface 

tension driven systems can accomplish this by creating surface tension gradients in two droplets 

that are directed towards each other, which causes the droplets to converge (Figure 2.4A).75 

Droplet fusion can be accomplished on contact line driven systems in a similar fashion by 

transporting droplets along two converging paths.67 Fusion can also be performed along a single 

path with two different sized droplets (Figure 2.4B). This is accomplished by using a vibration 

frequency that modulates the contact line of only one droplet. This droplet will be transported 

along the path while the other droplet remains static. When the moving droplet reaches the static 



droplet, the two will merge, and the resulting droplet can then be transported using a different 

vibration frequency.67  

Although droplets can merge spontaneously, this does not guarantee that the resulting droplet will 

be homogenously mixed. Homogeneity in the resulting droplet will eventually occur through 

diffusion, but this is a relatively slow process. This process can be hastened on electrowetting 

devices through a series of “mixing steps” wherein the droplet is moved back and forth between 

two electrodes or electrode pairs.80 This mixing step is not necessary on microheater arrays because 

the thermocapillary convection currents that move the droplet also mix a fused droplet.76 Similarly, 

on contact line driven systems, the applied vertical vibrations drive the droplets with a cyclic 

motion, which also aids in mixing fused droplets.67  

2.4.4 Droplet Fission 

Once two droplets have been fused and mixed, it may be desirable to divide the resulting droplet 

for multiple, subsequent uses. Therefore, the ability to perform droplet fission, or split the droplet 

into two or more smaller droplets, is very useful for DMF systems. Droplet fission has been 

accomplished with EWOD, OEW, and microheater systems. With EWOD, droplets can be split 

by activating electrodes on two opposing edges of the droplet and turning off the electrode beneath 

the center of the droplet. This pulls the edges of the droplet apart and causes the center of the 

droplet to neck, pinching apart the droplet (Figure 2.4A).75 OEW devices perform droplet fission 

the same way, using two light beams to activate electrodes on opposing droplet edges.55 Droplet 

fission on microheater arrays occurs in a similar fashion, but microheaters in the center of the 

droplet are activated. This induces a diverging Marangoni flow, which thins the center of the 

droplet76. Necking occurs as the droplet center thins, leading to eventual pinch-off and the 

formation of two new droplets (Figure 2.4C).76 



 

Figure 2.4: Droplet Fission and Fusion. Sequence depicts the fission of one large droplet into 

two smaller droplets, and the recombination of the two droplets (© 2003 IEEE)75  (A) Two 

droplets are merged on an ARC path (B) and the resulting droplet is then transported (© 2012 

John Wiley and Sons).67 Microheater arrays (adapted from Reference 76, with the permission of 

AIP Publishing )76 can split droplets by creating thermal gradients (C). 

 
Droplet fission has yet to be achieved with contact line driven systems. Transport with contact line 

driven systems is possible because the force acting on the leading edge of the droplet is larger than 

the force acting on the trailing edge. Splitting a droplet requires relatively equal forces acting on 

two opposing edges. These forces must also be large enough to overcome the surface tension of 

the droplet and persist long enough for the necking region to reach pinch-off.81 Electrowetting and 

microheater systems can maintain such a force for an indefinite amount of time, whereas contact 

line driven systems can only provide this force during one-half of the contact line oscillation cycle 

(contracting phase). However, the time required for droplet pinch-off is dependent on the diameter 



of the necking region.81 Therefore, contact line driven systems could potentially perform droplet 

fission if a surface pattern could induce a contact line geometry with a small necked region. 

Additionally, it may be possible for a surface pattern to create a necking region that induces a 

resonance with an increasing transient response. Wherein, the diameter of the neck would be 

reduced during each cycle of oscillation until pinch-off occurs.  

2.5 APPLICATIONS OF DMF SYSTEMS   

DMF systems can be used for many of the same applications of segmented flow microfluidic 

systems. Although DMF systems operate with larger droplets and slower throughputs, the ability 

to selectively control individual droplets makes DMF systems better suited for some applications 

(e.g. combinatorial chemistry46). Furthermore, these DMF systems move droplets through 

interactions with the substrate surface. While this opens the possibility for issues involving solute-

surface interactions, it also provides an opportunity to meet unique applications. For example, 

droplets can be moved to temperature sensitive regions on a chip or surface to aid in thermal 

management.82,83  The movement of droplets along a surface could be used to pick up and remove 

undesired particulates, serving as a self-cleaning surface,84 or to transport desirable particulates 

deposited onto a surface.85 

EWOD was the first DMF system to be introduced, and therefore has the most well-developed 

toolbox. As such, EWOD devices have already been investigated for applications such as cell 

isolation and analysis,86 bio-assays,87 and DNA analysis.88,89 Despite this success, a major criticism 

of EWOD technology is the complex circuitry that is required to address individual electrodes in 

an array.35,46 Driving droplets on microheater arrays and photosensitive chemical gradient surfaces 

also requires relatively complex circuitry or off-chip control systems. However, a more recent type 

of OEW system called single-sided continuous optoelectrowetting (SCOEW) uses a continuous 



layer of photoconductive amorphous silicon instead of a pixilated grid of electrodes to perform 

electrowetting. This system can also drive droplets with light produced from a liquid crystal 

display.90 Additionally, contact line driven systems only require an externally applied vibration to 

move droplets. Continued development of these more recently conceived systems could potentially 

lead to a platform that can more efficiently meet many applications. Furthermore, hybrid DMF 

systems are also possible.91 Combining features of multiple DMF systems could potentially lead 

to the realization of a robust platform for micro-total analysis and lab-on-a-chip systems.  

Another field of microfluidics, known as paper or paper-based microfluidics, transports liquid 

through capillary forces (paper wicking) in channels defined by hydrophobic barriers.31,92 These 

devices can be made from relatively inexpensive materials and do not require external stimuli to 

function, properties which have recently gained much attention for applications requiring low-cost 

analytical platforms (e.g., healthcare diagnostics, environmental monitoring, food quality control, 

and forensics).31,92 However, paper microfluidics are limited by poor efficiency, as large portions 

of a sample are often retained in the channel or lost to evaporation during transport.31 Many paper 

microfluidic systems also use a colorimetric based detection method that usually has a high limit 

of detection.31 This approach prevents these systems from accurately measuring solutions with low 

analyte concentrations. The complexity of most surface tension driven DMF systems may become 

cost- or resource- prohibitive, but SCOEW shows much potential for low-cost diagnostic and 

analytic systems. The low power requirements and ability to drive droplets with a liquid crystal 

display make this system a good candidate for portable diagnostic systems. Additionally, contact 

line driven DMF systems require only a passive surface architecture and a vertical vibration. These 

surfaces can be made from many different materials, and the required vibrations are within the 

parameters of commercially available speakers found in cellular phones,67,72,85 which have become 



virtually ubiquitous and can be easily transported. DMF systems transport droplets as an entire 

self-contained entity, which avoids issues of sample retention experienced by paper microfluidic 

systems. Additionally, this property allows for integration with many detection systems, as the 

entire droplet can be transported onto a desired detection region. Implementing sensitive detectors 

with DMF systems could meet applications requiring detection limits outside the capabilities of 

paper microfluidic devices. These DMF systems could serve as a more efficient platform for low-

cost analytical devices or potentially be combined with paper microfluidic detection zones to 

improve the transport efficiency of this technology. 

2.6 CONCLUSION 

Digital microfluidic systems provide the capability to transport individually controlled droplets 

without channels or an encapsulating fluid. Droplets on digital microfluidic systems can be 

transported by anisotropies acting through surface tension or on the contact line of the droplet on 

a substrate. The following chapters will focus on the underlying mechanisms of a specific digital 

microfluidic system – anisotropic ratchet conveyors – and describe the development of a DNA 

barcode identification tool for conservation from this platform. 



  ANISTROPIC RATCHET CONVEYORS: 

CHARACTERIZATION AND MECHANICS 

Anisotropic Ratchet Conveyors (ARCs) were invented in the Böhringer Laboratory at the 

University of Washington.93 This technology evolved from investigations of droplet transport on 

micropatterned textured gradient surfaces by Shastry et al.94 The initial gradient patterns only 

provided for droplet transport over a finite distance, but continued development of this system led 

to periodic gradients95 that could enable continuous droplet transport (Figure 3.1). Later, 

Duncombe et al. showed that the gradient was unnecessary and transport was actually enabled by 

an anisotropy in pinning forces between droplet edges, simplifying the ARC system to a periodic 

track of curved microstructures that could be formed from textured96 or chemical97 patterns.  

 

Figure 3.1: Evolution of Anisotropic Ratchet Conveyors. Micropatterned texture gradients 

(adapted from Reference 94, Copyright (2006) American Chemical Society)94 (A) lead to 

periodic gradient patterns (© 2007 IEEE)95 (B) and eventually periodic texture (C) and chemical 

(D) ARC patterns that provide continuous droplet transport with applied vibrations. 



Droplet transport on ARC devices is the result of two key factors. The first is a difference in 

pinning forces between leading and trailing edges of the droplet, which is provided for by an 

asymmetric surface pattern of periodic, curved rungs (Figure 3.2). This pattern is composed of  

Figure 3.2: Fundamentals of droplet transport on ARCs. The ARC pattern creates a 

difference in pinning forces between leading and trailing edges, and applied vibrations induce the 

edges of the droplets to oscillate. This combination of pinning force anisotropy and edge 

oscillation provides a net force throughout each vibration cycle, propelling the droplet along the 

ARC pattern.  



alternation hydrophilic and hydrophobic regions, where the rungs are hydrophilic and defined by 

a hydrophobic background. Wherein, pinning is the interaction of the droplet edges with the 

hydrophilic regions, and can be thought of as a frictional force, as pinning resists the movement 

of droplet edges. Droplets resting on this pattern will maintain a spherical shape because of their 

surface tension, allowing only the leading edge to conform to the curvature of the hydrophilic 

rungs to create this difference in pinning forces.97   

The second feature of ARC transport is the oscillation of droplet edges, which is typically induced 

by an applied orthogonal vibration to the substrate. Vibrations cause the droplet edges to expand 

and contract, cycling the droplet through phases of wetting – droplet edges advancing on the 

substrate – and de-wetting – droplet edges receding from the substrate (Figure 3.2).96 Combining 

this oscillation of droplet edges with a difference in pinning forces between edges produces a net 

force in the direction of the leading edge throughout one vibration cycle. In other words, the 

droplets will take a step forward throughout each vibration cycle. Over the course of many 

vibration cycles, these steps provide for the propulsion or net transport of the droplets along the 

surface. For droplets on ARC devices, there is a minimum vibration amplitude, called the ARC 

threshold, required to initiate transport. This amplitude is determined by the geometry and 

chemical composition of the ARC track, physical properties of the transported droplet, as well as 

the frequency and waveform of the applied vibration. ARC threshold profiles effectively describe 

the performance of an ARC device with a specific droplet and are collected across a functional 

frequency range. At frequencies outside of this range, transport is not possible as droplets will 

either bounce off the substrate or rupture before transport occurs (Figure 3.3). This functional 

frequency range is also determined by the same factors listed above that account for the ARC 

threshold. For vibration amplitudes above the ARC threshold, transport will still occur until the 



amplitude is so high as to cause the droplet to completely depin (bounce off) of the substrate or 

rupture. However, these amplitudes are typically quite high within the functional frequency range.   

 

 

Figure 3.3: Characterization of droplet transport. The performance of ARC devices is 

evaluated by the minimum vibration amplitude (ARC threshold) required to initiate droplet 

transport. This threshold is determined by the properties of the droplet, substrate, and parameters 

of the applied vibration. Transport is also only possible over a specific frequency range 

determined by similar factors.   

 
Lastly, ARC thresholds are reported in terms of acceleration to account for the energy input in the 

system (Figure 3.4). Displacement measurements provide useful mechanical information, but do 

not account for the frequency of the vibration. At higher frequencies, considerably more energy is 

required to provide the same displacements as a lower frequency. Therefore, the performance of 

ARC devices is characterized by the minimum amount of energy required to initiate droplet 

transport.   



 

Figure 3.4: Substrate displacement does not account for energy input. Sinusoidal motion of a 

substrate with the same displacement amplitude (black curves) requires greater acceleration (red 

curves) at higher frequencies (acceleration amplitude shown by gray dotted lines). For sinusoidal 

motion, the acceleration amplitude is the product of the displacement amplitude and the square 

of the frequency, which captures the effect of frequency on the energy input into the system.  

 
Having broadly defined the fundamental functional concepts and characterization principles for 

ARC devices, we can now take a closer look at the underlying mechanics of ARC systems. In 

which, the proceeding discussion will describe the basic equations and theory that govern droplet 

transport on ARC devices and present a simplified mathematical model to simulate this 

phenomenon.  

3.1 MODELLING DROPLET TRANSPORT 

The following subsections are adapted from: 

Converting Vertical Vibration of Anisotropic Ratchet Conveyors into Horizontal Droplet 

Motion98* 

Yan Dong1, Hal R. Holmes1, and Karl F. Böhringer1,2 (Langmuir, 33(40), 10745-10752, 2017) 

1Department of Bioengineering and 2Department of Electrical Engineering, University of 

Washington, Seattle, Washington, 98195, USA 

                                                 
*Original work of the author adapted with permission from Reference 98. Copyright (2017) American Chemical 
Society. 



The ability to manipulate small droplets in parallel is of great interest because it provides a rapid 

and economic means to carry out biochemical analysis and disease diagnostics at the 

microscale.34,99,100 Two general types of droplet-based microfluidic devices have been developed. 

One comprises a series of microchannels in a closed system where discrete droplets are generated 

and manipulated in an immiscible continuous fluid (i.e., two-phase emulsion).101,102 The other 

type, on the contrary, is an open system where sessile droplets move in air on a usually 

hydrophobic surface.103,104 The latter has many advantages such as precise control of droplet 

motion and prevention of droplet dilution caused by diffusion or contamination across the two-

phase boundary. These open system devices, mainly developed in the past decade, can transport 

sessile droplets with a surface energy gradient generated by electrowetting,105–107 

superparamagnetism,108 Leidenfrost effect109,110 or mechanical vibration.111–113 To create an 

energy gradient, surfaces are treated by either chemical deposition114 that gradually changes the 

surface material property, or by microstructure design94,111 that changes the surface morphology. 

Shastry et al. introduced a texture ratchet with periodic micropillars, creating a repeating pattern 

of local hydrophobic gradients that can transport droplets with mechanical agitation.95 Duncombe 

et al. built on this idea and developed similar ratchets with tracks of periodic curved rungs where 

droplets can move under a pure vertical vibration.96  Duncombe et al. also demonstrated that this 

functionality is not limited to textured ratchets, but is present on flat surfaces with chemically 

patterned ratchets.97  

Although the phenomenon of droplet transport on these devices, called anisotropic ratchet 

conveyors (ARCs), has been characterized empirically, no theoretical work has been done to 

explain the underlying physics. However, in other similar systems several models have been 

proposed to describe the mechanism of droplet motion, with the droplet often modeled as a sliding 



or rolling solid. A few examples are given below. Noblin’s model115 was based on a smooth 

substrate and demonstrated that the combination of horizontal and vertical vibrations can create a 

force asymmetry, thus causing a net droplet motion. Malvadkar et al.116 proposed a model that 

describes the pin-release mechanism of a ratchet by analyzing the contact angles at a microscopic 

level. Daniel,112,117 Buguin,113 Mettu118,119 and their co-workers investigated similar systems and 

described how horizontal vibration can overcome the contact angle hysteresis and cause a net 

droplet motion. Goohpattader et al. studied drift of a sphere during stochastic rolling on a patterned 

substrate.120,121 All these models help to better understand the mechanism of droplet motion on a 

vibrating surface, but none of them can explain how a pure vertical vibration propels a sessile 

droplet across a horizontal substrate.  

In this chapter, we propose a model that describes how a vibration applied perpendicularly to the 

ARC pattern induces a lateral droplet motion on horizontal and inclined substrates. We first 

generalize the condition of droplet motion by non-dimensionalizing the data with different droplet 

characteristics (i.e., volume, density, viscosity, surface tension), and then introduce a compact 

model that captures the important features of a moving droplet to describe the mechanism behind 

droplet motion. The simulation results of this model show good agreement with the experimental 

data. 

3.2 EXPERIMENTAL SETUP AND OBSERVATIONS 

The ARCs investigated in this work are patterned with photolithography on an oxidized silicon 

wafer to create the designated surface features. In this work, the hydrophilic silicon dioxide (SiO2) 

rungs are 10 µm wide with a radius curvature of 1000 µm and have a period of 120 µm. A thin 

coating of fluoro-octyl-trichloro-silane (FOTS, Sigma Aldrich) is then applied by vapor deposition 

to make the surface regions not covered with photoresist hydrophobic. Stripping the photoresist 



reveals the transparent, hydrophilic SiO2 pattern that is chemically defined by the hydrophobic 

FOTS.   

The schematic of the final device is shown in Figure 3.5, where a droplet moves along the track of 

curved rungs in the longitudinal direction (x-axis). The hydrophobic background keeps the droplet 

confined to the track. The orthogonal vibrations cause the contact line, or droplet ‘footprint’, to 

oscillate as the droplet edges advance and recede in response to the vertical mechanical stimuli 

(definitions of key terms are listed in Table 3.1).  

 

Figure 3.5: Schematic of ARC function. Applied vibrations cause the contact line to oscillate 

between wetting and de-wetting states (top sequence). The asymmetric surface pattern creates a 

difference in pining forces between leading and trailing edges. This imbalance of forces results 

in net transport through each vibration cycle (bottom sequence). 

 
During wetting, the contact line advances to wet additional rungs in each direction. However, as 

the droplet de-wets, the asymmetric shape of the ARC pattern pins the leading edge more than the 

trailing edge (Figure 3.5). This phenomenon has been empirically described by Duncombe et al.,97 

and provides a net force in the direction of droplet motion through each vibration cycle. The 

detailed experimental setup can be found in Duncombe et al.96 



 

Table 3.1. Definitions and parameters of droplets on ARC systems 

 
 

3.3 NON-DIMENSIONALIZATION OF DROPLETS WITH DIFFERENT 

CHARACTERISTICS 

For a droplet vibrated at a certain input frequency, there is a threshold amplitude (ARC threshold) 

of the substrate acceleration, beyond which the droplet experiences a net lateral motion. If a droplet 

is vibrated across a range of input frequencies, a minimum ARC threshold appears at a frequency 

determined by the material properties of the droplet and the substrate. For example, increasing the 

droplet volume will decrease both the frequency and amplitude of the corresponding minimum 

ARC threshold. The experimental characterization of droplet motion on ARCs (discussed with 

more detail in the following subsection) indicates that although the relationship between input 



frequency and ARC threshold is dependent on the properties of the vibrated droplet, there is a more 

general relationship between these two entities as the profiles of each curve are all similar.  

In order to study this general relationship, angular frequency (ω) and ARC threshold acceleration 

(a) are non-dimensionalized to factor out the differences in droplet properties. We hypothesize that 

two non-dimensionalization factors, �∗ and �∗, can be chosen such that the relationship between 

�/�∗ and �/�∗ is identical across different droplets. For this general relationship to hold, �∗ must 

be proportional to the resonance frequency of the droplet and �∗ must be proportional to the ARC 

threshold. Even though an exact analytical expression for the resonance frequency and threshold 

acceleration of an oscillating sessile droplet on an ARC device may be difficult to obtain, these 

proportionalities allow us to express the scaling of the resonance frequency with respect to basic 

droplet properties such as volume, density and surface tension. Furthermore, with an input signal 

�(�) = � sin(��), where � is the amplitude of displacement, we can infer that �∗ scales with ��∗�. 

In this work, the sessile droplet is modeled as a mass-spring-damper system. Viscous effects are 

measured by the Reynolds number �� = ����� �� , where � is droplet density, � is surface 

tension, �� is radius of curvature and � is viscosity.122 In this case, all droplets are nearly spherical 

because 1) all droplet radii � = �3� 4�⁄�
 (� is droplet volume) are smaller than the capillary 

length (�� = �� ��⁄ , where � is gravitational acceleration) of the respective liquid, and 2) the 

surface of the supporting substrate is highly hydrophobic. As a result, the radius of curvature �� 

can be approximated by the spherical droplet radius �. By calculation, the minimum �� in this 

work is 37 for a 50% v/v glycerol droplet. According to Wilkes and Basaran,123 viscous effects are 

negligible for sessile droplets with �� > 20. Therefore, viscous damping is not considered in our 

calculation for resonance frequency. This is consistent with other systems in the literature where 

viscous effects are neglected when studying sessile droplets.115,124 



When viscous damping is neglected for a forced vibration, the resonance frequency of a droplet 

equals its natural frequency, which is proportional to �� �⁄  or �� ��⁄ .125–127 Therefore, we set 

the characteristic frequency �∗ = �� ��⁄ .122 During harmonic oscillation, the droplet deformation 

is proportional to the droplet size and the vibration amplitude of the substrate. Thus, we use the 

droplet radius � to non-dimensionalize the amplitude of substrate vibration �. The corresponding 

characteristic amplitude of acceleration is then set as �∗ = ��∗�.  

3.3.1 Non-dimensionalization: results and discussion 

Non-dimensionalized curves for the three water droplets with different volumes coincide very well 

(Figure 3.6A), and the ARC threshold is similar for each droplet across the entire frequency range. 

The non-dimensionalized profiles for three 50% v/v glycerol/water droplets (Figure 3.6B) also 

align well, and, although the 13 µL droplet profile is slightly higher, the standard deviations of 

ARC thresholds overlap in multiple regions. This result indicates that the behavior for droplets 

vibrated on ARC devices is consistent across droplets with different volumes. 

Figure 3.6C compares droplets of water and 50% glycerol. The non-dimensionalized frequency 

profile coincides for all of the curves, but the normalized threshold amplitude of all 50% glycerol 

curves is higher than the profiles for water droplets. However, wettability measurements on native 

surfaces (SiO2 and FOTS) showed significant differences in the contact angle between water and 

glycerol droplets (Figure 3.7). This difference in the surface interaction between water and glycerol 

would likely affect the ARC threshold and could account for the observed discrepancy in non-

dimensionalized amplitudes. Overall, this data suggests that the behavior of vibrated droplets on 

ARC devices can be modelled as a harmonic oscillator-based system.  



 

Figure 3.6: Non-dimensionalization of ARC thresholds. Non-dimensionalized frequency 

versus amplitude of threshold acceleration for water (A) and 50% glycerol (B) droplets with 

volumes of 5, 8, and 13 µL. Non-dimensionalized ARC threshold profiles are also compared 

between water and 50% glycerol (C). Values used for non-dimensionalization are summarized 

(D). The insets show the raw data from these experiments and error bars represent ± standard 

deviation. 

 

 

 
Figure 3.7: Wettability of water and glycerol on ARC surface chemistries. Both water and 

50% v/v glycerol wet SiO2 readily with a very low contact angle and form droplets with a high 

contact angle on FOTS. However, water has a significantly lower contact angle on the SiO2 

surface, which could account for differences in the behavior of droplets transported on ARC 

devices. Error bars indicate ± standard deviation; * indicate statistically significant (p < 0.01) 

differences between the contact angles of water and glycerol on specified surface. 



3.4 MODELING HORIZONTAL DROP MOTION DRIVEN BY VERTICAL RATCHET 

VIBRATION 

The previous section shows the relationship between dimensionless frequency and ARC threshold, 

which suggests that the droplet motion on a vibrating ARC device is a general phenomenon that 

occurs consistently for different physical conditions. However, it is still unclear how vertical 

vibration translates into horizontal droplet motion. Nevertheless, a few theoretical and 

experimental studies have made significant advances in understanding the droplet motion under 

horizontal or combined horizontal-vertical vibrations.115–121 These studies generally consider the 

forces acting on the droplet at its center of mass and at its contact line, i.e., along the footprint 

defined by the solid-liquid-air interface. It is understood that vibrations cause non-equilibrium 

pinning forces along the contact line. Surface tension couples the center of mass to the contact 

line. Therefore, during each oscillation cycle, the center of mass proceeds in response to this non-

equilibrium force. On ARC devices, the asymmetric forces between the leading and trailing edge 

of the droplet arise from the directional curved rungs across which the droplet is moving. In order 

to better describe this phenomenon, we propose a compact model that captures the essential 

features of this system and that qualitatively explains how a pure vertical vibration can translate 

into a horizontal droplet motion. Since there is no net droplet motion in the transverse direction, 

our two-dimensional model will focus on the droplet behavior in the cross-sectional plane centered 

along the ratchet track.  

3.4.1 Droplets on ARCs as mass-spring-damper systems 

Recall that for non-dimensionalization, viscous damping was neglected while determining the 

resonance frequency of the droplet; this simplification is adequate when describing the behavior 

of the droplet before lateral motion occurs. However, damping effects need to be taken into account 



when the droplet is moving along the track as they cause friction or drag, both inside the droplet 

and at its interface with the ratchet track. Damping also determines how much energy is coupled 

into the droplet from the oscillating platform and how quickly it is dissipated. Periodic external 

forces due to vibration act on the droplet at its leading and trailing edge; in our cross-sectional 

model, these edges are represented as points L and T, which are connected to the center of mass C 

and to each other by damped springs. Figure 3.8 illustrates this droplet model as a triangular mass-

spring-damper system.  

 

Figure 3.8. Theoretical model of droplets on ARC devices. (A) Sessile droplet in equilibrium 

modeled with a triangular mass-spring-damper system. (B) The deformation and motion of a 

droplet during one cycle of vertical vibration. The droplet flattens and experiences a net force in 

the direction of the trailing edge (left) during wetting and beads up with a larger net force in the 

direction of the leading edge (right) during de-wetting. The pinning forces are modeled as 

friction forces at the leading and trailing edges. Note that during wetting, pinning forces act in 

the positive (forward) direction at the trailing edge, but in the negative (backwards) direction at 

the leading edge. Whereas, during de-wetting, pinning forces act in the positive direction at the 

leading edge, but in the negative direction at the trailing edge. Hydrodynamic forces are 

accounted for through the components in the model (mass, springs and dampers).   

 
The mass at the center �� corresponds to the bulk volume of the droplet, while the two masses at 

the leading and trailing edges (respectively, �� and ��) correspond to the droplet regions along 



the contact line. In practice the following conditions are assumed to hold: the edge masses are 

equal and both smaller than the center mass (�� = �� < ��). The springs between T, L and C 

represent surface tension; we assume ��� = ��� < ��� because pin-release events at the contact 

line create the effect of a stiffer spring. The lengths of the springs under zero load are equal (��� =

��� = ���), and that the viscous damping coefficient � is the same for all dampers and given by 

Stokes’ law as � = 6���. The sum of these components account of the hydrodynamic forces 

acting on the droplet edges in this model as shown in Equation 3.1: 

��,���� =  �∆��� + �∆��� cos ��� + �
∆���

��
+ �
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��
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∆���
�

���    (3.1) 

 
wherein, �LC  and �TC  are the out-of-plane angles between the leading and trailing edge and the 

center of mass, respectively. From this equation, we see that the spring and damper between the 

leading and trailing edges will act on both edges with equal force. We also note from empirical 

observation that the centroid of the droplet is relatively centered between the leading and trailing 

edges, suggesting that, generally, �LC  ≈ �TC . Therefore, to simplify this model, we assume that 

(��,���� = ��,�����), and net lateral droplet motion must be the result of asymmetric pinning forces. 

3.4.2 Force asymmetry along the contact line 

During each vibration cycle, the droplet undergoes advancing (wetting) and receding (de-wetting) 

motion with time-varying pinning forces acting at the contact line of the droplet (Figure 3.8B). In 

general, these pinning forces have components in the x, y and z directions. However, since the 

ARC pattern is symmetric with respect to the central axis of the track (Figure 3.5), the net force in 

the transverse direction (y-axis) must be zero. Furthermore, as we are primarily interested in the 

lateral motion of the droplet, let us consider only the horizontal portion (x-component) of the 



pinning forces. These forces are opposite in direction to the local motion of the contact line and 

can therefore be interpreted as friction. The equation for these forces comes from the model 

proposed by Duncombe et al. in 201297 and is shown in Equation 3.2. 

��,���� =  �� cos ����� ����� 

          ��,����� =  �� cos ������ ������   (3.2) 

 
In these equations w is the width of the ARC track and � is the line fraction of the contact line 

pinned to the hydrophilic regions of the ARC track (as described in Figure 3.5). ����� and ����� 

are the contact angle of the leading and trailing edge of the droplet, respectively. It should also be 

noted that these line fractions and contact angles summarize the complex interaction between the 

droplet and ARC design (i.e. period, curvature, width, geometry, and surface hydrophobicity), and 

are difficult to predict quantitatively.97 

To simplify subsequent equations, we aggregate all pinning and hydrodynamic forces at the 

footprint of the droplet into two combined forces at the leading and trailing edges, ����� and ������, 

respectively (Equation 3.3). Hydrodynamic forces are accounted for through the components of 

the droplet model (masses interconnected with springs and dampers as shown in Equation 3.1). It 

should also be noted that hydrodynamic forces are balanced at equilibrium and do not provide a 

source of asymmetry during contact line oscillation (��,���� = ��,�����), so any force imbalance 

will be the result of the pinning forces acting on the droplet. 

Leading Edge: ��,���� + ��,���� =  �����     
Trailing Edge: ��,����� + ��,����� =  ������          (3.3)  

  
The relationship between ����� and ������ is the key to understanding how the ARC device works: 

if we can show that the sum of ����� and ������, integrated over one period of oscillation, is non-

zero, then we can expect lateral droplet motion.  



To complete this argument, we make several observations. First, because of the geometric design 

of the rungs, the line fraction χ (portion of the contact line pinned by the rung) is larger at the 

leading edge. In other words, the droplet footprint is conforming to the curvature of the rung along 

the leading edge while bridging several gaps between rungs along the trailing edge (Figure 3.5). 

Therefore, ��,���� is always larger in magnitude than ��,�����. In general, this results in a net 

backwards force during the wetting and a net forwards force during de-wetting, as shown in 

Equation 3.4. 

Wetting:             �����,��� − ������,��� <  0                      
De-wetting:   �����,����� − ������,����� > 0         (3.4) 

 
However, it remains to be shown that the effect of these forces does not cancel out over a complete 

cycle of vibration. The second observation was obtained by Shastry and co-workers,94,96 who noted 

that the receding contact angles of the two edges differ more than the advancing contact angles. 

Duncombe et al. confirmed this observation on both textured96 and chemical97 ARCs, 

demonstrating that the contact angles of both the leading and trailing edges are close to the native 

contact angle of the hydrophobic background (135° and 110° for textured and chemical ARCs, 

respectively). However, during de-wetting, the contact angle of the leading edge is significantly 

lower than the contact angle of the trailing edge.97 These observations indicate that pinning forces 

acting on the droplet are lower during the wetting phase of contact line oscillation, or in other 

words wetting is less sensitive to pinning (Figure 3.9). From this insight, we can conclude that the 

net force acting on the droplet is greater in magnitude during de-wetting than during wetting 

(Equation 3.5).  

������,����� − ������,������ > ������,��� − ������,����  (3.5) 
 

From Equation 3.4 we know the net force is in the negative direction during wetting and in the 

positive direction during de-wetting. Substituting these signs into Equation 3.5, we see that during 



transport the magnitude of the net force in the positive direction (de-wetting) is greater than that 

of the net force in the negative direction (wetting). Therefore, a net force in the direction of droplet 

transport will result throughout the course of an entire vibration cycle.  

 

Figure 3.9: Force asymmetry is dependent on the phase of contact line oscillation. The 

difference in contact angle between the leading and trailing edges is larger during de-wetting 

than during wetting. This indicates that a larger net force (in the direction of the leading edge) 

will be present during the de-wetting phase, which provides for net transport of the droplet 

throughout each vibration cycle. 

3.4.3 Simulation of droplet motion 

We have created a simulation for droplet motion that models the droplet as a two-dimensional 

triangular mass-spring-damper system with friction forces as described above. As we are studying 

the droplet motion, the displacement of the three masses in both x and z axes are set to be our 

independent variables. For each mass in each direction, the total force including inertia, spring 

force, damping force, normal force and friction needs to be zero. Therefore, a total set of six 

equations can be set up to solve this problem with six degrees of freedom.  

Regarding initial and boundary conditions, we start the simulation in an equilibrium state of the 

droplet. During simulation, the two edge points T and L are assumed to always remain in contact 



with the substrate. Since the substrate vibrates vertically with a sinusoidal signal at frequency � 

and amplitude �, the vertical displacement of the edge masses �� and �� is always �(�) =

� sin(��). This effectively reduces the system to four degrees of freedom with four unknowns. 

In conventional dry friction models, the friction force is the product of friction coefficient, 

magnitude of normal force and negated unit velocity vector. Such models often cause difficulties 

in simulations since the time-varying normal force is unknown a priori, resulting in a system that 

cannot be described by second-order ordinary differential equations. However, in our case 

viscosity and pinning are the dominant sources of friction, which are both independent of normal 

force. Viscous forces are linear in mass, velocity and viscosity, while pinning forces are simple 

step functions that we approximate with smooth sigmoid functions, leading to a system of 

differential equations that can be simulated numerically with standard techniques. 

3.4.4 Modeling: results and discussion 

Figure 3.10  shows the droplet position in the horizontal plane as a function of time as produced 

by our model. The three solid curves represent the location of the three masses ��, �� and ��, 

respectively. The amplitude of oscillation at the trailing edge (red) is always larger than at the 

leading edge (blue), which corresponds to the smaller friction at the trailing edge. Meanwhile, it 

can be observed that the leading and trailing edges usually move in opposite directions, but not 

always, and not always at the same rate; lateral motion is a consequence of this asymmetry. The 

experimental data adopted from Duncombe’s paper96 is shown in the inset figure. There is good 

agreement between the model and the experimental data, indicating that our model and all 

associated parameters provide a reasonable representation of the droplet characteristics and 

behavior of droplet motion. Furthermore, this model also shows qualitative similarities to the 



motion of vibrated droplets on chemical gradient surfaces,128 suggesting this model could also 

serve as a template for studying vibration driven droplets on many different platforms.  

 

  

Figure 3.10: Simulation of ARC transport corresponds to experimental data. Lateral 

displacement of the simulated droplet at its center of mass (green), leading (blue) and trailing 

(red) edges matches the behavior of a transported droplet (inset). 

 
In this system, there are two conditions that are not essential for our model: horizontal substrate 

and sinusoidal input signal. With modest adjustment, our model can be adapted to other systems 

such as inclined surfaces and sawtooth or square wave input. For inclined surfaces with a small 

tilted angle, an extra resistance force due to gravity will apply. However, the droplet can still move 

uphill as long as the net uphill force dominates in each oscillation cycle. Yet for each droplet, there 

is a critical angle beyond which no uphill motion can be observed. For other input signals such as 

a square wave function, net droplet motion has been observed experimentally on a texture 

ratchet.94,95 In our model, the sinusoidal wave function can be easily replaced with a square wave 

function. For a sinusoidal wave input, unexpected “overtones” of the base oscillation were 

observed by Fourier analysis,96 probably because of the stick-slip behavior of the contact line. 



With a square wave input, we would expect more such overtones, making the displacement curves 

more jagged. However, further empirical data will be required to account for more complicated 

droplet responses, such as higher vibration modes.129  

3.5 CONCLUSIONS 

This section presents a theoretical study of the horizontal droplet motion on a vertically vibrating 

anisotropic ratchet conveyor device. By non-dimensionalizing the input frequency and threshold 

amplitude of vibration to initiate droplet motion, we reveal a general relationship between these 

two input factors across droplets with different volume, density and surface tension. This 

relationship indicates that the condition to initiate droplet motion on such a device is predictable 

and reliable. For the droplet motion on an ARC device, a qualitative analysis reveals that the 

pinning forces at the contact line are the driving force. A compact model is proposed to describe 

how force asymmetry arising from the vertical vibration results in horizontal droplet motion. This 

model could be applied to a variety of input signals and surfaces with asymmetric features and 

may lead to a better understanding of droplet mechanics. Furthermore, this model could also serve 

as an essential tool for the development and optimization of new devices that can manipulate 

droplets through interfacial interactions between the contact line and substrate surface. 

 



 TRANSPORT VELOCITY ON ANISOTROPIC RATCHET 

CONVEYORS 

The efficiency of ARC devices is related to the characteristic ARC threshold profiles; however, 

the velocity of droplets transported on ARC devices is not described by this characterization. Thus, 

the next task in this work was to understand how the velocity of droplets was related to the ARC 

threshold, or more specifically to investigate how vibration parameters and the design of ARC 

transport paths affected the resulting velocity of transported droplets. 

 

The following sections are adapted from: 

Transport Velocity of Droplets on Ratchet Conveyors130* 

Hal R. Holmes1 and Karl F. Böhringer1,2  (Advances in Colloids and Interfaces, 2017) 

1Department of Bioengineering, 2Department of Electrical Engineering, University of Washington, 

Seattle, WA 98195 

4.1 UNDERSTANDING ARC THRESHOLD 

In order to better understand the underlying mechanisms of droplet transport, we characterized the 

behavior of 8 µL water droplets transported on three different ARC tracks with rungs composed 

of silicon dioxide (SiO2) pattern and a fluorooctyltrichlorosilane (FOTS) background (Figure 4.1). 

These tracks are defined by the relationship of the width and period of the hydrophilic rungs 

(Figure 4.2). 

                                                 
*Original work of the author © 2017 Elsevier B.V. All rights reserved. 



 

Figure 4.1: Wettability of native surfaces used in ARC tracks. Contact angle measurements 

verify that FOTS provides a hydrophobic background to define the hydrophilic SiO2 rungs. 

 
Two different rung periods were used in this work, 120 µm and 60 µm. Additionally, if the 

hydrophilic rung is thought of as the working region of the track, then a duty cycle can be 

calculated, where duty cycle is defined as the width of the rung divided by the period or spacing 

interval between rungs.131 The two ARC duty cycles used in this work are 8.3% and 16.6%. 

Additionally, all tracks used in this portion of our work had a rung radius of 1000 µm. 

 

Figure 4.2: ARC fabrication and track design. ARCs are fabricated by patterning photoresist 

on an SiO2 surface and coating exposed regions with FOTS through vapor deposition. Stripping 

resist reveals a flat, optically transparent pattern of hydrophilic SiO2 rungs defined by the 

hydrophobic FOTS background (A). ARC track designs consisted of 10 and 5 µm wide rungs 

and 60 and 120 µm periods, providing combinations with 8.3% and 16.6% duty cycles (B). 

 



ARC devices are characterized by the minimum vibration amplitude (ARC threshold) that is 

required to initiate droplet transport. These measurements are reported and discussed in terms of 

acceleration to account for the energy input to the system, but the corresponding substrate 

displacement (Figure 4.3) is provided for reference. Above the ARC threshold, droplet transport 

will still occur, but the effect of larger vibration amplitudes on droplet transport has not been 

previously characterized. The ARC threshold profiles obtained for all three tracks were 

characteristic of previous ARC threshold measurements,97,132 and all exhibited a minimum ARC 

threshold around 80 or 90 Hz (Figure 4.3). If the frequency of minimum ARC threshold occurred 

at resonance, a local maximum in the wetting area of the droplet would occur at this frequency 

(wherein wetting area is defined as the maximum area of the droplet during a complete cycle of 

contact line oscillation, which occurs at the end of the wetting phase). However, the wetting area 

was actually smallest at the frequency of minimum ARC threshold on all three devices. These 

observations indicate that the factors determining the minimum ARC threshold are more complex 

than indicated by previous models,97 and the specific design of the ARC devices has a larger effect 

on the droplet response to vibrations than expected. 

The 10/120 ARC track was the most efficient, exhibiting the lowest ARC threshold at all 

frequencies except 90 Hz (Figure 4.4). Wetting area measurements confirmed the expansion of the 

droplet is also the smallest on the 10/120 track (except 90 Hz). The frequency of minimum ARC 

threshold also shifts from 80 to 90 Hz, and a local peak in wetting area shifts from 60 Hz to 50 Hz 

when the period of the tracks is reduced from 120 µm to 60 µm. These measurements indicate that 

the ARC design significantly influences droplet response to vibrations.  

 



 

Figure 4.3: Substrate displacement at ARC threshold. ARC threshold is reported in terms of 

acceleration to account for the energy input into the system. Displacement of the substrate at 

these vibration amplitudes show a similar trend in the relationship between ARC tracks (10/120 

tracks require the smallest displacement to initiate droplet transport), however these values 

demonstrate that displacements can be quite large at lower frequencies even though the 

acceleration of the substrate is not very high. 

 
At the point of maximum wetting area (Figure 4.4C), the shape of the droplets is dependent on the 

vibration frequency and the ARC track. All droplets are oscillating in a mode with only two nodes 

(i.e. the vibrated droplets are not forming multiple lobes during wetting).124,133,134 Droplets vibrated 

on the 5/60 track at 50 Hz may be at the transition to a higher mode, as the contour is not perfectly 

elliptical, but this irregularity in contour may also be in part due to the anisotropy of the ARC 

substrate. 



 

Figure 4.4: Transport efficiency is correlated to the period of ARC tracks. The ARC 

threshold profiles for the 60 µm period tracks were most similar over most of the functional 

frequency range, but the ARC track with the larger 120 µm spacing had a lower ARC threshold 

across this entire range, with the exception of 90 Hz (A). The shift in minimum ARC threshold 

from 80 to 90 Hz also indicates that the design of the ARC track has some influence over the 

droplet response to vibrations. A similar trend is observed for the maximum wetting area of the 

transported droplets (B). The differences in droplet size during maximum wetting are clear when 

these areas are viewed together (C). The shape of the droplets during this state also provides 

some explanations for the droplet response to vibrations, particularly note the pronounced 

expansion of the droplet edges perpendicular to the ARC track (direction of the ARC track is 

indicated by superimposition in top right panel). 

 



Another important observation is the stark contrast in aspect ratio of droplets on all tracks when 

vibrated at 70 Hz compared to other frequencies. The length to width aspect ratio (Figure 4.5A) of 

droplets vibrated at this frequency is substantially lower than all other frequencies. This means 

that the droplets are expanding much more in the direction perpendicular to the ARC track than at 

other frequencies. This could explain the slight increase in ARC threshold from 60 to 70 Hz for 

all tracks. Furthermore, the length to width aspect ratio is smaller at 80 Hz on the 5/60 track than 

on the 10/60 track, and accordingly the ARC threshold is higher on the 5/60 track than the 10/60 

track at this frequency. Therefore, such differences in the aspect ratio as well as the height (Figure 

4.5B) of the droplets play an important role in the frequency response of droplets on ARC devices.  

 

Figure 4.5: Aspect ratio and height of droplets. The aspect ratio (A) is defined as the ratio of 

the length (parallel to ARC track) to width (perpendicular to the ARC track) of the droplet during 

maximum wetting (inset - A). The change in height (B) of the droplet is the difference in the 

vertical position of the droplet centroid between wetting and de-wetting phases (inset - B). The 

aspect ratio is substantially lower at 70 Hz on all droplet tracks and the profile of the change in 

height of the droplets is similar to the droplet velocity, except at 70 Hz – which is likely due to 

the low aspect ratio. The change in height of droplets on 5/60 tracks is also larger than on 10/120 

tracks, even though the velocity is similar. 

 



These observations further demonstrate the effect of ARC track design on the droplet response to 

vibrations. However, it is unclear how the ARC design creates such dramatic differences in the 

aspect ratio of droplets between different frequencies. Further investigation of this question could 

lead to additional discoveries or applications for vibrated sessile droplets on micro-patterned 

surfaces. Together, these measurements show that transport velocity can be controlled through 

substrate design and applied vibration signal. 

4.2 DROPLET VELOCITY AND EDGE MOVEMENT 

The motion of droplets transported at the ARC threshold of each track was recorded at 2000 

frames/s. Velocity is measured as the net horizontal displacement of the droplet centroid 

throughout one vibration cycle, divided by the time of the cycle (or multiplied by the vibration 

frequency). Thus, these measurements describe the net velocity for each step of the transported 

droplets.  

The velocity profiles all exhibit a local maximum at 60 Hz, and the velocity appears to level off as 

frequency increases (Figure 4.6). The overall velocity profile is also relatively similar for all tracks. 

Although most notably defined by the local maximum at 60 Hz, all tracks also exhibit a sharp drop 

in velocity at 70 Hz and slight increase at 80 Hz. This effect is likely due to the low aspect ratio of 

droplets driven at 70 Hz (as seen in Figure 4.5), wherein the contact line would not expand as 

much in the direction of the ARC track compared to frequencies with a higher aspect ratio. These 

results indicate transport velocity is correlated with contact line advance in the direction of the 

ARC tracks and not the total wetting area of the droplet.  



 

Figure 4.6: Transport velocity is correlated with ARC duty cycle. The transport velocity for 

the 10/120 and 5/60 tracks that have the same duty cycle (8.3%) exhibits a virtually identical 

profile for frequencies above 40 Hz. The 10/60 track with the higher duty cycle exhibits a similar 

profile, but the velocity is shifted up by 3 to 7 mm/s over the range of 50 to 80 Hz. Error bars 

indicate ± standard error of the mean.   

   

The transport velocity is entirely dependent on the movement of the droplet edges. The two phases 

of contact line oscillation are wetting, when the edges are advancing or expanding away from the 

center of the droplet and de-wetting, when the edges are receding or contracting towards the center 

of the droplet (Figure 4.7A-B). The cross section (side view) of droplets during transport, shows 

that during wetting the advance of both edges is the same or greater on 60 µm period tracks than 

120 µm period tracks, except at 90 Hz (Figure 4.7C-D). This result is consistent with wetting area 

measurements, especially when considering the aspect ratio.  



 

Figure 4.7: ARC threshold and transport velocity profiles are dependent on droplet volume. 

ARC threshold measurements of 5, 8, and 13 µL show the frequency and amplitude are both 

inversely correlated with droplet volume (A), while velocity profiles show that only the 

frequency of maximum velocity is correlated to drop volume, with 8 µL droplets exhibiting the 

highest velocity (B). Side view images for 5, 8, and 13 µL (C-E) droplets transported at 

maximum velocity (80, 60, and 50 Hz, respectively) show how wetting (superimposed in front) 

and de-wetting (background) phases differ by droplet volume. Error bars indicate ± standard 

error of the mean for velocity measurements.   

 
The asymmetry during wetting (determined by subtracting the trailing edge advance from leading 

edge advance) describes the net forward progress of the droplet at the end of the wetting phase. 

These measurements are near zero or slightly positive at low frequencies, but generally decrease 

with increasing frequency (Figure 4.7E). This trend implies that the centroid of the droplets will 



move backward during wetting at higher frequencies and this cross-over appears to occur at or 

near 70 Hz, which may explain the sharp decrease in aspect ratio observed at this frequency. 

During de-wetting, the leading edge of droplets on the 10/120 track recedes on average less than 

120 µm. This measurement implies the leading edge remains pinned or slips by only one rung 

during most wetting phases at all frequencies (Figure 4.7F). Meanwhile, the trailing edge recedes 

by an average of at least 240 µm, which is equivalent to two or more rungs (Figure 4.7G), resulting 

in net forward transport (Figure 4.7H). However, the leading edge recedes by a much greater 

amount on the 5/60 and 10/60 tracks at 30 and 60 Hz. These frequencies are also where the droplet 

edges expanded the most during the wetting phase. The surface tension forces (if modelled as a 

spring122,125,135) would therefore be largest at these frequencies during the de-wetting phase. This 

observation indicates that the surface tension forces acting on the leading edge are greater than the 

pinning forces of the rungs acting against the recession of this edge. In these cases, net transport 

occurs because the recession of the trailing edge is still larger than that of the leading edge (i.e. 

pinning forces acting on the trailing edge are even smaller because of the asymmetric ARC 

pattern). These effects are clear when looking at asymmetry during the de-wetting phase 

(determined by subtracting the recession of the leading edge from the recession of the trailing 

edge). The consistency of edge movement measurements to transport velocity is confirmed by 

multiplying the net forward progress of droplet edges (the sum of wetting and de-wetting 

asymmetries) by the vibration frequency, which provides a virtually identical reproduction of the 

measured centroid velocity profiles (Figure 4.8).  



 

Figure 4.8: Relationship of droplet velocity to edge movement. Asymmetry is the difference 

between leading and trailing edge movement during each phase of contact line oscillation. 

Multiplying the sum of asymmetry in both phases by the vibration frequency results in a velocity 

profile that is nearly identical to the measured centroid velocity for 10/120 (A), 5/60 (B), and 

10/60 (C). This verifies that measurements are consistent on all tracks.    

 

4.3 EFFECT OF DROPLET VOLUME 

ARC threshold and velocity measurements were repeated for 5 and 13 µL droplets on 10/120 

tracks to understand how consistent these findings are across droplet volumes (Figure 4.9). The 

ARC threshold profiles looked similar for all droplet volumes, but both the ARC threshold and 

minimum frequency of ARC threshold appear to be inversely correlated with droplet volume (i.e. 

smaller droplets require higher frequency and amplitude vibrations for transport). These 

observations are consistent with established models of droplet mechanics.125,135,122  



 

Figure 4.9: ARC threshold and transport velocity profiles are dependent on droplet volume. 

ARC threshold measurements of 5, 8, and 13 µL show the frequency and amplitude are both 

inversely correlated with droplet volume (A), while velocity profiles show that only the 

frequency of maximum velocity is correlated to drop volume, with 8 µL droplets exhibiting the 

highest velocity (B). Side view images for 5, 8, and 13 µL (C-E) droplets transported at 

maximum velocity (80, 60, and 50 Hz, respectively) show how wetting (superimposed in front) 

and de-wetting (background) phases differ by droplet volume. Error bars indicate ± standard 

error of the mean for velocity measurements.   

 
The velocity profiles were also similar, with all droplets exhibiting a characteristic local maximum 

at a frequency slightly below the frequency of minimum ARC threshold. These measurements 

verify that our findings and observations of droplet transport on ARC devices are consistent. 

However, the frequency of the maximum velocity is correlated to the droplet volume but the actual 

maximum velocity is not. This effect is likely due to the combination of surface tension forces and 

size of the droplet footprint. The 13 µL droplet has the largest footprint and therefore could take 

the largest step throughout each vibration cycle. However, the surface tension forces are less 



dominant (compared to gravity and inertial forces) in this droplet.122,129 While this reduces the 

likelihood of the leading edge slipping, the relatively weaker surface tension forces also result in 

less recession of the trailing edge. On the other end, the 5 µL droplet experiences the largest surface 

tension forces but has the smallest footprint. Even though the trailing edge recedes by the largest 

distance proportional to the droplet size (thus the relatively high velocities observed for the 5 µL 

droplets), the smaller droplet footprint limits the maximum step size of the droplet. This implies 

that there is an optimum droplet volume for the fastest transport on ARC devices. Furthermore, 

the variations in transport velocity observed for 8 µL droplets on different ARC tracks also 

demonstrate the design of the ARC track can provide some level of control over transport velocity. 

These considerations present much potential for tailoring the ARC design and selecting droplet 

volumes to meet the demands of specific applications. 

4.4 VELOCITY AND VIBRATION AMPLITUDE 

Finally, we characterized the effect of vibration amplitude on the resulting transport velocity by 

recording the movement of 8 µL droplets driven by vibrations 0.5 g below, 0.5 g above, 1.0 g 

above, and at the ARC threshold on 10/120 ARC tracks. The transport velocity was correlated to, 

albeit with a non-linear relationship, to the vibration amplitude (Figure 4.10). Qualitatively, we 

observed that increasing vibration amplitude results in droplets that are flatter and more spread out 

during wetting and taller during de-wetting.  

At vibrations below the ARC threshold (-0.5 g) no average net velocity occurred, but the droplet 

edges were oscillating, particularly at higher frequencies. This observation indicates the ARC 

threshold does not necessarily occur at the transition from a pinned to a mobile contact 

line.124,133,134 Increasing the vibration amplitude to 0.5 g above the ARC threshold caused the 

velocity to increase at some frequencies, but remain unchanged at other frequencies (or even 



slightly decrease at 50 Hz). Increasing the amplitude further to 1.0 g above the threshold amplitude 

results in a more pronounced increase in transport velocity at all frequencies except 100 Hz. 

Furthermore, the vibration amplitudes at +1.0 g are relatively close to the ARC threshold profile 

of the 10/60 track, and the velocity of droplets on the 10/120 track at this amplitude are slightly 

higher than that of droplets on the 10/60 track (Figure 4.11) at most frequencies. This indicates the 

increased velocity at the ARC threshold of the 10/60 track (Figure 4.5) is a result of the higher 

vibration amplitude and increased advance of the droplet edges. Additionally, we have observed 

velocities over 2 cm/s on ARC tracks, which is 2 to 3 times faster than velocities observed on 

electrowetting systems,136,137 and we hypothesize that similar velocities could be obtained with 

other contact line driven DMF systems.  

 

Figure 4.10: Transport velocity is correlated to vibration amplitude. Velocity measurements 

(A) of 8 µL droplets driven by vibrations at -0.5, +0.0, +0.5, and +1.0 g (B-E), with respect to 

the ARC threshold, show velocity increases with increasing vibration amplitude. Side images of 

droplets at maximum velocity (60 Hz) increasing vibration amplitude increases the advance of 

the droplet edges along the ARC track during wetting (front) and increases edge recession and 

droplet height during de-wetting (back) phases. Error bars indicate ± standard error of the mean. 



 

Figure 4.11: Increased velocity of 10/60 track is due to higher vibration amplitude. When the 

vibration amplitude applied to 10/120 tracks is similar of that applied to 10/60 tracks (A) the 

transport velocities are similar in magnitude. This indicates the increased velocity of droplets 

driven on 10/60 tracks at the ARC threshold is due to the increased vibration amplitude. 

However, at many frequencies the velocity is higher on 10/120 tracks even though the vibration 

amplitude is slightly lower. This observation provides further evidence that the larger 

hydrophobic spacing interval on 10/120 tracks may increase the stability of droplet edges, 

particularly the leading edge, on the hydrophilic rungs.   

 
Looking at the edge movement of droplets at different vibration amplitudes, the edges, particularly 

the leading edge, jumped from rung to rung rather than moving with a smooth continuous motion. 

Plotting the distances of edge step shows that the edge movement forms clusters around 120 µm 

intervals (Figure 4.12). These clusters are more pronounced on the leading edge, which conforms 

to the ARC rungs, but also show up on the trailing edge (Figure 4.12). Additionally, it should be 

noted that measuring the micrometer scale edge movement of millimeter sized droplets pushed the 

resolution limits of our camera (i.e. a single pixel accounted for 10 – 15 µm in length), which likely 

contributed to a larger distribution of these measurement values. Overall, these observations 

indicate the movement of the droplet edges is in effect quantized or restricted to discrete step 

distances that are an integer multiple of the rung period.  



Furthermore, these clusters and edge quantization provide us some additional information about 

the droplet response to vibration amplitude. In cases where increasing amplitude did not result in 

an increase of transport velocity, we do not observe a change in the clusters for either edge between 

the two amplitude groups. For example, at 50 Hz no increase in transport velocity was observed 

between +0.0 and +0.5 g groups, and the net change for both edges exhibits clusters around 0 and 

120 µm (0 and 1 rung, respectively). However, at +1.0 g we see clusters appear at 240, 360, and 

480 µm (2, 3, and 4 rungs, respectively) for both edges (Figure 4.12), indicating the droplet takes 

larger steps each cycle (which is reflected by an increase in the measured transport velocity). This 

change in edge movement suggests that the +1.0 g vibrations increased the surface tension force 

sufficiently to induce the trailing edge to slip (recede) from additional rungs without increasing 

slip at the leading edge. On the other hand, the velocity increased only slightly at 60 Hz when 

increasing the velocity from +0.5 to 1.0 g. In this case, we observe clusters for both leading and 

trailing edges (Figure 4.12) at a larger number of rungs, indicating the surface tension force is large 

enough to induce slip of the leading edge. This implies a terminal velocity exists for droplets on 

ARC tracks, in which further increases in vibration amplitude will no longer increase the 

asymmetry between leading and trailing edge recession. Overall, these measurements show that 

droplet transport on ARC devices is a result of a complicated balance between the surface tension 

forces within the droplet and the pinning forces from the substrate.  



 

Figure 4.12: Edge movement is quantized to rung period. The edge advancement (A-B) 

during wetting and recession (C-D) during de-wetting forms clusters at intervals equivalent to 

rung period on both leading and trailing edges. The clusters are more apparent in measurements 

of the net change in leading (E) and trailing (F) edges throughout an entire vibration cycle. These 

clusters shift in response to vibration amplitude, with higher amplitudes resulting in clusters 

appearing around larger multiples of rung periods. 



4.5 DISCUSSION AND CONCLUSION 

The anisotropic ratchet conveyor platform is a contact line driven digital microfluidic system that 

transports liquid droplets through the interaction of droplet edges with a microfabricated surface 

pattern and applied orthogonal vibrations. In this work we show how the design of this surface 

pattern influences the droplet response to vibrations and affects the resulting transport velocity of 

the droplets.  

Transport efficiency (ARC threshold) is correlated to the period of the rungs, while transport 

velocity is influenced by the duty cycle of the ARC track. Previous models of ARC transport97 

would predict transport behavior to be entirely dependent on duty cycle, as the fraction of the 

contact line pinned to the hydrophilic regions at the trailing edge (Figure 4.2) is determined by the 

duty cycle (e.g. the percent of the trailing edge pinned to hydrophilic regions is the same on 10/120 

and 5/60 tracks, but this percentage is higher on the 10/60 tracks). However, these models do not 

account for the geometry of the rungs. The thinner (5 µm) width of the 5/60 track likely accounts 

for the increased recession of the leading edge (Figure 4.8) even though the pinning ratio is the 

same as the 10/120 track. Thus, the leading edge of the 10/120 track is more stable (less recession) 

during de-wetting and provides for transport at lower vibration amplitudes. 

Increasing the vibration amplitude provides for higher transport velocities by increasing the 

advance of the leading and trailing edges. A larger distance between leading and trailing edges 

results in higher surface tension forces acting on the droplet edges (assuming surface tension acts 

like a spring122,125,135 – Figure 4.8A-B). Pinning on the hydrophilic rungs resists recession of the 

droplet edges, acting in a similar fashion to friction. This pinning force is larger on the leading 

edge, and more able to resist edge recession when the surface tension forces are increased. The 

lower pinning forces at the trailing edge allow increased recession, and a larger step throughout 



each vibration cycle. This relationship between pinning and surface tension forces accounts for the 

initiation of droplet transport and higher transport velocities in response to increasing vibration 

amplitude. However, this relationship between transport velocity and vibration amplitude is non-

linear due to the interplay of many factors – substrate pattern, droplet volume, and vibration 

frequency that have been detailed in this work, as well as additional factors that have yet to be 

characterized.  

Despite the underlying complexity of this system, several clear patterns are still apparent. First, 

transport efficiency is determined by the minimum wetting area required to initiate transport. This 

trend is observed from transport on different tracks and across the frequency profile of each track. 

Transport initiates when the distance between leading and trailing edges (surface tension force) 

during wetting is large enough to induce a net force during de-wetting (e.g. de-pin the trailing edge 

without de-pinning the leading edge). Therefore, to optimize transport efficiency, the substrate 

pattern must 1) maximize length to width aspect ratio during wetting, and 2) minimize leading 

edge recession during de-wetting. Second, increasing wetting (specifically the distance between 

the leading and trailing edges) increases transport velocity. Higher surface tension forces increase 

the recession of the leading edge, resulting in larger steps throughout each vibration cycle. This 

trend is observed from the frequency profiles of each track, droplet volume, and effects of 

increasing vibration amplitude. Higher surface tension forces increase the net force propelling the 

droplet, until these forces are high enough to de-pin the leading edge. Thus, maximum velocity is 

determined by the highest obtainable difference in pinning forces between the leading and trailing 

edges. Lastly, velocity is an average of quantized steps throughout many vibration cycles. The size 

of the step is an integral multiple of the rung period, as the edges of the droplets move discretely 

between the hydrophilic rungs. However, the step size is not always the same because the dynamics 



between pinning and droplet forces can change with each vibration cycle. These variations are due 

to effects such as the droplet shape, edge position, momentum, and a thin liquid film on the track 

from previous vibration cycles.  

Overall, these results show the complex droplet and interfacial mechanics that provide for droplet 

transport on ARC devices result in consistent and predictable trends that can be utilized to enable 

practical microfluidic devices. However, these results also raise new questions about the 

mechanisms through which surface patterns can influence the droplet response to vibrations and 

what other behaviors can be elicited with designed surface patterns. 

 



 DROPLET FUNCTIONS ON ANISOTROPIC RATCHET 

CONVEYORS 

Having gained a clearer understanding of the dynamics of droplet transport on anisotropic ratchet 

conveyors (ARCs), the next portion of this work looked to explore how well the combination of 

the passive surface pattern and vibration parameters could control droplet behavior and perform 

particular tasks, or functions, with selective droplet responses. 

 

The following sections are adapted from: 

Enabling Droplet Functionality on Anisotropic Ratchet Conveyors138* 

Hal R. Holmes1, Ana E. Gomez1, and Karl F. Böhringer1,2  (Micromachines, 8(12), 2017) 

1Department of Bioengineering, 2Department of Electrical Engineering, University of Washington, 

Seattle, WA 98195 

 

While ARCs do not offer the robust programmability available to electrowetting-on-dielectric 

(EWOD) or dielectrophoresis (DEP) based DMF systems,139–141 this platform provides the ability 

to handle liquid droplets with a passive surface pattern and a globally applied sinusoidal vibration 

(e.g. a speaker). This configuration allows for droplets to be driven with a single signal source, 

which substantially simplifies the circuitry and programming required to operate an ARC system. 

Like EWOD and DEP systems, the ability of ARCs to handle liquid in the form of discrete droplets 

can reduce required sample volumes and reagent quantities compared to continuous flow devices. 

                                                 
*Original work of the author distributed under Creative Commons Attribution License 4.0 - 

http://creativecommons.org/licenses/by/4.0/ 



Droplets also provide a form of ‘compartmentalization’, wherein the contents of each droplet are 

individually isolated, preventing undesirable interactions between samples or reagents.139 

The simple microelectromechanical systems (MEMS) based fabrication process allows for high-

throughput manufacturing of ARC devices, which could provide for inexpensive ARC chips with 

integrated MEMS components or electronic sensors. Such a system could fill the niche for 

diagnostic or analytic applications that require more process control or measurement accuracy than 

paper-based or passive microfluidic systems.31,142 The simplicity of this system makes it a good 

candidate for field-ready or point-of-contact (where the sample is first encountered in the field) 

tests, potentially enabling a point-of-contact platform with improved clinical utility,143–145 or for 

molecular (nucleic acid) assays that are less expensive and more easily deployable.146–148 

Furthermore, ARCs could also provide a useful research tool, such as in applications for 

automating protein149 or nucleic acid150 purification.  

However, before any applications for an automated ARC platform can be realized, the functional 

toolbox available to ARC systems must be expanded. Thus, we have developed three new modules 

for the ARC system: 1) ARC gates that can selectively pause droplet transport, 2) ARC switches 

that can select the direction of droplet transport between two paths, and 3) ARC delivery junctions 

that can controllably deliver droplets on a convergent path. In electrowetting systems, these 

functions are innately enabled by the position of electrodes, with respect to the droplets, being 

activated.139,151,152 On ARC systems, functionality is dictated by the design of the passive surface 

pattern. Therefore, each droplet function on ARC systems must be enabled with a specific design 

strategically placed on chip. The following sections will demonstrate how the design of the surface 

pattern on these ARC modules pairs with the applied vibrations to enable essential functions for 

automated liquid handling processes on ARC systems. 



5.1 EFFECTS OF DUTY CYCLE 

The ARC threshold of the SiO2-FOTS tracks was first determined over a range from 60 to 100 Hz 

for 10 µL droplets (Figure 5.1).  We observed that the ARC threshold profiles, although not 

identical, were relatively similar on tracks with both 8.3% and 16.6% duty cycles.  

 

Figure 5.1: Rung duty cycle modulates ARC threshold. The ARC threshold for vibration 

induced transport of 10 µL diH2O droplets was measured on ARC tracks with 8.3% (A) and 

16.6% (B) duty cycles, and transitions from 8.3% to 16.6% (C) and 16.6% to 8.3% (D).  Only 

the transition from 16.6% to 8.3% required a higher ARC threshold at frequencies above 60 Hz 

(E). The dotted black line indicates 70 Hz used in subsequent experiments. Scale bar = 200 µm. 

 



Additionally, the transition from 8.3% to 16.6% duty cycle also demonstrated an overlapping ARC 

threshold profile. However, the ARC threshold for the transition from 16.6% to 8.3% duty cycle 

exhibited a unique profile with significantly higher vibration thresholds above 60 Hz. We 

hypothesized that the observed increase in ARC threshold is due to the combination of increased 

pinning on the higher duty cycle region (trailing edge – facing the direction opposite of transport) 

and increased slip (de-wetting) on the lower duty cycle region (leading edge – facing the direction 

of transport).  

To investigate this hypothesis, we recorded the motion of droplets on the 16.6% to 8.3% transition 

region when driven by vibrations above (8.5 g) and below (4 g) the ARC threshold for this 

transition at 70 Hz (Figure 5.2). The slip, or the de-wetting distance from maximum to minimum 

wetting in the first half of the cycle, and spread, the wetting distance from minimum to maximum 

wetting in the second half of the cycle, of both the leading and trailing edges were measured from 

these recordings. These measurements indicated that the distance of edge spread during wetting 

was essentially the same as the distance of edge slip during de-wetting, for both edges, with 4 g 

vibrations. However, with the larger 8.5 g vibrations, the overall slip of the leading edge was less 

than its spread, and the slip was greater than the spread of the trailing edge. The average of these 

differences provides for a net transport of the droplet (Figure 5.2). It is important to note that the 

average transport (90.8 µm) is less than the distance between the 120 µm spaced rungs on the 

leading edge but greater than the 60 µm period of the ARCs on the trailing edge. The large standard 

deviation (41.7 µm) also indicates the droplet does not take the same size step each cycle. For 

example, the leading edge may advance by one large step (rung) some cycles and zero steps in 

others, while the trailing edge has a higher probability of advancing by a smaller step each cycle 



(this effect can be seen in the edge tracking curves - Figure 5.3). However, these step sizes and 

probabilities ultimately average out and provide for net transport over many vibration cycles. 

 

Figure 5.2: Increased trailing edge mobility reduces slip at leading edge. De-wetting 

sequence (figure overlay) demonstrates the difference in droplet response when vibrated on a 

16.6% to 8.3% duty cycle transition at 4 and 8.5 g. Graphics illustrate differences in pinning at 

the trailing edge between transport on 8.3% tracks and the 16.6% to 8.3% transition. 

Measurements of droplet edges (table) indicate slip (de-wetting) and spread (wetting) is the same 

for both edges at 4 g. Raising the vibration amplitude to 8.5 g increased the spread of the trailing 

edge, but actually reduced the spread of the leading edge. However, this resulted in a lower slip 

at the leading edge and higher slip at the trailing edge (compared to spread), which provided for 

droplet transport.  

 



 

Figure 5.3: Increased vibration amplitude induces droplet transport by increasing mobility of 

trailing edge. Real-time positions of droplet edges (with respect to the droplet center at 0 ms) at 4 

g and 8.5 g demonstrate how these observed differences in slip and spread translate to net 

transport at 8.5 g. Note that at the leading edge, spread is in the positive direction (direction of 

net transport) and slip is in the negative direction, conversely, at the trailing edge, spread is in the 

negative direction while slip is in the positive direction. Additionally, slip is defined as the 

distance from maximum to minimum wetting, while spread is the distance from minimum 

wetting to maximum wetting in the next half of the cycle. 

 
We also observed that the total motion of the trailing edge was greater than the leading edge under 

both vibration conditions. Due to the curvature of the droplet and asymmetry of the ARC design, 

the pinning on the trailing edge is less than the leading edge during both wetting and de-wetting 

cycles. Therefore, this anisotropy accounts for the difference in displacement distances between 

edges. Unexpectedly, the spread (wetting) of the leading edge is actually reduced when the 

vibration amplitude is increased to 8.5 g. This observance initially seemed paradoxical, as net 

transport occurs at 8.5 g but not at 4 g. However, the maximum droplet footprint is larger at 8.5 g, 



as the total displacement of the trailing edge is increased to a larger extent by the higher amplitude 

vibrations. 

The increase of the droplet footprint size in response to a larger vibration amplitude is also 

consistent with established theory in vibrated sessile droplets.134,122,124 This observation likely 

results from the difference in pinning forces acting on the leading and trailing edges, as the 

increased energy in the larger vibrations is more easily dissipated through movement of the trailing 

edge (less pinning). This asymmetry indicates that the leading and trailing edges are mechanically 

linked by internal droplet forces (e.g. surface tension). The subsequent reduction in the slip of the 

leading edge suggests that the increased mobility of the trailing edge results in a reduction of 

pinning forces acting against the trailing edge during de-wetting. This change in forces would then 

be translated to the leading edge, reducing slip as observed in the data. 

5.2 ARC GATES 

The effects of duty cycle transitions were then employed to enable “ARC gates”, which can 

selectively pause droplet transport based on the signal of the applied vibrations. Droplet gates were 

developed by nesting a region with a higher (16.6%) duty cycle within a track composed of a lower 

(8.3%) duty cycle. Droplets driven by vibrations below the ARC threshold for the gate will pass 

through the transition from low to high duty cycle but will pause on the transition from 16.6% to 

8.3% duty cycle. When the vibration signal is increased above the ARC threshold for the gate, 

droplet transport will resume (Figure 5.4). Additionally, if a droplet is driven with a vibration 

above the ARC threshold for the gate before entering the gate, then it will pass through without 

stopping. 



 

Figure 5.4: Droplet gate selectively passes droplets. Droplets (10 µL) driven with a 70 Hz 

vibration of 4 g stopped at the gate (design - bottom right) until a vibration of 8.5 g was applied 

(top sequence). Droplets driven with a vibration of 8.5 g moved through the gate without 

stopping (bottom sequence). Center panels and gray dotted lines depict the track and gate with 

respect to the droplets. Blue and red dotted lines depict the leading and trailing edges of the 

droplets, respectively. 

 
Stopping droplets on an ARC chip was previously achievable by turning off the vibration signal. 

However, this would stop all droplets being transported on a chip, and selective movement of 

droplets was only possible if the droplets had different physical properties (i.e. volume).132 ARC 

gates provide the ability to pause a single droplet without affecting the transport of other droplets 

on chip, allowing for a variety of additional functions. For example, Figure 5.5 demonstrates how 

droplets with unique transport paths can be synchronized with ARC gates. On this chip, three 

droplets, each on a unique ARC path, are transported by vibrations below the ARC threshold for 

the gate. The transport of each droplet will be paused once it reaches the gate. This allows for 

droplets on longer paths, such as the droplet on the left, or droplets that are performing processes 

elsewhere on chip to continue their transport. Once all three droplets have lined up on the gates, 

the vibration amplitude is increased, resuming the transport of all droplets in a tight distribution.  



 

Figure 5.5: Droplet synchronization with ARC gates. Droplets transported on unique ARC 

paths with vibrations below the threshold of the ARC gate will pause at the transition from 

16.6% to 8.3% duty cycle (indicated by the white arrow). Droplets will remain indefinitely at this 

position in the ARC gate, which allows droplets on all transport paths to line up (ARC patterns 

are superimposed in gray). Increasing the vibration signal above the gate threshold continues 

droplet transport in a tight distribution. 

 
In addition to synchronization, these devices can also be applied on an ARC system to hold 

droplets over a detection region or sensor, controllably mix droplets in the same transport path, 

and control the timing of a droplet on chip. For example, two droplets can be controllably mixed 

on ARC gates (Figure 5.6). Without ARC gates, mixing two droplets with the same volume (or 

physical properties) would not be possible as the droplets would be propelled along the track with 

the same velocity and the distance between them would never be closed. With ARC gates, the first 

droplet is paused at the duty cycle transition, allowing the following droplet to advance on and 



merge with the first droplet. The subsequent droplet can also be held in place as required (i.e. until 

sufficient mixing has occurred).  

 

Figure 5.6: Droplet gates can mix droplets of the same volume. Two droplets (10 µL) are 

transported on an ARC track with a droplet gate. Both droplets are transported, maintaining their 

initial separation, until the first droplet comes to the droplet gate. The gate holds this droplet in 

place until the second droplet comes in contact. The droplets spontaneously merge, forming a 

larger droplet. The larger droplet is then held in place by the droplet gate until sufficient 

vibration amplitude is applied (5 g). Note that the larger droplet has a lower natural frequency, 

which requires a lower vibration frequency for transport (40 Hz). The track design is depicted by 

the overlay (gray) and the white arrows indicate where the transition from the 16.6% to 8.3% 

duty cycle occurs. 

 

5.3 ARC SWITCHES 

A transition in duty cycle changes the balance of pinning forces along one dimension of the droplet 

(between the leading and trailing edges). To understand how this balance of forces responds to 

changes in two dimensions, we added a second perpendicular track next to a main track. In this 

case pinning forces are acting on the leading and trailing edges of the droplet like a normal ARC 



device, but when the droplet reaches the perpendicular track, pinning forces will also act on one 

‘side’ of the droplet. We found this simple combination provides an intersection, or ‘switch’, that 

can dictate the direction of droplet transport based on the applied vibration signal (Figure 5.7).  

Previously, switches on ARC devices had been realized through pairing with electrowetting,77 but 

the devices presented here are the first to provide the capability of controlling droplet directionality 

with no active surface components. The threshold profile for ARC switches was determined as 

previously discussed. However, data presented here describes two thresholds – 1) the vibration 

required for a droplet to be transported through the intersection on the main track (straight) and 2) 

the vibration required for the droplet to turn onto the perpendicular track (turn). Expectedly, 

turning is more efficient when the duty cycle of the perpendicular track is higher than that of the 

main track (Figure 5.8). The directional thresholds indicate that the increased pinning of the 16.6% 

perpendicular track induced droplets to turn at the intersection with considerably lower amplitudes 

than switches with an 8.3% perpendicular track. Interestingly, droplets transported on switches 

with the 16.6% perpendicular track only turned when vibrations of 60 and 70 Hz were applied. On 

these switches, turning was also possible with 50 and 80 Hz vibrations, but, for all frequencies 

other than 60 or 70 Hz, droplets on switches with an 8.3% perpendicular track would rupture or 

bounce off the substrate before turning. It should also be noted that vibration parameters exist 

where droplets can both go straight or turn with some probability (e.g. within the standard 

deviation of the turn threshold). Therefore, it is more accurate to describe these parameters as 

“having a high probability” of driving the droplet straight through or turning at the intersection. 



 

Figure 5.7: ARC switches can select direction of droplet transport. Image sequence shows 

droplets transported on an ARC switch having a main track of an 8.3% duty cycle with a 

perpendicular track of a 16.6% duty cycle. Droplets transported at 50 Hz and 3.6 g (A) contact 

the perpendicular track but move straight through the intersection. Raising the amplitude to 7.6 g 

(B) reduces the aspect ratio, causing the droplet to turn at the intersection. Vibrations of 60 Hz 

and 3.9 g (C) also provide sufficient wetting and aspect ratio to turn the droplets at the 

intersection.  



 

Figure 5.8: Perpendicular intersection enables ARC switch. The ARC thresholds for 

transporting droplets straight through or turning at the intersection were measured for switches 

having main and perpendicular tracks with 8.3% duty cycle (A) and a main track of 8.3% with a 

perpendicular track of 16.6% duty cycle (B). The increased pinning of the higher duty cycle 

perpendicular track enabled droplets to turn at much lower vibration amplitudes. Light blue 

regions correspond to vibration parameters that drive the droplet straight through the 

intersection, while red regions correspond to parameters that turn the droplet at the intersection.  

 
Data gathered from videos of droplets on the switches (shown in supplementary information) also 

indicate that two conditions must be met for turning to occur. The first condition is that the droplet 



edges must expand enough to contact the perpendicular track (Figure 5.9). Although this condition 

is somewhat trivial, it suggests that these switches could innately sort droplets based on volume, 

as small droplets would be unable to sufficiently expand to contact the perpendicular track.  

However, the droplet width was large enough to reach the perpendicular tracks when the droplet 

went straight at 50 Hz. This observation indicates that another condition must be satisfied in order 

for droplet switching to occur. We also observed that raising the vibration amplitude increased the 

width of the droplet more than the length. The length-to-width aspect ratio (Figure 5.9B) 

demonstrates this trend, as this ratio is reduced with increasing vibration amplitude. Through these 

measurements, we see that a threshold aspect ratio appears to be present for turning to occur, as 

droplets transported with 50 Hz vibrations require an aspect ratio below 1.05 to turn. Although the 

spread and slip of each edge was not analyzed here, the observed changes in aspect ratio with 

increasing vibration amplitude are similar to the results of increasing vibration amplitude on the 

ARC gate, discussed previously. Meaning that the energy of increased vibration amplitude is 

distributed through the droplet where pinning is lowest (least resistance on the edges next to the 

ARC track). Furthermore, the shape of the droplets was always circular or elliptical and the 

formation of additional nodes was not observed. This indicates that a change in vibration 

mode135,126 is not responsible for the droplet response.  

 



  

Figure 5.9: Turning droplets depends on droplet width and aspect ratio. The length and width 

(insert) of droplets during maximum wetting were measured for switches with a 16.6% duty 

cycle perpendicular track. These data indicate that two conditions must be met for a droplet to 

turn: the width of the droplet during wetting must be large enough to contact the perpendicular 

track (this distance is indicated by the dotted grey line - A), and the aspect ratio (B) must be 

sufficient for pinning forces on the right edge of the droplet to dominate. 

 



This balance of forces is dependent on the ARC design (e.g. duty cycle and spacing) and the 

parameters of the applied vibrations. Future ARC designs will provide for a larger variety of switch 

profiles that could present a programmable platform with a high level of droplet multiplicity. The 

relationship between vibration frequency and the resulting aspect ratio of the transported droplet 

is not yet well understood but is an observation unique to our ARC platform. Future 

characterization of this phenomenon could further expand the capabilities of our ARC platform 

and could improve our understanding of fundamental droplet mechanics. 

5.4 DELIVERY JUNCTIONS 

Passing droplets from one track to another is an important capability that is necessary for mixing 

droplets processed on alternate paths or derived from very different sources. However, this 

function is non-trivial with ARC systems because simply merging two paths can create a local 

concentration of pinning forces (hydrophilic regions) that can impede transport through these 

regions (i.e. droplets get stuck). In order to provide this functionality to our ARC system, droplet 

junctions were developed that can deliver a droplet to an adjacent track without compromising 

transport of droplets on either track. This was accomplished by connecting the two tracks with 

hydrophilic guides. The spacing of these guides was adjusted to provide for delivery of a droplet 

from the terminating track without compromising the transport of droplets along the main track 

(i.e. if the guides are too close together droplets will get stuck at the junction, but if they are too 

far apart the droplet on the terminating track cannot be delivered to the main track). We 

hypothesize that the hydrophilic guides promote delivery from the terminated track by wicking or 

pulling the droplet edge towards the main track. When paired with the correct vibration signal, 

pinning forces on the main trail will overtake the droplet from the terminating track. Due to these 

interactions of droplets from different directions, two thresholds also exist for the delivery 



junctions: 1) Pass – the vibration amplitude required for the droplet to travel on the main track and 

pass the hydrophilic guides without getting stuck, and 2) Deliver – the vibration amplitude required 

to transfer a droplet from the terminating track onto the main track (Figure 5.10). Interestingly, the 

relationship of the pass and deliver thresholds appears quite similar to that for ARC gates.  

 

Figure 5.10: Delivery junctions can transfer droplets between tracks without impeding 

transport. Pass and delivery thresholds for delivery junctions with (A) 1115 an (B) 1015 µm 

separation between the terminating track and the main track. Thin hydrophilic guides (Ai and Bi) 

provide connectivity between the terminating track and main track without impeding transport of 

droplets on the main track. ARC thresholds (Aii and Bii) to pass a droplet on the main track by 

this junction and deliver a droplet across this junction were characterized for 10 µL droplets. 

  

Additionally, we discovered that these thresholds also provide distinct droplet behaviors when two 

droplets meet at this junction. Under vibration parameters that meet the conditions for passing the 

junction but not delivery, a droplet will be held at the junction while the droplet on the main track 



passes by. The droplets will remain separate, even though they appear to nearly touch, and the 

droplet at the junction can be later delivered with appropriate vibration signal (Figure 5.11A). 

However, if vibration parameters for delivery are applied, the droplets will merge at the junction, 

and the merged droplet will be subsequently delivered to the main track (Figure 5.11B). Thus, this 

seemingly simple configuration presents a large variety of possible functions that can be performed 

through strategic selection of vibration parameters. 

 

Figure 5.11: Delivery junctions can transfer, gate, and mix droplets. Droplets on a terminated 

track can be delivered to a main track with a delivery junction. At this intersection droplets can 

be (A) merged or (B) passed depending on the applied vibration signal. Most importantly, 

delivery junctions accomplish this functionality without impeding transport of droplets on the 

main track. 

5.5 CONCLUSION 

We demonstrate new expansions to the ARC functional toolbox with the development of ARC 

gates, switches, and delivery junctions. All three modules derive their utility by changing the 



balance of pinning forces between edges of a transported droplet, either in one or two dimensions. 

ARC gates can controllably pause droplet transport through an increase in pinning forces at the 

trailing edge of a droplet, ARC switches provide control over droplet direction at an intersection 

by applying pinning forces at a side edge of the droplet, and ARC delivery junctions use 

hydrophilic guides to transfer droplets between tracks without impeding transport. In short, this 

system combines a simple hardware platform with a sequence of sine wave signals. Expanding on 

this work, future ARC devices could perform complex protocols that require conditional 

processing steps, or sequential regimens. 



 APPLICATIONS IN CONSERVATION 

The work and devices presented thus far have broadened our understanding of droplet mechanics 

and improved the potential of controlling droplets with ARCs, but the real-world utility of this 

system has yet to be tested. Using a passive surface to control droplets, the ARC system does not 

have the level of programmability available to EWOD and would be best suited to a tailored 

application or regimen, similar to a paper microfluidic device. However, the ARC system is 

innately more complicated and would not be truly competitive against paper microfluidic devices 

for ultra-low-cost systems, such as in global health diagnostics.  Therefore, in their present state, 

ARCs would be most suitable for a niche of applications that require better sensitivity or more 

adaptability than paper microfluidic systems can provide but does not require the level of re-

programmability or addressability that is more advantageous to EWOD systems. Such a niche was 

found in conservation, and a collaboration was formed with Conservation X Labs, a non-profit 

conservation technology organization. The goal of this collaboration was to create a platform that 

could perform a rapid DNA test on a sample, in the field, with as few steps as possible, by a 

nonscientist. 

6.1 PRESSING PROBLEMS IN CONSERVATION 

Working with collaborators at Conservation X Labs, we identified three critical problems 

threatening the survival of sensitive species, which require new tools in order to reverse 

accelerating trends of human-induced extinction. The common fiber between all three applications 

is a crucial need for a field-deployable method that can rapidly provide a species-level validation 

or identification to a user with a limited scientific or technical background. 



6.1.1 Critical Problem 1: Wildlife and Timber Trafficking 

Transnational environmental crime is exponentially accelerating the rate of human induced 

extinction. The illegal wildlife and timber trade market, incited by increasing wealth in emerging 

economies, now measures in the billions of dollars and threatens the survival of iconic species. 

Demand for timber and wildlife products has rapidly increased, and has attracted transnational 

criminal networks who have modernized the illegal wildlife trade, making wildlife trafficking the 

fourth largest illicit economy in the world.153 The market for trafficked wildlife has become grossly 

profitable, with certain wildlife products exceeding the value of gold, platinum, or diamonds in 

end markets. Such trafficking also undermines the national security of countries, weakens the force 

of laws, hinders economic development, and promotes massive corruption at all levels of 

government. The exact cost of illegal logging and trade has been difficult to measure because there 

are few reliable statistics. In 2012, the United Nations Environment Programme (UNEP) and the 

International Criminal Police Organization (Interpol) estimated that annual losses globally from 

illegal logging are from US $30 to $100 billion,154 an amount equal to 10 to 30 percent of the total 

global wood trade. The loss of timber can create a cascade of extinctions in other endangered 

species, such as the Amur leopard and Siberian tiger.154 

6.1.2 Critical Problem 2: Seafood Fraud 

Overfishing, particularly illegal, unreported and unregulated fishing, as well as trafficking in 

marine products from threatened species has become an accelerating driver of species extinction. 

These activities are disrupting natural communities and depleting innumerable species - some to 

the brink of extinction. In a fishing industry that is inherently decentralized and global, the act of 

understanding seafood’s origins becomes much more critical. There is evidence that such fraud is 



widespread and much greater than previously imagined. Oceana, an international non-profit ocean 

conservation and advocacy organization, conducted a meta-analysis of 67 peer-reviewed studies 

performed in 20 U.S. states and Washington D.C., and found seafood species substitution 

averaging 22% but reaching 100% for some products.155 Oceana also conducted one of the largest 

seafood fraud investigations in the world to date, collecting more than 1,200 seafood samples from 

674 retail outlets in 21 states and found one-third (33 percent) of the 1,215 samples analyzed 

nationwide were mislabeled, according to U.S. Food and Drug Administration (FDA) 

guidelines.156 Another study found that 20-32% of wild-caught imported seafood in the U.S. comes 

from illegal, unreported and unregulated (IUU) fisheries.157 Further, there is evidence traffickers 

are “laundering” (labelling an illicit good as a legal product to bypass enforcement officials) 

endangered or vulnerable species as more sustainable choices, including sturgeon caviar sold as 

legal caviar, and bluefin tuna, blue shark, thresher shark, and skate substituted for legal products. 

Even products with eco-labels are not immune to fraud – some Marine Stewardship Council 

certified Chilean seabass was mislabeled as sustainable sourced, but was actually derived from 

other uncertified fisheries.158 

6.1.3 Critical Problem 3: Invasive Species Monitoring and Control 

Invasive species, defined here as a nonindigenous species that is widespread and has adverse 

effects on colonized habitat,159 can have disastrous impact on invaded ecosystems and the survival 

of native species. Invasive species are estimated to be the leading cause of extinction for birds and 

second leading cause of extinction for North American fish.160 It is estimated that over 50,000 

invasive species have been introduced to the United States throughout its history.161 In addition to 

threatening native ecosystems and habitats, invasive species are also responsible for an estimated 

$120 billion per year in the US in damage control costs.161 While considerable measures have been 



implemented to combat the introduction and spread of invasive species, successful eradication of 

an invasive is a Sisyphean battle. Eradication programs must often cover huge areas and sterilize 

or neutralize virtually every invasive individual capable of breeding without having an adverse 

effect on sensitive native species in the same area.162 This effort is incredibly costly, requires 

careful organization and eradication has really only be truly successful on isolated 

populations.162,163 Furthermore, following an eradication, measures must also be taken to insure 

that the invasive is not reintroduced.162 Therefore, the most successful strategy for dealing with 

invasive species is early detection – prevent the nonindigenous species from being introduced or 

identify and address the problem before the invasion becomes widespread.162,164,165 

6.2 CURRENT APPROACHES 

Identification and screening of illegal timber and wildlife products and seafood are traditionally 

reliant on visual taxonomic identification.154 However, this requires highly trained personnel that 

can distinguish key features of closely related species. For timber, even microscopic analysis by 

experts can only reliably provide genus level identification.166 Additionally, many marine and 

wildlife species are also processed into products (i.e. filets, powders, ground meat, or oils) that 

further complicate visual identification.  

Alternative approaches involve chemical analysis through mass spectrometry,167–173 near-infrared 

spectroscopy (NIRS),174–179 and detection dogs.180 Mass spectrometry analysis has been proven to 

be capable of differentiating timber at the species level,168,173 but there is great variation between 

individuals of the same species and results can be substantially affected by variables such as 

climate or nutritional availability.181 NIRS presents a simple, inexpensive option for screening and 

is already commonly used for determining material properties of wood,174,179 but this system also 



requires a large chemical reference database to be collected. Detector dogs have demonstrated 90% 

accuracy for distinguishing between two different species, but the dogs require extensive training 

to reach this point, and it is still unclear how many different types of species even a highly trained 

dog can distinguish.180 

Similarly, detection and monitoring of invasive species is typically performed through traditional 

field studies relying on identification and sampling from visual or auditory encounters.182 To 

expand the reach of these techniques, conservationists often recruit citizen scientists, or local 

individuals that are interested in protecting their natural resources and ecosystems but do not 

necessarily have technical training. Increased information from citizen scientists can help add to 

data systems tracking the expanse of invasive species, but the quality of this information has been 

shown to be only reliable to the genus level.183 

6.3 DNA BARCODING – THE BARCODE OF LIFE 

Traditionally, we define a species as a group of individuals that are reproductively compatible,184 

and historically, species groups were classified taxonomically (i.e. by their physical and behavioral 

traits, or phenotype),185 as the field of taxonomy long predates our knowledge of DNA and 

genetics. However, we now know that a ‘species’ is fundamentally a genetic concept. In 2003, 

Paul Hebert and his team at Guelph University proposed a method of molecular taxonomy using 

genetic ‘barcodes’.186 In this sense, DNA barcodes refer to genetic sequences that are unique to a 

species, but vary relative little, or are conserved, between individuals within a species group. 

Therefore, successful species barcodes depend on a divergence gap, or a separation between intra- 

and interspecies variation within the target sequence (due to similar temporal rates of mutation).187  

Herbert and his group identified the mitochondrial gene, cytochrome oxygenase 1 subunit I (COI) 

as the best candidate for a universal species barcode for animals (metazoans).186 The cytochrome 



oxygenase complex, composed of both mitochondrial subunits (including COI) and nuclear 

subunits, is responsible for the final step in cellular respiration.188 As a result, the mitochondrial 

and nuclear genes must all be compatible or a developmental failure (i.e. hybrid breakdown) will 

occur. Furthermore, new alleles in nuclear genes are introduced with every generation through 

sexual reproduction, whereas mitochondria divide asexually and mitochondrial genes typically 

change much faster than nuclear genes.188 Therefore, successful divergence, or speciation, within 

a population is dependent on the adaptation of these mitochondrial and nuclear genes to each 

other.188 In other words, COI is regarded as a good barcode or indicator of a species because its 

divergence rate is similar to speciation rates in metazoans186, but it is also theorized that the 

divergence of COI is a driver for speciation within a population.188 However, while COI is a 

capable marker for many species, it is not necessarily the best choice for all species. For some 

species groups, divergences in COI are in regions that are difficult to amplify or sequence and 

others, such as with Anthozoa or Porifera,187 divergence rates are too slow to provide sufficient 

intra- and interspecies differences for reliable identification. For these reasons, alternative 

mitochondrial genes such D-Loop189 and cytochrome b190 are also commonly used genetic targets 

for DNA barcoding (Figure 6.1).  

Similarly, mitochondrial sequences are highly conserved in plants, making them very poor species 

indicators. However, the survival of plants is not as closely linked to mitochondria as with 

metazoans but is dependent on a different plasmid – the chloroplast. As such, chloroplast genes 

serve as a better species barcode for plants, but divergence rates are still slower in chloroplast 

DNA compared to its mitochondrial counterpart and a single gene has yet to be identified that can 

provide definitive species identification with the level of near universality as COI.191–193 Therefore, 

a combination of barcode genes will likely be necessary to account for all plants, but a few singular 



chloroplast barcodes can provide reliable species identification within defined use cases. The most 

common barcode for plants is the chloroplastic maturase K (matk) gene, which can distinguish a 

large variety of species but is often difficult to amplify and sequence. Therefore, the chloroplastic 

ribulose 1, 5 bisphosphate carboxylase/oxygenase (rbcL) gene is also commonly used for many 

plants even though it is more conserved between species.191–194 

 

Figure 6.1: Plasmid DNA provides species specific genetic targets. Cytochrome-b, D-Loop, 

and COI genes in the mitochondria are commonly used barcodes for species identification. A 

250-base pair region of COI is identical between individuals of chinook salmon (Oncorhynchus 

tshawyscha) but exhibits a large number of mutations when compared to sockeye salmon 

(Oncorhynchus nerka), coho salmon (Oncorhynchus kisutch), and Atlantic salmon (Salmo salar).  

 
The work by Paul Hebert and his team lead to the creation of the Consortium for the Barcode of 

Life (CBOL), hosted by the Smithsonian Institution in an effort led by David Schindel and Scott 



Miller. CBOL oversees standards for DNA barcode and the data from these efforts. Barcodes 

accepted by CBOL are hosted by the Barcode of Life Data Systems (BOLD) at the University of 

Guelph and available for the international public.195,196 Following the development of this 

database, researchers have been successfully using DNA barcoding – the technique of comparing 

the barcode of an unknown specimen to the barcode references in BOLD, as a species identification 

tool.197–202  

The efficacy of using the COI gene to verify marine species has already been demonstrated with a 

98% identification success rate,197 and can provide regional as well as species level identification 

in some cases.202 Similar approaches have also been applied to identify timber samples with matK 

and rbcL.199,200 However, all of these molecular identification techniques are performed in 

laboratories with specialized equipment and highly trained staff.203,204 This approach requires 

samples to be collected and sent to a laboratory for analysis, during which time any illicit products 

will have continued along their distribution pathway and will be incredibly difficult to retrieve and 

connect back to the traffickers.  

6.4 VISION: BARCODE IDENTIFICATION TOOL 

The time delay for laboratory testing, combined with the limited number of facilities capable of 

maintaining chain of evidence and providing court admissible evidence, substantially limits the 

impact that DNA barcoding can bring to conservation efforts. In order for the potential of DNA 

barcoding in conservation and enforcement to be fully realized, this technique needs to be applied 

at the first point of interception, preventing illicit or fraudulent products from ever reaching the 

market. However, translating a technique performed by highly trained personnel in a fully 

equipped laboratory to a user with a limited technical background in the field presents many 



challenges. Furthermore, due to the relatively small commercial market that comprises 

conservationists and wildlife enforcement, this tool must also be scalable to additional markets 

and applications for such an approach to be sustainable. Therefore, a tool is needed that can provide 

a clear result, with the highest-ease of use, as rapidly as possible. As a result, this tool will not 

provide the fidelity of an expertly performed laboratory test but rather enables implementation 

with a broad user base to maximize the impact of this approach, which can serve as a powerful 

triage tool for detecting high priority samples. 

Based on these requirements, it is unrealistic, if not naïve, to think that a single device could serve 

as a universal DNA test system for all sample types and all user bases. As such, it is necessary to 

create a modular platform with an architecture that can accommodate individually modifiable or 

replaceable components. The key components of the envisioned DNA Barcode Identification Tool 

(DNA BIT) platform (Figure 6.2) will be a portable driving unit and a disposable cartridge. The 

driving unit will be composed of a user interface, control hardware (e.g. a microcontroller or 

microprocessor board with embedded software), and on-board sensors (e.g. GPS, temperature, 

humidity, carbon dioxide, and pressure) for environmental variables of concern to the sample test 

or use case. The disposable cartridge will initially be composed of the on-chip sample handling 

and amplification components described in the proceeding chapter. However, this architecture 

provides for an extremely adaptable system. While the chemistries for species targets can be 

exchanged like existing field-ready DNA test systems that use tubes or paper205, the cartridge 

format allows for facile integration of future developments in MEMS, micro- and nanosensors, 

and microfluidic technologies to address additional use cases. Finally, this architecture and 

approachability to a broad user base allows this platform to serve not only as a screening tool but 



also as powerful sampling tool – incorporating and organizing metadata from on-board sensors 

and user input with tests results to create an extensive database.  

 

Figure 6.2: DNA BIT architecture.  The primary physical components of the DNA BIT are a 

portable driving unit and a disposable cartridge. The cartridge will handle applied samples and 

perform the desired tests while the driving unit will control the devices housed in the cartridge, 

collect data from additional sensors and interface with the users. This format allows metadata 

from the user and additional sensors to be paired with the result of the test for upload to an 

organized database. 



 DEVELOPMENT OF THE DNA BARCODE 

IDENTIFICATION TOOL 

The goal of this work is to develop a new technology that allows for barcode sequences of timber, 

wildlife, marine products and environmental samples to be verified upon first contact with law 

enforcement, customs, or conservation officials. To accomplish this, advances in global health 

research205 will be leveraged to enable a point of contact (POC) DNA barcode identification tool 

(BIT). This device is intended to be a screening tool for conservation. Therefore, the tool does not 

need to have medical-grade accuracy but must be simple and automated to fit into the process flow 

of a law enforcement or customs official. 

7.1 AMPLIFICATION TECHNIQUE 

Currently, DNA barcoding approaches accomplish species identification by processing and 

amplifying a sample in the laboratory with traditional polymerase chain reaction (PCR) techniques. 

The amplicons produced from these reactions are then sequenced or measured for fragment 

length.206,207 The sequencing reads or fragment analyses are then compared to reference samples 

to provide a definitive species identification. However, in the field, a definitive species 

identification is rarely necessary. Rather, users are often more interested in validating the presence 

of a target species or distinguishing a species from a small number of alternatives. For example, 

in seafood inspection the user is interested in confirming that the product is consistent with its 

label rather than determining exactly what species the product came from. Similarly, in invasive 

species monitoring, a user is more interested in determining if the target species was present or not 

rather than profiling the entire biodiversity of the sample. Therefore, a qualitative result for target 

species is sufficient for this application.  



This approach allows for the implementation of isothermal amplification. Compared to PCR, 

which amplifies DNA through a thermocycling process, isothermal amplification amplifies target 

DNA by maintaining a single temperature throughout the reaction process (Figure 7.1).208 The 

thermocycling process in PCR consists of denaturing, annealing, and extension phases. Wherein, 

the double stranded DNA is first denatured or separated – allowing molecular probes (primers) to 

access target sequences, the molecular probes then hybridize as the DNA strands anneal back 

together, and finally a polymerase enzyme extends the 3’ end of the molecular probes. The number 

of target sequences is essentially doubled through each of these thermocycles,209 exponentially 

amplifying a target sequence into many identical copies (amplicons). In isothermal amplification, 

target sequences, or in some cases the molecular probes, are continuously being replicated 

throughout the entire reaction process. In most cases, isothermal amplification reactions result in 

a large DNA product, rather than many identical amplicons. Furthermore, because isothermal 

amplification is continuous and not staged in cycles, the formation of a detectable DNA product 

occurs much more rapidly compared to traditional thermocyclic PCR.210 The large DNA products 

formed during isothermal amplification often allow for detection methods that target the by-

products of the reaction, such as hydrogen (pH)211 or pyrophosphate.212 These alternative detection 

approaches, which can be performed with minimal equipment or with the naked eye, have made 

isothermal amplification methods very popular for use in low resource settings and in point-of-

care diagnostics.146,147 Similarly, the simplicity of a single temperature step, rather than requiring 

a control system to enable thermocycling, has made isothermal amplification a popular choice for 

integration in microfluidic systems.210 



 

Figure 7.1: Comparison of thermocyclic PCR to isothermal amplification. PCR amplifies 

DNA through a series of discrete steps, resulting in a large number of identical amplicons. 

Whereas in isothermal amplification, DNA is being replicated continuously, typically this 

process produces large DNA products of various length.  

 
While isothermal amplification is distinct from PCR, this method of nucleic acid amplification has 

been achieved with a variety of different techniques that all have their advantages and 

disadvantages. This work focuses on the development of molecular probes for an isothermal 

amplification technique called loop-mediated isothermal amplification (LAMP).  

LAMP was chosen as a model amplification technique for this tool because LAMP has one of the 

fastest reaction times of isothermal amplification techniques, producing detectable product in as 

little as 15 minutes,213 LAMP does not require additional enzymes or proteins for the probes to 

reach their target or require a single stranded target, and LAMP produces copies of the target and 

regions between the target sequences.210 LAMP amplification is achieved through the use of four 

to six primers (Table 7.1) and typically uses a version a Bacillus stearothermophilus (Bst) 

polymerase, or similar polymerase with strand displacement that has an optimal efficiency between 



60 and 65 °C.210 The forward inner primer (FIP) and backward inner primer (BIP) are composed 

of three regions. Regions F2 and B2, on the 3’ end of these primers, bind to the sense and anti-

sense strands of target DNA, respectively, at complementary sites (F2c and B2c). The regions on 

the 5’ end, F1c and B1c, self-bind to F1 and B1 regions, respectively, once the 3’ end of the FIP 

and BIP is extended, forming a loop structure.214 The loop region between F2/B2 and F1c/B1c 

regions is typically composed of a poly-T region or a non-specific sequence. This region provides 

room for the loop to form, improving the favorability of the F1c/B1c to F1/B1 self-binding. 

Without this spacing region, the self-binding event would create a lot of strain on loop, ultimately 

slowing or preventing the reaction.214 The second primer pair are the F3 and B3 primers, which 

are much like standard PCR primers. These primers bind to F3c and B3c regions that are behind 

(in the 5’ direction) of the F2c and B2c regions, respectively. Extension of these primers from the 

3’ end will displace FIP and BIP from their target regions.214 The final primer pair is optional, but 

can increase the reaction rate of LAMP for more rapid detection. This primer, LF and LB, binds 

to the loop region in BIP and FIP primers.215  

Table 7.1 LAMP Primers and Functions 

 

Although there are no cycles in LAMP, as binding and extension will be occurring continuously, 

the amplification reaction is divided into stages. In the first stage, the F2 region of the FIP primer 

will bind to the F2c target and the polymerase will extend the 3’ end across the F1c, B1, B2 regions 



and onward along the sense target  (Figure 7.2A – note that this step is also happening with the 

BIP primer on the antisense target).214 When the F3 primer lands on the F3c region, the polymerase 

will extend the 3’ end, displacing the FIP primer and its extension. This displacement exposes the 

F1, B1c, and B2c regions, which are identical copies of the corresponding regions on the anti-

sense target (Figure 7.2B). This allows the F1c region of the FIP primer to self-bind to the exposed 

F1 region, creating a loop. The BIP primer is also able to land on the exposed B2c region as well 

as the B3 primer on the exposed B3c region.214 Extension of the BIP primer, followed by extension 

of the B3 primer to displace the BIP, results in a dumbbell structure with two loops (Figure 7.2C).  

However, one loop on this dumbbell is the complement to the FIP primer and has a 3’ end that can 

be extended, creating a hairpin structure with exposed F2c in the loop (Figure 7.2D). Binding and 

extension of another FIP primer to this site displaces a strand of this hair pin, allowing the region 

complementary to the BIP form a loop, terminated with a 3’ end (Figure 7.2E). Extension of this 

end creates two products, one of which will enter a stage wherein binding of FIP or BIP primers 

will continue displacing and extending these hairpins, creating many cauliflower shaped products 

of increasingly larger length.214 The other product is another hairpin structure that after two cycles 

of binding and extension by the BIP/FIP primers, will create a product that is identical to that in 

Figure 7.2D. 



 

Figure 7.2: Schematic of loop-mediated isothermal amplification (LAMP). Extension of FIP 

creates a copy of target sense (A), which is displaced by extension of primer F3 (B). Extension 

of BIP and displacement by primer B3 on the displaced copy releases an oligomer that forms a 

dumbbell (C). Extension of the F1 end of this dumbbell creates a hairpin with an exposed F2c 

region (D). Extension and displacement by FIP creates an additional loop (E). This process 

continues, forming increasingly larger products and small products that repeat this cycle. 



In this amplification process, there are six distinct regions (F1, F2, F3, B1, B2, and B3) that must 

be present in a sample target in order for amplification to occur, compared to the two regions that 

are necessary for amplification in PCR.214 However, the bst polymerase exhibits a lower fidelity 

than the Taq polymerase typically used for PCR.210 This results in increased likelihood of errors 

in the amplified products.  

For the purposes of qualitative species test, the specificity must come from the primers and no 

sequencing is necessary. As the user will likely want a result as fast as possible, the advantages of 

LAMP outweigh the disadvantages, and this amplification method is a very promising approach 

for species identification in conservation. Furthermore, LAMP reactions have been shown to be 

more robust than traditional PCR under certain conditions,216 and LAMP tests have already been 

developed for point-of-care diagnostics, demonstrating their ability to perform outside the 

laboratory in field conditions.217–219 These additional characteristics are particularly attractive for 

the sample types and conditions likely to be encountered in the field.  

7.2 SAMPLE TYPES AND TARGETS 

The first step of any DNA test is to extract DNA from the sample. While many standardized DNA 

extraction methods have been developed, almost all of them require some form of specialized 

laboratory equipment to provide amplifiable DNA.220 The challenges of getting amplifiable DNA 

can also come in the form of entrapment, inhibition, or a combination of both. For many samples 

the target DNA is enclosed within the cell, contained within a cell membrane or cell wall. For 

some samples this physical barrier can be extremely difficult to disrupt, particularly without 

damaging the target DNA. This problem makes the collection of amplifiable DNA from samples 

with low template or potentially degraded template, like timber, especially challenging.221–224 

Inhibitors slow or prevent an amplification reaction and originate from the sample itself or from 



the chemicals and equipment used during the DNA extraction process.225 For example, many 

timber and soil samples contain phenolic or polyphenolic compounds that are known 

inhibitors223,226, and compounds like ethanol, isopropanol, sodium hydroxide commonly used for 

DNA extractions have also demonstrated inhibitory effects.227 Overcoming inhibition is a difficult 

challenge because inhibitors come in many forms and act through a wide variety of mechanisms. 

Inhibitors can bind, degrade or denature the DNA polymerase, or alter the ion composition of the 

solution.228 These effects often reduce the amplification efficiency of the reaction and can be 

identified by noting the amplification rates of a real-time PCR reaction.229,230 Inhibitors also bind 

or degrade template DNA,228 which causes the copy number to appear lower than what is actually 

present or push the number of amplifiable targets below the detection limit for the reaction.229,230 

With these considerations in mind, it becomes obvious that an extreme range of heterogeneity will 

exist among all the possible types of samples that will be encountered in the field. Therefore, it is 

important to understand the level of difficulty that extracting amplifiable DNA from a potential 

sample will incur, particularly when developing a device meant to perform this amplification in 

the field. For simplification, sample types have been classified as DNA-Ready, DNA-Confined, 

and DNA-Locked (Figure 7.3). DNA-Ready describes the easiest use case that can be encountered 

wherein the DNA is already exposed and few inhibitors are present in the sample. This type of 

sample is most similar to a DNA extract that would be obtained after a laboratory extraction 

process. Samples collected for environmental DNA (eDNA) analysis,231–233 or from carefully 

collected swabs234 can also provide target DNA that does not require further sample preparation. 

DNA-Confined samples refer to a majority of samples that are likely to be encountered. This 

classification describes samples of whole cells that contain DNA within intact membranes or thin 

cell walls. Therefore, the DNA must be liberated through a cellular lysis process. Samples in this 



group will also likely contain a variety of inhibitors that require some processing but can be 

separated or purified with known techniques.228 DNA-Locked is the classification of samples that 

is the most difficult to acquire DNA from. For samples in this group, DNA is bound or entrapped 

in thick cell walls, dense tissue, or surrounded by a plethora of inhibitors. DNA is very difficult to 

extract from dense tissue (pulverization, such as with ivory samples,235 is often used as a pre-

treatment for DNA extraction). Inhibitors from samples in this group are also extremely 

challenging to deactivate or separate. As such, for some samples that would fall in this group, like 

timber from tropical hardwoods,223 there are still no laboratory techniques that can provide 

amplifiable DNA.  

 

Figure 7.3: Classification of sample types. Sample types that are commonly encountered by 

conservationists and enforcement officials were broken into DNA-Ready, DNA-Confined, and 

DNA-Locked groups based on the difficulty of acquiring amplifiable DNA from a sample.  

 
Looking at the sample types from this viewpoint, it was determined that DNA-Locked samples 

still required a fair amount of basic science research to identify more accessible methods of 

providing for DNA extraction. Therefore, this work looks to develop a system that can enable a 



test for DNA-Confined samples by applying established methods of DNA extraction and 

purification to an on-chip platform. As such, successful amplification on this platform can also be 

applied to DNA-Ready sample types.  

7.3 INITIAL PROTOTYPE 

The first step in the development of this tool was to design the chip that would be used to perform 

the test. The initial design employed two ARC tracks connected by a delivery junction. One ARC 

track would terminate at a hydrophilic zone on top of a microheater. The second ARC track would 

be separated from the microheater by a delivery junction. With this configuration, a sample droplet 

would be placed on the track connected to the microheater and a buffer droplet would be placed 

on the track connected to the delivery junction. The sample droplet would contain a sample with 

target DNA that could be extracted and purified with thermal lysis and the buffer droplet would 

contain the polymerases and other temperature sensitive reagents necessary for LAMP. Therefore, 

the regimen of an automated test would be 1) Transport sample to heater, 2) Lyse sample at 95 °C, 

3) Reduce temperature to 65 °C, 4) Deliver buffer with reagents to sample, initiating LAMP 

(Figure 7.4). 

 

Figure 7.4: DNA BIT chip prototype schematic. (A) The ARC chip is composed of the ARC 

pattern (green), microheaters, and dehydrated reaction components. (B) One droplet transports 

the sample to the microheater for lysis. Another droplet reconstitutes thermally sensitive reagents 

(e.g. enzymes and molecular probes) at the delivery junction. (C) After lysis, the second droplet 

is transported across the junction to deliver reagents for isothermal reaction. 



The chip fabrication is performed on glass wafers, providing for a transparent window to facilitate 

optical detection. Additionally, glass is a superior thermal insulator to silicon, which will better 

isolate high-temperature regions spatially when the microheaters are operated. Specifics on the 

fabrication of these chips is provided in Appendix A. In a field-ready version of this chip, 

surfactants, lysis enzymes, and components that are not temperature sensitive will be lyophilized 

over the microheater while polymerases and other reagents that will be degraded or denatured by 

the thermal lysis will be lyophilized over the delivery junction.  

7.3.1 Portable Driving Unit 

A field-deployable system must be taken out of the laboratory. While all previous characterizations 

and demonstrations of ARC transport was performed on a large linear electric motor in the 

laboratory, it was necessary to demonstrate that the droplet can be driven with a portable system. 

A driving unit was developed based on a DC solenoid that was controlled with an Arduino Uno 

(Figure 7.5). The voltage supplied by the Arduino signal is not sufficient to actuate the solenoid 

on its own, so an N-channel metal-oxide-semiconductor field-effect transistor (MOSFET) is used 

as a precision switch to connect the power supply directly to the solenoid. The signal from the 

Arduino is thus applied to the gate of the MOSFET, metering power to the solenoid in pulses of 

the desired frequency. With this configuration, the waveform delivered to the solenoid is in the 

shape of a square wave. However, the spring in the solenoid acts like a low-pass filter, smoothing 

the wave and delivering a sinusoidal waveform (characterizations of these waveforms are shown 

in Appendix E). A housing unit for the electronics and solenoid and a cradle to hold the chip was 

3D printed (Figure 7.5B). ARC chips inserted into the cradle can be operated with the Arduino 

controlled solenoid (Figure 7.5C). 



 

Figure 7.5: Portable driving unit.  Circuit schematic shows the configuration used to drive the 

solenoid with an Arduino Uno. The requirement of only a single pin to operate the ARC device 

allows for future integration of many more components on this platform (A). A 3D printed 

casing houses the electronics, supports the solenoids, and provides a cradle to connect ARC 

chips to the solenoid piston (B). Droplets are driven on a circular ARC pattern with the portable 

driving unit at 50 Hz (C).   

7.3.2 Microheater optimization 

Microheaters are composed of molybdenum with a thickness of approximately 350 nm. Multiple 

designs of the microheater were examined to optimize the efficiency of the system.  In this case, a 

balance between power consumption and voltage must be carefully considered. Reducing the 

amount of material reduces power consumption, but also increases the resistance of the 



microheater. When resistance is increased, a higher voltage is required to conduct sufficient current 

through the device to hit target temperatures. At a certain point, the required voltage will be too 

high for a portable device to be practical.  

Designs evaluated here consisted of thick (250 µm width) and thin (25 µm width) leads that formed 

the microheater through a single (short) or triple (long) winding (Figure 7.6). The short thick 

microheater exhibited the lowest resistance and required the lowest voltage to hit the temperature 

targets. Conversely, the long thin heater exhibited the highest resistance and required the highest 

voltage to hit the target temperature. If the microheater was the only component of this system, it 

would be expected that the short thin microheater would be the most power efficient, as it would 

be the smallest amount of the resistive heating material that is required to be heated. Consequently, 

the long thick heater, with the largest mass of molybdenum, would be expected to be the least 

efficient. However, in this case the microheater must also heat up the entire region of glass about 

which the droplet will be present. The mass of this glass will remain constant, regardless of the 

microheater design, and the glass will also be cooling to the outside environment. As such, it was 

discovered that both thin heaters and the thick long heater all exhibit similar power efficiencies for 

heating the system to the lysis temperature of 95 °C and the LAMP reaction temperature of 65 °C. 

However, the short thick heater had a slightly higher power consumption than the other three, 

particularly at the higher 95 °C temperature target. Interestingly, the heater that was expected to 

be the least efficient exhibited the same efficiency as the heater expected to be the most efficient. 

This effect is likely due to the surface area of the heater offsetting the cooling rate of the glass 

chip.  



 

Figure 7.6: Microheater design and performance. Thin-film (350 nm) molybdenum 

microheaters with a width of the 250 µm (A, B) and 25 µm (C, D) tested for voltage (E) and 

power consumption (F) required for heating glass substrates to 65 and 95 °C. While voltage was 

a function of resistance, power consumption was similar for all heaters except the short thick 

heater. 

 
Although the thin heaters would be more efficient on their own, a similar amount of energy must 

be delivered to them in order to maintain the temperature of glass regions not covered by the heater 

traces. Continued optimization could further improve the efficiency of the heaters, the performance 

of the long thick heater was suitable for the goals of this work and decided on as the model heater 

for use in subsequent experiments. 

Thermal images of the long thick microheater at target temperatures show that the glass substrate 

also provides sufficient insulation to isolate the higher temperature region around the heater 

(Figure 7.7). Localizing the temperature increases the efficiency of the system, but, more 

importantly, insures that temperature sensitive enzymes lyophilized on the droplet junction will 

not be exposed to higher temperatures during sample lysis.  



 

Figure 7.7: Microheaters in glass produce isolated thermal gradient. Heating to (A) 65°C and 

(B) 95°C provides a temperature gradient with high-temperature regions isolated around the 

microheater. Microheater image is superimposed on thermal image.  

 
Power consumption measurements also indicate a routine isothermal test (5-minute lysis and 20-

minute amplification) will consume 0.30 Wh. This is on the order of the power consumed by a cell 

phone screen on low brightness and will allow for an average of 30 tests to be conducted with a 

commercial 9V battery on a single charge. 

7.3.3 Chip Performance 

The chip design shown in Figure 7.4 was fabricated with an integrated microheater with the glass 

substrate. This chipset demonstrated that the device performed as predicted – the ARC tracks could 

transport water droplets and the delivery junction properly gated and delivered droplets to the 

microheater (Figure 7.8). The microheaters also exhibited the same performance as characterized 

in Figure 7.6 and Figure 7.7. While these measurements demonstrated that the chip met key 

performance goals, it was yet to be shown that this system could ultimately provide for isothermal 

amplification. 



 

Figure 7.8: Delivery junctions enable process regimen. Two droplets are (A) transported 

towards the microheater, but one is (B) held at the junction until the (C) vibration signal is 

changed to deliver the droplet across the junction and merge with the droplet on the microheater. 

Junction characterization (D) shows transport and delivery thresholds for 10 µL droplets. The 

dots indicate the vibration parameters applied when images B and C were acquired. Design 

overlay depicts superimposed image of photoresist. Error bars indicate ± standard deviation.      

7.4 DROPLET HEATING  

The fundamental driver for isothermal amplification is a stable temperature within the functional 

range of the polymerase (about 60 to 68°C for bst and LAMP). Therefore, the thermal profile of 

the droplet must be within this range, preferable with a narrow tolerance, when heated by the 

microheaters. While measuring the two-dimensional temperature profile on a chip is manageable 

with a thermal imaging camera, determining the three-dimensional temperature profile of a heated 

droplet empirically is much more challenging. Therefore, a finite element model was created to 



predict the temperature uniformity of droplets heated on chip. The effects of convection were 

applied to this model by determining the heat transfer coefficient at the air water interface. This 

coefficient was derived from the Nusselt number of a droplet in an air.236,237 
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      (7. 1) 

 
In Equation 7.1, Pr is the Prandtl number (the product of specific heat capacity and dynamic 

viscosity divided by the thermal conductivity of the fluid - Cpµ/k) and Re is the Reynold’s number 

(the product of the velocity and contact length divided by the kinematic viscosity of air - VD/v). H 

is the heat transfer coefficient and D is the diameter of the droplet and k is the thermal conductivity 

of air (0.02 W/m·K).238 In our case, with droplets heated on a static surface, the velocity of air 

moving across the droplet is assumed to be zero or near zero, and the component with the 

Reynold’s number drops out. This leaves us with a very simple equation to determine the heat 

transfer coefficient of a static droplet in ambient air. However, this coefficient is dependent on the 

size of the droplet (Table 7.2). 

Table 7.2: Heat transfer coefficients of droplets 

 
 

This model demonstrates that the small droplets reach the target temperature within about 30 

seconds, but larger droplets take about a minute to equilibrate. Small droplets also show a more 

uniform temperature profile, with the entire volume of 5 and 10 µL droplets within 3 degrees of 

the target temperature, while less than 50% of the larger 25 µL droplet is within 5 degrees of target 

temperature (Figure 7.9). However, this model does not account for the effects of Marangoni 



flows239 or contact angle hysteresis240 that occur in response to droplet heating and it is still unclear 

what fraction of a droplet must be at the target temperature to enable amplification. 

 

Figure 7.9: Temperature profile is less uniform for larger droplets. Finite element models for 

temperature profiles of 5, 10, and 25 µL droplets (A) show that smaller droplets exhibit a tight 

temperature tolerance when heated, but only a small volume fraction of larger droplets stays 

within the target temperature range (B). Smaller droplets also reach equilibrium more rapidly 

when heated (C).  

 
Furthermore, these models do not account for evaporation, which is a critical concern for heating 

droplets in this open configuration. Anecdotal evidence of droplets at room temperature suggested 

that this evaporation rate was slow enough that sufficient volume would be maintained long 

enough for a 15 to 20 minute reaction. While quantitative measurements of this evaporation rate 

confirmed this observation for droplets at room temperature, they also showed that evaporation 

rates for heated droplets are far too high for a reaction to occur on this time frame (Figure 7.10).  



 

 

Figure 7.10: Evaporation rates of heated droplets. Time-lapse frames demonstrate how 

heating at 65 and 95 °C affects droplet volume compared to room temperature (A). While the 

volume of droplets at room temperature persists for almost two hours, droplets heated to 65 or 95 

°C are completely evaporated within 15 minutes. 

 



7.5 TOP-PLATE CHARACTERIZATION 

Droplet heating measurements demonstrated that additional measures must be taken to sufficiently 

reduce evaporation rates to enable an isothermal amplification. However, the addition of a top 

enclosure to slow evaporation rates will likely contact the top of transported droplets. In order to 

understand how this confinement affected ARC transport, a 3-D printed fixture was constructed to 

hold two chips with a known separation.  

The ARC threshold required to initiate transport was characterized as described in Chapter 3 and 

the transport of droplets in the set-up was also recorded. The configurations used in this test 

consisted of the ARC pattern on bottom and hydrophobic coating on top (ARC-FOTS) and the 

ARC pattern on both top and bottom (ARC-ARC). Separations of 2 and 2.5 mm were also used 

for both of these configurations with 8, 13, and 18 µL droplets (Figure 7.10). Measurements of 8 

µL were only recorded with the 2 mm plate separation because 8 µL droplets did not contact the 

top plate when separated by 2.5 mm. Qualitatively, droplets transported in this configuration 

appear more ‘pillar’ like, with leading and trailing edges on both plates and a liquid node 

oscillating back and forth between the two plates. ARC threshold measurements demonstrate that 

droplets transported in the two-plate system require a larger vibration amplitude for transport at 

low frequencies, but at the upper end of the functional frequency range of the open plate system, 

a cross over occurs and the two-plate system becomes more efficient (Figure 7.10).  



 

Figure 7.10: ARC threshold is dependent on separation distance with a two-plate system. 

Droplets transported between two plates (A) exhibit a higher ARC threshold at low frequencies, 

but lower ARC threshold at higher frequencies, as well as a larger functional frequency range (B-

D). This trend also repeats as the separation distance between plates is reduced. These 

observations are consistent for both ARC-ARC and ARC-FOTS configurations and all droplet 

volumes. 

 
The functional frequency range for the two-plate system is also much broader than that of the open 

system. As the separation distance is reduced, a similar trend occurs – the ARC threshold is higher 



at low frequencies but crosses over near the end of the functional frequency range of the two-plate 

system with a larger separation. While droplets appeared more stable with the ARC-ARC 

configuration (de-pinning from the top plate was observed during some vibration cycles with the 

ARC-FOTS system), no quantitative difference in performance was observed. 

Interestingly, transport on the top plate system also appears to be independent of droplet volume 

(Figure 7.11). Plotting these measurements on the same axes shows aligned ARC threshold profiles 

extremely similar to the results of non-dimensionalization described in Chapter 3.  

 

Figure 7.11: ARC threshold is independent of droplet volume in two-plate system. ARC 

threshold values are similar for droplets of different volume (A) transported in 2.0 mm (B) and 

2.5 mm (C) tracks.  

 
This data suggests that the two-plate system normalizes the length scale of the droplets. In other 

words, while the distance between leading and trailing edges will increase proportionally to droplet 

volume, the distance that the liquid node must travel is constant (e.g. regardless of the droplet 

volume, the distance between plates remains the same). However, there are limits on this 

normalization effect, and measuring a broader range of droplet volumes would likely show a 



bandpass (or ‘volume-pass’) effect where droplets too small to contact the top-plate or too large to 

sufficiently respond to the ARC track will not be transported, but all volumes in between will 

exhibit a similar ARC threshold profile. Practically, this attribute could be extremely beneficial 

for a user-friendly device, as it would allow a very large tolerance for the application of droplets 

by a user that does not have access to precision pipetting equipment. 

Lastly, the velocity of droplets transported under these configurations was also determined. 

Interestingly, these measurements suggest that velocity on the two-plate system is correlated to the 

vibration frequency (Figure 7.12), rather than being a result of droplet resonance as suggested in 

Chapter 3.  

 

Figure 7.12: Transport velocity is correlated with vibration frequency on a two-plate system. 

Transport velocity trends upward with increasing frequency on two-plate systems with 2.0 (A) 

and 2.5 mm (B) separations. The local maxima that occur for some frequencies suggest that 

resonance effects are also at play in these systems as well.  

 
This result is likely due to the tethering of the droplet to both top and bottom plates. The movement 

of droplet edges is almost perfectly out of sync, so the leading edge on one plate cannot advance 

too far ahead of the other in any particular vibration cycle. Thus, the droplet appears to consistently 

advance by one rung on each plate throughout each vibration cycle. Therefore, increasing 

frequency results in the droplets taking regular steps of the same distance more quickly. However, 



these plots also show local maxima occur in velocity for some frequencies, indicating that 

resonance effects still play a notable role, albeit comparatively diminished, in two-plate systems 

as well. 

7.6 REAGENT DELIVERY 

Having demonstrated that the ARCs and microheaters can be successfully integrated and that 

transport in a confined two-plate system is controllable and predictable, the next step was to 

determine how well ARCs could transport real reagents for an isothermal reaction. A mix 

containing all the ions, polymerases, and dNTPs required for a LAMP reaction was actuated on an 

ARC pattern. Immediately it was observed that the reagent droplet spread out across a larger area 

than a water droplet, indicating reduced surface tension (Figure 7.13).  

Comparing the response of a water droplet to a droplet containing these reagents, we see that the 

edges of the reagent droplet exhibit very minimal edge displacement throughout vibration cycles. 

This droplet response effectively prohibited droplet transport in this configuration. However, the 

droplets still seemed affected by the ARC pattern, and it was discovered that transport can be 

achieved by added a slight inclination to the substrate (Figure 7.14). It should also be noted that 

this inclination was too small to independently initiate slip or movement of the droplet on these 

substrates and the droplet would not follow a defined path without the ARC pattern, which 

indicates ARC transport of the reagent droplets is due to the combination of vibrations and 

substrate inclination, rather than either of these features on their own.  

 

 



 

Figure 7.13: Droplet edges of master mix exhibit extremely small oscillation in response to 

vibrations. Edges of a water droplet (A) oscillate and exhibit pronounced differences in contact 

angle between wetting and de-wetting phases. Isothermal reagents (B) have substantially reduced 

surface tension and do not exhibit nearly as large of an edge oscillation as water droplets. 

 



 

Figure 7.14: Substrate inclination provides for vibration-controlled transport of master mix. 

Tilting the substrate in the direction of desired transport by 5, 10 and 15° enables controlled 

transport of isothermal master mix (A). The ARC threshold is lower as the incline is increased 

(B) and the transport velocity is observable higher with increasing incline.   

 

7.7 IMPROVED ARC ISOTHERMAL PROTOTYPE 

 Informed by the results of the previous sections, a cartridge style format was developed to enclose 

the droplets with a top-plate and silicone elastomer (polymethyldisiloxane – PDMS) gasket. While 

this enclosure slowed evaporation to some extent, condensation became a major issue, and large 

amounts of liquid were condensing on the edges of gasket. To account for all these findings, the 



chipset was redesigned. A heater was added to the top-plate and the design of the heater was 

extended to outline a larger region. This design warmed regions of the chip outside the droplet to 

reduce condensation during amplification but did not reach temperatures high enough to risk 

damaging temperature sensitive reagents (shown in Appendix E). The ARC pattern was adjusted 

to minimize open air space in the chamber. With this design, the sample droplet will be deposited 

directly to the heater while the reagent droplet will be deposited on the ARC track (Figure 7.15). 

Following high-temperature lysis of the sample, the reagent droplet will be transported to the 

sample and heater to initiate amplification. In an effort to further reduce condensation, the gasket 

is designed to surround the microheater, reducing surface area when contacting the sample and 

reagent droplet. Fabrication of this prototype demonstrated that the reagent droplet could be 

successfully transported to the sample. It was also observed that, while some evaporation still 

occurred, liquid volumes persisted for up to 30 minutes.  

Samples containing copies of a synthetic barcode template were used to test the ability of this 

system to drive an isothermal amplification with LAMP primers (detailed methods can be found 

in Appendix A). Amplification at 65 °C was driven by the microheaters after the delivery of 

reagents to sample. The volume of this mixture was collected after 20 minutes and measured with 

a qPCR. These measurements indicated that the ARC chip successfully amplified the sample target 

with a similar efficiency as a qPCR for samples containing as little as about 6000 initial copies 

(Figure 7.16). However, a larger variability between samples was observed for the ARC chip. This 

variability could be the result of the evaporation causing non-uniform changes in concentration 

throughout the amplification process, the mixing step of delivering reagents (e.g. some reagents 

sticking to the ARC track), the extra pipetting step required to transfer the amplified product to the 

qPCR for measurement, or a combination of these factors. 



 

Figure 7.15: Improved isothermal ARC prototype enables LAMP amplification. The 

enclosed ARC system (A) is contained within a cartridge (B) to deliver reagents to a sample via 

an ARC track (C). 



 

Figure 7.16: ARC cartridge enables comparable amplification of template targets. Droplets 

with isothermal reagents were delivered to sample droplets containing synthetic barcode 

templates. Amplification was successful for template concentrations down to 5.8x103 copies.  

 
Overall, these results indicate that the envisioned ARC device can deliver reagents and drive an 

isothermal amplification reaction. However, the difficulty encountered in transporting reagent 

droplets with vibrations and reducing evaporation rates indicate that this approach will be difficult 

to adapt to different sample types and applications. These challenges will be a significant barrier 

for commercialization, so continued development will be required to improve the capabilities of 

this system to serve as an automated sample preparation tool. 

7.8 CONCLUSION 

Vibration driven droplets on anisotropic ratchet conveyors were explored as a means of automating 

an isothermal amplification test for species identification. The efforts of this work have produced 

droplet transport on a portable device, microheater integrated ARCs, and a two-plate configuration 



for droplet transport. These developments enabled an ARC chipset that could deliver reagents and 

perform an isothermal amplification on a target template. While these results demonstrate that 

ARCs are a promising method of automating DNA tests, continued development must be invested 

in this platform before it will be ready for commercial translation – particularly, the ability to 

handle liquids with lower surface tension must be improved.  



 CONCLUSIONS AND FUTURE WORK 

“How much can I learn from a drop of water?”  

This seemingly simple question, fraught with unexpected challenges, was the underlying 

motivation for this work. Droplet transport on anisotropic ratchet conveyors (ARCs) is enabled by 

two simple features – an asymmetric surface pattern and a sinusoidal vibration. However, the 

underlying mechanics of this system present an intricate web of opposing forces, material 

properties, and interfacial interactions that are layered with complexity.  

Starting with a fundamental solid mechanics model, this work aimed to elucidate these variables 

and enable a system that can leverage the unique properties of water droplets. The behavior of 

droplets driven on an ARC device was captured with established models of damped-harmonic 

oscillators. However, it was unclear how the forces acting at the edges of the droplet could be 

determined or predicted without empirical observation. The modulation of substrate parameters 

was then applied to better understand how these interfacial forces affected droplet transport. This 

investigation provided fascinating new insights into how the substrate affected the droplet response 

to vibration – having a substantial influence on both the frequency response and transport velocity 

of droplets. Continued analysis demonstrated that the transport velocity on these systems is 

determined by a complex summation of step sizes with various probability. Further, this step size 

is not a continuous value, but is quantized by the interaction of the rungs with the droplet edges.  

These efforts provided new insights into how substrate design could be used to modulate the 

behavior of transported droplets. This understanding was first applied to create a droplet gate, 

which could selectively pause the motion of a transported droplet. This gate was enabled by a 

transition in the duty cycle, or the periodic spacing, of the rungs. This transition increased the 

pinning forces acting on the trailing edge of the droplet, requiring a higher amplitude or lower 



frequency vibration signal to pass the droplet. Exploiting a similar imbalance of forces, droplet 

switches were created that could select the direction of droplet transport at an intersection with a 

predictable combination of signal parameters. Delivery junctions, the final addition to the droplet 

functions toolbox for ARC devices in this work, were developed by spacing a terminating track 

with wicking guides that carefully balanced pinning forces to transition a droplet between tracks 

without leaving it stuck on the junction.  

Upon expanding the capabilities of this platform, the question “How much can I learn from a 

droplet?” transitioned into “How much can I do with droplets?” However, like many technologies 

developed in an academic setting, this platform was becoming a solution without a problem. 

Fortunately, an opportunity to investigate the capability of this system to serve as a platform for 

DNA testing in conservation arose. Three key challenges in conservation that exhibited a strong 

demand for a field-deployable DNA test device were identified: 1) illegal timber trafficking, 2) 

seafood fraud and trafficking, and 3) invasive species monitoring. The problems faced by these 

challenges were examined and it was determined that substantial knowledge gaps currently prevent 

DNA from being readily extracted from timber samples. As such, the focus of development was 

directed towards samples that required implementation of manageable DNA extraction and 

purification techniques, particularly seafood. Loop-mediated isothermal amplification (LAMP) 

was chosen as the detection method for species identification and a design to enable this test on an 

ARC device was envisioned. Microheaters were integrated within ARC devices and initial 

characterizations were performed. Rapid evaporation lead to the development of a two-plate ARC 

system that could encapsulate droplets within a humidified chamber. Ultimately, these efforts lead 

to an ARC system that could deliver reagents to a sample droplet and perform an isothermal 

amplification (Figure 8.1). While this system demonstrates great potential for automated sample 



processing and DNA testing continued development will be required before it will be ready for 

commercialization.  

 

Figure 8.1: Path of developments and discoveries with anisotropic ratchet conveyors. 

8.1 FUTURE WORK 

Throughout the course of this project, many developments created new questions and ideas for 

investigation. Typically, answering a basic science question provided an understanding that could 

be applied to enable new functionality. However, the development of new functionalities could 

also present unforeseen intricacies or pose new questions. Finally, as the project neared a 

commercial prototype, weaknesses in the current system informed new avenues of applied research 

that could provide essential advancements.  



8.1.1 Transitions of droplet edges 

Analyses of edge motion and their effect on transport velocity demonstrated that droplet edges on 

ARCs do not exhibit a continuous motion but move in jumps from rung to rung. In this process, 

edges appear to move quickly across a hydrophobic space but more slowly across the hydrophilic 

rung, even during wetting phases. However, this behavior is not consistent with traditional models 

of canthotaxis,118,119,129 although it appears to occur consistently on ARC tracks and a similar 

phenomenon was observed with ARC switches. A thorough investigation of the movement of 

droplet edges on patterned surfaces, particularly with different surface chemistry combinations, 

could provide novel insights into the behavior of droplet edges at the transition of hydrophilic and 

hydrophobic interfaces.  

8.1.2 Selective Merging 

While developing the delivery junctions, it was observed that at certain frequencies and 

amplitudes, droplets would pass each other, although they would merge at the same location when 

different vibration parameters were applied. Characterizing the parameters that enable or prohibit 

droplet merging, particularly if paired with high-speed video analyses, could provide novel 

discoveries about droplet behaviors. Delivery junctions could serve as tool to study this 

phenomenon and enable new discovery.  

8.1.3 Two-plate modelling 

The ability of the two-plate system to normalize the ARC threshold of droplets with different 

volumes presents an interesting phenomenon that could provide new insights through the 

development of a mathematical model. Continued investigation of this configuration may also 



elucidate aspects of interfacial interactions that could enable a predictive model for droplet 

transport on ARCs.  

8.1.4 Droplet splitting 

Controlled droplet splitting was not accomplished throughout the course of this project. Barriers 

to splitting droplets on ARC devices include 1) the high surface tension of pure water droplets and 

2) the cyclic nature of applied vibrations. In other digital microfluidic systems, droplet transport 

was performed with droplets containing additives or some surfactant. The water droplets in this 

work exhibit a surface tension that is much greater than these solutions. Revisiting designs for 

splitting droplets with a lower surface tension fluid could provide some initial success. In order for 

a droplet to be split a force has to be applied over a sufficient duration to induce necking and 

eventual pinch-off of the droplets. With vibrations, this force can only persist over one half of a 

vibration cycle, as the changing direction of the substrate will remove this force on the droplet. 

The use of the two-plate configuration may provide a means to circumvent this issue and enable 

droplet fission.  

8.1.5 Reducing droplet volume and feature scaling 

The two biggest barriers preventing the ARC system from commercialization for nucleic acid 

testing are the relatively large volume used by current systems and the sensitivity to liquid 

properties. The volumes used in this work were derived from typical work volumes for laboratory 

based isothermal amplification, which are also on a scale that is convenient for a human to work 

with (i.e. dropper or pipettor). However, the required area of these droplets, particularly during the 

wetting phase of transport, resulted in a large area of open space on chip. To perform a single 

reaction on chip, this open space is not a major concern, but a practical amplification test for 



species identification will require at least three integrated controls, and experimental redundancies 

are also preferred. Subsequently expanding the chipset to address multiple species will therefore 

require increasing amounts of area on-chip.  

A critical challenge encountered through the application of ARC toward a DNA amplification test 

was the effect of added isothermal reagents on the surface tension of the droplets, and it is likely 

that any other applications of ARC for handling organic compounds will also face this challenge. 

The reduction in surface tension caused by these reagents had a substantial effect on the droplet 

response to vibrations, but the fluid still responded to the ARC pattern. While very low surface 

tension fluids that do not form droplets will likely remain unmanageable, handling droplets with 

reduced surface tension may also be improved by reducing volume of the droplets.  

Analysis of droplet velocity and step size in Chapter 4 showed that the smallest 5 µL droplets 

investigated in that work took the largest step proportional to the footprint of the droplet. This is 

likely due to the reduced mass of the droplet (e.g. surface tension forces are able to dominate over 

the forces due to gravity). In the work shown in Chapter 7 with droplets containing isothermal 

reagents, the droplets took very small steps compared to the footprint of the droplet and had a low 

probability of taking a step with each vibration cycle. Reducing droplet volume could have a 

similar effect of increasing the proportional step size and probability, but as the surface tension is 

lower, volumes much smaller than 5 µL will likely have to be used for this effect to be realized. 

Testing this hypothesis will not be as simple as applying a smaller volume to a device, as the 

feature size of the ARC rungs will likely be too large to transport droplets of this size. The rung 

radius will be too large to create the necessary difference in pinning forces between the edges of a 

smaller droplet, and the distance between rungs may be too much for the edge of the droplet cross 

over during wetting. Optimizing the rung radius will require some iteration but will not likely 



require a change in fabrication procedure. However, reducing the spacing between droplets will 

require a proportional reduction in the width of the rung to maintain the duty cycle of the track, as 

duty cycle is a key parameter for the performance of a track. This reduction may result in a rung 

width that is below the capabilities of the conventional photolithography techniques used to 

fabricate the ARC devices in this work. Furthermore, the use of the top-plate configuration in 

addition to these scaling efforts may further improve the ability of the system to handle droplets 

with lower surface tension, as contact with the liquid to the upper plate also reduces the forces due 

to gravity acting on the droplet. Although, it should be noted that the separation between plates 

must also scale to the size of the droplets. Overall, working towards a system that can handle much 

smaller droplet volumes will improve both the multiplicative capacity and the ability to handle 

droplets containing a wider variety of reagents. Therefore, reducing the volume of droplets and 

correspondingly scaling key feature sizes should be a focal point for future work. 

 

 

 



APPENDIX A: MATERIALS AND METHODS 

A.1  FABRICATION OF ARCS 

All anisotropic ratchet conveyor (ARC) devices used in this work are fabricated at the Washington 

Nanofabrication Facility (WNF) on campus. The substrates used for all ARC devices are 100 mm 

wafers with an approximate thickness of 550 µm and are composed of either <100> p-type single 

crystal silicon or soda lime glass wafers. Computer automated design (CAD) software (Layout 

Editor) was used to create masks used to pattern all ARC devices and microheaters. 

A.1.1  Silicon Dioxide ARCs 

Fabrication of silicon dioxide (SiO2) ARCs begins by cleaning the wafer with oxygen plasma 

(Glow Research). This removes any dust or organic contaminates and ensures hydroxyl groups are 

present at the surface. The wafer is coated with a negative resist, with a thickness of approximately 

1.1 µm. The negative resist (NR9-1000PY) is exposed (315-400 nm) with a contact aligner (AB-

M) or mask writer (Heidelberg) prior to development in a solution of 3:1 AD10 to deionized water. 

Proceeding development, wafers are cleaned briefly with oxygen plasma to remove any residual 

undeveloped photoresist, but not long enough to affect the developed pattern (Figure A.1). A 

coating of hydrophobic silane (fluorooctyltrichlorosilane – FOTS) is applied to the wafers via 

vapor deposition. Stripping the resist reveals a transparent pattern of SiO2 ARCs defined by the 

hydrophobic FOTS background. Finally, the wafer is baked on a hot plate (150 °C for 15 minutes) 

to anneal the FOTS, creating covalent siloxane bonds, to improve long-term stability. A process 

flow table for SiO2 ARCs is also included in Appendix B.  



 

Figure A.1: Fabrication process of SiO2 ARCs. SiO2 ARCs are fabricated through a single 

mask process by patterning SiO2 with photoresist, depositing silane, and stripping the resist (A). 

Proceeding resist stripping, a hydrophilic pattern of SiO2 is defined by the hydrophobic FOTS 

(B). 

A.1.2  Textured ARCs 

Initial tests and some additional characterizations shown in Appendix D were performed using 

textured ARCs. Fabrication of textured ARCs began in a similar fashion as SiO2 ARCs on silicon 

wafers, but a positive resist (AZ1512) was used with a 1:4 ratio of AZ340 developer to deionized 

water to create the pattern. The ARC pattern was etched into the silicon using the Bosch process 



with a deep reactive ion etcher (SPTS). Following the etching process, residual plasma was 

stripped with oxygen plasma (Glow Research), and the entire wafer was coated with FOTS to 

prevent infiltration of liquid into the textured regions (Figure A.2). The process flow for textured 

ARCs is also provided in Appendix B.  

 

Figure A.2: Fabrication process of textured ARCs. Textured ARCs are fabricated through a 

single mask process by patterning a silicon substrate with photoresist, etching into the exposed 

silicon, and coating the entire substrate with silane after the resist has been removed (A). While 

the entire surface is hydrophobic, air trapped under a droplet in the texture creates a 

superhydrophobic region that contrasts the hydrophobic pattern (B). 

 



A.2  ARC CHARACTERIZATION AND TEST SETUP 

ARC devices are operated in the laboratory with Brüel & Kjær electromagnetic motor. The motor 

is driven by a functional generator (Agilent) and pre-amplifier (Brüel & Kjær). The vibration 

amplitude is measured with a laser doppler vibrometer (Polytec OFV) and an oscilloscope (Figure 

A.3).  

 

Figure A.3: Experimental set up. Droplets on ARC substrates are driven with an 

electromagnetic motor. The vibration amplitude is measured with a laser-doppler vibrometer and 

droplet motion is recorded with a high-speed camera. 

 
High speed recordings are captured from the side with a highspeed camera (Photron UX50) and 

rectangular fiber optic backlight illuminated by a halogen light source (Dolan-Jenner). The shape 

of this back light is the cause of the distorted bright rectangles in the center of droplet images. To 

capture top-down images, the high-speed camera lens is centered in a fiber optic ring light. This 



lighting configuration is the cause of the illuminated edges and bright circle in the center of top 

down images of droplets exhibited in this work.  

ARC thresholds are determined by setting the function generator to specific frequency and slowly 

raising the amplitude of the vibration until droplet transport is initiated. Recordings for droplet 

velocity are performed by setting the frequency and amplitude to a specific target, confirmed with 

the doppler vibrometer and capturing videos of droplet transport at these vibration parameters. 

A.3  ANALYSIS OF DROPLETS 

Measurements of the droplet velocity and edge motion were made with MATLAB software using 

custom image processing algorithms. More specifically, the droplet images are converted to binary 

using Otsu’s threshold holding technique (Figure A.4). In binary, the perimeter of the droplet is 

the interface between black (0) and white (1) pictures and can then be extracted using simple 

logical operators in MATLAB. Any reflection of the droplet due to the substrate is removed by 

clipping any portion of this boundary that falls below the substrate baseline. 

 

Figure A.4: MATLAB code to outline perimeter of droplet 



 
The centroid of the droplet was determined by first finding the centroid for a horizontal (x-

component) or vertical (y-component) slice of the droplet. The sum of these centroid locations was 

weighted by area of the corresponding slice and normalized to the total area of the droplet to reveal 

the geometric centroid of the droplet (Equation A.1). Assuming the droplet is homogenous, this 

location should also be the center of mass. The MATLAB code used to determine the x-component 

of the centroid is also shown in Figure A.5.  
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  Figure A.5: MATLAB code to determine geometric centroid of a droplet 

 
Finally, leading and trailing edges were identified as the maximum and minimum x-values that 

correspond to the baseline, or interface between the droplet and the substrate (Figure A.6). 

  



 

Figure A.6: Droplet analysis process. A still frame of a droplet in motion (A) is analyzed by 

converting the image to binary and extracting the boundary of the droplet (B). Reflection is 

clipped, and the droplet outline is used to determine the centroid, leading, and trailing edges of 

the droplet (C).  

 
The volume of static droplets (e.g. for evaporation rates) was calculated by slicing the two-

dimensional cross section of the droplet into stacks 1 pixel high, in a similar fashion as when 

determining the centroid. This calculation assumes each stack is circular and approximates the 

volume of the droplet as a stack of thin cylinders as described in Equation A.2. The program 

(Figure A.7) converts the pixel count of the radius of this stack into a real measurement using a 

calibration factor that is determined by measuring a known feature size a priori. This calibration 

value is also used to generate real values for the edge movement velocity of droplets. 
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Figure A.7: MATLAB code for calculating droplet volumes. 

A.4  FABRICATION OF DNA BIT 

The DNA BIT is composed of two primary components – the portable driving unit and the 

disposable chipset. The chipset is comprised of both DNA-ready and ARC-integrated versions. 

A.4.1  Fabrication of Chipset 

Isothermal chips are fabricated from glass wafers to provide a transparent viewing window and 

reduced thermal conductivity compared to silicon (Figure A.8). Soda-lime glass wafers are first 

coated with approximately 350nm of Molybdenum through an evaporation process. The 

Molybdenum is patterned with a positive (AZ1512) photoresist, exposed as discussed above, and 

developed with a solution of 1:4 AZ340 to deionized water. Exposed molybdenum is removed by 

a highly anisotropic etch back process using an inductively couple plasma tool with fluorine gases 

(Oxford). Remaining photoresist is stripped using wet chemistry (EKC) as removal with oxygen 

creates adhesion issues to molybdenum in subsequent steps. The thickness of the Molybdenum 



thin-film is confirmed at this step using a profilometer (Tecron Alphastep-200). The wafer is then 

capped with a 1 µm layer of silicon dioxide using a plasma enhanced chemical vapor deposition 

process (PECVD). Contact pads are released by patterning the oxide cap with photoresist and 

etching the exposed oxide above the contact pads with buffered oxide etchant (BOE) for 6 min. 

The wafers are then diced into 2 cm x 2.5 cm chips with a 150 µm thick diamond saw blade 

(Disco).    

 

Figure A.8: Fabrication process of isothermal chip prototypes. 



For ARC integration, the process is the same as the DNA-ready chipset up until the dicing step. 

Prior to dicing, the backside of the wafer is coated with 300 nm of silicon oxide using PECVD and 

the ARCs are applied to this SiO2 surface using the process detailed in A.1.1. However, the chips 

are diced before the FOTS is applied. 

A.4.2  Fabrication of Driving Unit and Cartridge Packages 

The casing for the portable driven unit is developed using Inventor (Autodesk) software and 

converted to gcode for fabrication with 3D printed PLA+ (Lulzbot) using Cura software. The 3D 

printed parts were assembled with traditional hardware fasteners and adhesives. The circuitry is 

centered around an Arduino Uno and connected via printed circuit boards using traditional 

soldering techniques.  

The chipsets are packaged in a 3D printed cartridge that contains spring connectors that interface 

with the exposed contact pads in the micro heater pattern. Silicone elastomer (PDMS) gaskets are 

fabricated from 3D printed molds. The gaskets are functionalized with atmospheric plasma and 

physically bonded to the chips prior to insertion into the 3D printed cartridges 

A.5  ON-CHIP AMPLIFICATION  

LAMP amplifications performed on the isothermal ARC and DNA-ready chipsets used DNA 

template and LAMP primers that were measured and verified using a traditional benchtop qPCR 

prior to translation to the on-chip platform.  

A.5.1  Extraction and acquisition of DNA template 

In this work, two DNA template targets were used. The first is a synthetic 1600 base pair oligomer 

that was created with a random number generator in MATLAB. The sequences of this oligomer 



were compared to all known sequences in NCBI BLAST and any sections of the sequence that 

matched were re-randomized until an entirely unique sequence, compared to known sequences in 

the database accessible to BLAST (on 5/30/2017), was created (Table A.1). This oligomer was 

then acquired from TWIST Biosciences. The lyophilized oligomer was reconstituted in diH2O to 

and aliquoted into working stocks of 5.8x105
, 5.8x103, and 5.8x101 copies/µL. 

Table A.1: Synthetic Barcode Sequence 

5’−GAAGGAGGGGTGTAGATATAGGGTGTCTACAAATTGGCTTTCGTTCGTGCCATCATAAATGTACAACGGGCAGTAGCGATCGAATGTCAAGAC
GTAGCCTTCCGAAATATGACTGAAATCCAAGGACTGTACCCATGAGTTAAGTTTTCTGTAAGGCCCGCGTACGAGCTGGAACCCTCCCTGCGATA
GATGGAAATCGACTGTGCGCTTGCTTGCTATATGGGTGCGAGTGTCAGTAGTCAGGACCCCGCGAACTTAATCCCGTGGCAATTCGAGGTCCGGA
CAGGTCGCGCCGGGCTGACAATTAACGTACGGATCACCAAATCTTAGGGACTATCCACCGTTTACTCGGGTGCCCACTAATAGCCGCAGACTCGT
ATTGTCATATTAGGCTGGTTGACGACTCCTGAATCTGTCCTAATTCGGATCGCGTCGCCATATGCCGGTGGCCAGACCCAGTAAAACCACCATGAA
TCGAATACAAACGATGGAAACGAGAAGTTTGTACTACAGACCTAGCTCCGCTCCCAGGATTTGTCGCTTGCCACACATCGTTGCTGACAGGATCT
AGAGTGATGCTTAGACTCCGTCGGGCCTATAACACCATCGACGCCGTTCCGAGATACTTGACGGGACGTCGCGAAAATGTAAGCATTTGCGCGGC
AACTGTCCATTCACAATCCCACTACAAAAGACTTGCTCCAAAACACATAGGTCATCCACTGGGCGGTCCAGCGCGAGCTTACTCGTAAGTGACAG
ATGGGCAGGCGCAAGTGAGCATAAGCGATGTAGGTTGAATACCCCTTACTAGAACCCAACCTTTTACCGCAGGAGTGGTCCCGTACGCAACTAGC
ATTGGACGGGGAATTGCACGGCGGAACGCCCGTTTATGTGGCTACCTAAAGCAGAAGAATATACAGATCTCGGGTCGACTGCGGATTCCTCGATA
GCTGGAATCCACCACTGGTAAAGGCTAGACTAGTACCCCTAGGTATGGGGACATGGCCTACGGTGTCTTTGGAGATATAATTAGTTACAGACTCA
GCGGGTGTACATTCCAGTATTCACGCGATAACTTAATTTGTCCGTGTTCCACAACTACCCTCTGAGTGAAAAATAAAGGGCTTGGAAAAACATCG
ACCGAAAGCGTGAGTGTAAGCTAACACTCTGCCCGCCGAAGACCCTGCTTGCGTCCAGAAGAACGGCCCCTTTATGTGAGCACGCCATTACTTCT
TCGGCCTACACCCGGTTATCAATCGTCCGGGTCACTAGGGCACCCGGTTCATACGCTCGCGGACATAGGGCTCTAAAGGAGTGTTATGAAAAGGC
TGTGCGCATGGGCTGATGTTATCGATCGAGGTTGCATTCGGATAGCAGGACGAGGTTCCTTGCCTGCCCTAAACCCCGGAAGAACTCAACCAGAG
GGCCAAGTAAACTTTGTCTGGAGTATGCCTGGGTTTTGGTGCATACCTTCGACGCCATCGTGCTCAATAGCTAAAGTTGATGTGTATGAGCATGTC
GGGAGTAACTTTTTGACTCTAATCACCGGTTCAATTCTCACTCACGACCAGGATCTAGCTACCTCAAAAGTAGGCGCCCG−3’ 

 

The second DNA template used in this work was from Oncorhynchus tshawytscha (chinook 

salmon). Samples for O. tshawytscha were acquired from a whole fish at a local supermarket and 

species identification was verified through traditional taxonomy (i.e. scale count and spotting 

pattern). DNA from O. tshawytscha was extracted using the standard QIAGEN Blood and Tissue 

Kit protocol. Specifically, samples of about 25 mg pieces were incubated at 56 °C in 180 µL of 

lysis buffer and 20 µL of Proteinase K, vortexed every 60 seconds, until the tissue was completely 

broken down and the lysate appeared turbid. Next, 200 µL if lysis buffer and 200 µL of 200 proof 

ethanol were added to the lysate and vortexed. This mixture was transferred to a spin column 

(which contains a cellulose filter that binds DNA) and a collection tube for centrifugation at 8000 

rpm for 1 minute. The spin column was transferred to a new collection tube and 500 µL of wash 

buffer was added and centrifuged at 8000 rpm for 1 minute. The spin column was again transferred 

to a new collection tube and 500 µL of a wash buffer containing ethanol (to remove salts) was 



added prior to centrifugation at 14000 rpm for 1 minute. The spin column was then transferred to 

a 1.5 mL centrifuge tube. DNA was eluted by adding 200 µL of diH2O to the spin column 

membrane and incubating at room temperature for 5 min to maximize the yield of DNA. The DNA 

was collected into the tube via centrifugation at 8000 rpm for 1 minute. This centrifugation was 

repeated to improve collection yield of DNA from the spin column. The extracted DNA in the 

centrifuge tube was then stored at -20 °C until use. The DNA content of the extract used in this 

work was determined to be 4.85 ng/ml using a Qubit dsDNA high sensitivity assay kit.  

A.5.2  Primer validation 

LAMP primers were designed to amplify the synthetic barcode and the COI region of the O. 

tshawytscha template. These primers are shown in Table A.2.  

Table A.2: LAMP primers of for synthetic barcode and O. tshawytscha template 

Primer Synthetic Barcode O. tshawytscha 

FIP 5’−AGATCCTGTCAGCAACGATGTG 
GAAACGAGAAGTTTGTACTAC−3’ 

5’−CCGATGGCTATCATAGCTCAGATT 
TTATCGTTGCATACTACTCCG−3’ 

BIP 5’−AGTGATGCTTAGACTCCGTC 
GGTCCCGTCAAGTATCTCG−3’ 

5’−TCGTATGAGCCCACCATATGTTTTT 
AGATGTAAAGTAGGCACGAG−3’ 

F3 5’−TGTCCTAATTCGGATCGC−3’ 5’−TTCTTATCCTCCCAGGCT−3’ 

B3 5’−GGATTGTGAATGGACAGTTG−3’ 5’−TAGCGATAATCATGGTGGC−3’ 

LF 5’−GCAAGCGACAAATCCTGGG−3’ 5’−TCCCATGTACCCAAATGGTTCT−3’ 

BF 5’−TATAACACCATCGACGCCGTT−3’ 5’−ACTGTCGGAATAGACGTTGACA−3’ 

  

LAMP amplification with these primers was confirmed on a qPCR (CHAI) using a primer mix 

consisting of 40 µM FIP/BIP, 5 µM F3/B3, and 10 µM LF/BF. The final 25 µL reaction volume 

used for these validations and all subsequent tests contained 15 µL of isothermal master mix 

(Ansera Analytics – ISO-001nd), 6.75 µL diH2O, 1.25 µL CHAI green dye, 1 µL of the primer 



mix, and 1 µL of the target DNA template. This reaction verifies that the primer designs enable 

successful LAMP amplification of target template (Figure A.9).  

 

Figure A.9: LAMP primers amplify template target. The fluorescence curves from a qPCR 

demonstrate that the primers can provide rapid isothermal amplification of synthetic barcode and 

O. tshawytscha template. 

A.5.3  Isothermal chip set up and amplification 

To prepare the chipsets for isothermal amplification, an array of voltage dividers was created with 

potentiostats. By connecting a potentiostat in series with a microheater, a voltage divider was 

formed so the voltage distributed across the microheater, and thus the temperature, could be tuned 

by the potentiostat (Figure A.10A). The temperature of the both the bottom and top chips were 

measured independently with a microbolometer (FLIR C2 thermal imaging camera) and tuned to 

be within ±0.5 °C of the target temperature. It was noted with this particular instrument that the 

spot measurement setting was the most accurate for determining chip temperature and could differ 

from the maximum temperature displayed on the range gradient by as much as 10 °C (Figure 

A.10B). Using this method, it was also determined that the temperature gradient with the extended 



microheater on the ARC isothermal chips would not damage temperature sensitive reagents when 

heated to a high temperature for thermal lysis (Figure A.11). 

 

Figure A.10: Multiplex set-up for performing isothermal amplification on chip. Six two-plate 

cartridge systems were connected in series with a variable resistor (A), creating a rheostat to 

control the temperature of the heater on-chip (B).  

 
Once the temperature of the chipsets had been tuned, the cartridge was transferred to the 

electromagnetic motor on a 15° inclined wedge to drive droplet transport. Sample droplets 

containing template DNA, diH2O, and non-thermal sensitive reagents - CHAI green dye and 

primers (a total volume of 10 µL) were placed on the microheater and a droplet containing the 

thermally sensitive master mix (15 µL) was placed on the ARC track. The master mix was 

delivered to the sample with vibrations of 60 Hz at 3.2g, and the microheaters were then turned on 

to initiate isothermal amplification. After 20 minutes, the volume of this solution was collected 

and transferred into a tube for fluorescent measurement on the benchtop qPCR. Negative controls 

consisted of unheated solutions containing all reagents with the same concentration and volumes 

used for on-chip amplification. These controls verify that the intensity of observed fluorescence is 

not due to initial concentration of target template. 



 

Figure A.11: Improved isothermal ARC prototype creates a temperature gradient. The 

extended on the improved isothermal ARC chip warms the region outside of the droplet to 

reduce concentration but does not increase the temperature of this region above a level that is 

harmful to LAMP reagents (A-B). 

 
For trials on the DNA-ready chipset, all reagents were added to the well in a single solution prior 

to turning on the heater. Turbidimetric reactions with the DNA-ready chipset were performed by 

replacing the master mix with a version (Ansera Analytics – ISO-001t) that would form a white 

precipitate upon a successful reaction. This reaction was monitored with a timelapse on the 

highspeed camera. It was determined that the turbidimetric reaction took up to 60 minutes to 

produce a precipitate that could be definitively distinguished.    



APPENDIX B: PROCESS FLOWS 

Process Flow: SiO₂ ARCs  
Sequence Step Equipment Parameters 

1 CLEAN Barrel Etch 125 W, 5 min 

2 COAT SPIN 1/2 
NR9-1000PY, spread: 500 rpm, 3 s, 500 
/ s2, spin: 3000 rpm, 30 s, 1000 / s2 

3 SOFT BAKE SPIN 1/2 150 C, 1 min 

4 EXPOSE ABM Aligner 37 s 

5 
POST EXPOSURE 
BAKE 

SPIN 1/2 100 C, 1 min 

6 DEVELOP 
BATH5-
Develop 

3:1 AD10:H2O for 50 s 

7 CLEAN Barrel Etch 125 W, 1 min 

8 VAPOR COAT Desiccator 2 - 3 drops FOTS, >3 hours at vacuum 

9 STRIP 
Crystalizing 
Dish 

Acetone, until resist is cleared, 15 - 20 
seconds 

10 BAKE Hot plate 150 °C for 15 min 

    

Process Flow: Fabrication of Texture ARCs 
Sequence Step Equipment Parameters 

1 CLEAN Barrel Etch 125 W, 5 min 

2 COAT SPIN 1/2 
AZ1512, spread step: 500 rpm, 3 s, 500 / 
s^2, spin step: 3000 rpm, 45 s, 1000 / s^2 

3 SOFT BAKE SPIN 1/2 110 C, 1 min 



4 EXPOSE ABM Aligner 3.4 s 

6 DEVELOP 
BATH5-
Develop 

1:4 AZ340:H2O for 50 s 

7 ETCH SPTS-DRIE Hal_27um - 72 cycles of Si etch with Bosch 

8 CLEAN Barrel Etch 125 W, 7 min 

9 VAPOR COAT Desiccator 2 - 3 drops FOTS, >3 hours at vacuum 

    

Process Flow: Isothermal Chips 

Sequence Step Equipment Parameters 

1 CLEAN Barrel Etch 125 W, 5 min 

2 DEPOSIT OXIDE PECVD1 Opt - SiOx HDR for 300nm 

3 DEPOSIT Mo EVAP1 Moly Recipe 1 

4 COAT SPIN 
AZ1512, spread: 500 rpm, 3 s, 200 / s2, 
spin: 2000 rpm, 30 s, 500 / s2 

5 EXPOSE ABM Aligner  3.5 seconds 

6 DEVELOP 
BATH5-
Develop 

4:1 DI:AZ340 for 50 s 

7 ETCH ICP-F 
RJB Etch 6 SF6=25sccm C4F8 = 25sccm 
Pr=15mT Pwr-1200/30W Vdc~94V 

8 STRIP EKC 2 min 

9 OXIDE CAP PECVD2 Opt - SiOx HDR for 1um 



11 CLEAN Barrel Etch 125W, 5 min 

12 COAT SPIN 1/2 
NR9-1000PY, spread: 500 rpm, 3 s, 
500 / s2, spin: 3000 rpm, 30 s, 1000 
/ s2 

13 SOFT BAKE SPIN 1/2 150 C, 1 min 

14 EXPOSE ABM Aligner 37 seconds 

15 
POST EXPOSURE 
BAKE 

SPIN 1/2 100 °C, 1 min 

16 DEVELOP 
BATH5-
Develop 

3:1 AD10:H2O for 50 s 

17 DICE Disco Saw 
Diamond blade, 15,000 rpm, 1-2 cm/s, 
>550 µm blade exposure 

18 CLEAN Barrel Etch 125 W, 1 min 

19 VAPOR COAT Desiccator 2 - 3 drops FOTS, >3 hours at vacuum 

20 STRIP 
Crystalizing 
Dish 

Acetone, until resist is cleared, 15 - 20 
seconds 

21 BAKE Hot plate 150 °C for 15 min 

 



APPENDIX C: DESIGN FILES  

CAD models used to create masks for ARC devices were generated in Layout Editor. The 

fabrication of textured ARCs required the AZ1512 positive resist in order to withstand the Bosch 

etching process that defined the features of the device. Positive resists are broken down under UV 

excitation and exposed regions of the resist will be removed upon development. As mask writers 

work in binary (i.e. the laser is on or off over a particular region), designs for ARC with a positive 

resist has to be inverted to provide the designed design. This is accomplished by surrounding the 

desired pattern with a box or other shape and performing a Boolean subtract in Layout Editor 

(Figure C.1). 

 

Figure C.1: CAD Model for textured ARCs. Textured ARCs fabricated from a positive resist 

must use an inverted polarity CAD model to provide the desired pattern. 

 
SiO2 ARCs use a negative NR9 resist that provides good adhesion to silicon oxide surfaces without 

an adhesion promotor. With negative resist, UV excitation initiates a polymerization process that 

is completed after a post exposure bake. Thus, exposed regions of a negative resist will be present 



on the substrate after development and designs for SiO2 tracks in this work were not required to 

inverted prior to mask writing (Figure C.2). 

 

Figure C.2: CAD Models of SiO2 ARCs. SiO2 ARCs are fabricated with negative resistant 

designs for 10/120 (A), 10/60 (B), and 5/60 (C) ARCs characterized in Chapter 4 and transitions 

from a 8.3% to 16.6% (D) and 16.6% to 8.3% (E) duty cycle characterized in Chapter 5 are 

shown here.  

 
The use of negative resist facilitated design of more complicated ARC devices to perform droplet 

functions (Figure C.2). Performing Boolean operations in design cells with this level of complexity 

is extremely difficult in Layout Editor, so an additional software package (such as Beamer) is 

required to reproduce these designs in a positive resist format.  



 

Figure C.3: CAD Models of Droplet Devices. The synchronizer (A), 8.3% to 16.6% switch 

(B), and deliver junction (C) characterized in Chapter 5 are shown here.  

 
Fabrication of an integrated heater requires two masks (Figure C.4), a negative resist for the ARC 

system and a positive resist that can with stand the plasma etching process used to define the 

heaters. These patterns are easily adaptable, enabling rapid design improvements (Figure C.5). 



 

Figure C.4: Two mask CAD Designs for initial isothermal prototype. Cells for the heater 

integrated device with an ARC delivery junction (A) are also shown at the mask level (B and C).  

 

Figure C.5: Two mask CAD Designs for improved isothermal prototype. Cells for the heater 

integrated device with an ARC delivery junction (A) are also shown at the mask level (B and C). 



The DNA-ready chipset does not use an integrated ARC device, and only requires a single positive 

resist mask. Note that the Boolean subtraction in Layout Editor can be applied to an array of cells 

to readily provide a complete wafer design (Figure C.6).  

 

 

Figure C.6: Nine-well DNA-ready chip design. The single mask design for the nine-well 

chipset shown in Appendix E is demonstrated here. 



APPENDIX D: ADDITIONAL ARC CHARACTERIZATION 

Preliminary ARC measurements investigated the effect of rung radius on the ARC threshold and 

frequency profile of SiO2 (Figure D.1) and textured (Figure D.2) ARCs. On SiO2 ARCs it was 

observed that droplets exhibit a similar response profile for all rung radii, but the ARC threshold 

was significantly higher for 500 µm radius rungs. This observation is possibly due to the similarity 

of droplet radius (≈1250 µm) to the 1000 and 1500 µm rungs.  

 

Figure D.1: Rung radius of SiO2 ARCs influences acceleration amplitude. Water droplets (10 

µL; n=3) were transported on silicon oxide ARCs (duty cycle = 16.6%) with a radius of 500 (A), 

1000 (B), and 1500 µm (C). The acceleration amplitude was substantially lower on the 1000 and 

1500 µm rungs compared to the 500 µm rungs and slightly lower on the 1000 µm rungs 

compared to the 1500 µm rungs (D). Error bars indicate ± standard deviation. 

 



However, on textured ARCs, the radius of the rung did not appear to influence ARC threshold, but 

rather shifted the resonant frequency of the droplet when the radius was increased to 1500 µm. 

 

Figure D.2: Resonant frequency is dependent on textured surface feature parameters. Water 

droplets (10 µL; n=3) were transported on textured rungs (duty cycle = 50%) with a radius of 

500 (A), 1000 (B), and 1500 μm (C). A minimal shift was observed between 500 and 1000 µm 

rung groups, and the dramatic shift between the 1500 µm group and all other groups (D) 

indicates that textured surface features influence the resonant frequency of a transported droplet. 

Error bars indicate ± standard deviation. 

 
These results suggest that the textured ARCs force a stronger conformity of the leading edge to 

the rung, providing similar differences in pinning forces between leading and trailing edges across 

all rung radii but also influencing the droplet response and resonant frequency of the system.  



Non-dimensionalization of droplet volumes on 1000 µm textured ARCs was also investigated as 

discussed in Chapter 3. However, it was observed that resonant frequency of 5 µL droplet deviated 

from the other droplets. Based on the observations of textured ARCs effect on resonant frequency, 

it was determined that textured ARCs would not be a good platform to begin a model for droplet 

transport on ARC devices with. 

 

Figure D.3: Non-dimensionalization of texture ARCs. Droplet response profiles for 5, 8, and 

13 µL droplets on textured ARCs (A) were non-dimensionalized. While the ARC threshold 

showed good conformity, the frequency of the 5 µL droplet was shifted (B). This trend was 

similar to that observed with changing rung radii, indicating that texture ARCs have a 

considerable influence on the droplet response to vibration frequency. Error bars indicate 

±standard deviation.  

 
 
Recordings of droplet edges 0.5 g below, 0.5 g above, 1 g above, and at the ARC threshold were 

compiled into a single plot (Figure D.4). This comparison demonstrates that droplet edge 

movement is still occurring below the ARC threshold but that no progress is being made. At the 

ARC threshold, the droplet is transported but does not advance every step, and as the vibration 

amplitude is increased the droplet advances more consistently. This analysis shows that as 

vibration amplitude is increased, the probability of the droplet taking a step forward (leading edge 

does not slip) during each vibration cycle is also increased, which results in faster droplet transport.  



 

Figure D.4: Effect of vibration amplitude on edge movement. Droplets (10 µL) driven at 80 

Hz with vibrations 0.5 g below, 0.5 g above, 1 g above, and at the ARC threshold were recorded 

and edge movement was analyzed.  

 
The position of droplet centroids recorded in this analysis were also plotted with respect to time 

(Figure D.5). The cycling patterns of the centroids mimic the edge movement, as the centroid 

continuously circles below the ARC threshold, advances on some steps but repeats on itself at the 

ARC threshold and exhibits a more stable pattern of advancing as vibration amplitude is increased. 

Interestingly, the movement of the droplet centroid appears unstable or noisy at or below the ARC 

threshold but appears to stabilize as vibration amplitude is increased. This observation suggests 

that circular, internal flows will be created in the droplet during ARC transport, which could aid 

in mixing or the formation of nanoparticles. 



 

 
Figure D.5: Droplet centroid cycles during transport. The vertical and horizontal positions of 

the droplet during transport (80 Hz), show that while the centroid is moving up down, as 

expected, it is also moving back and forth, creating little circles during transport.  

 
The effect of increasing vibration amplitude on 10/60 and 5/60 tracks was also investigated (Figure 

D.6). Interestingly, the transport velocity was highest on 10/60 tracks at the ARC threshold but 

raising vibration amplitude increased the transport velocity only slightly, whereas the transport 

velocity on the 5/60 track exhibited a large increase when the vibration amplitude was raised to 

+0.5 g but did not increase further when vibration amplitude was raised to +1.0 g. 



 

Figure D.6: Maximum transport velocity depends on ARC design and frequency. Increasing 

vibration amplitude on 5/60 (A) and 10/60 (B) tracks shows that the transport velocity reaches a 

limit, beyond which further increases in vibration amplitude at that frequency will not increase or 

may even decrease the transport velocity.  

 
The height of the droplet was also compared to the movement of the substrate. These 

measurements indicate that the droplet slightly lags the substrate, which may provide some 

explanation for the cycling effect of the droplet centroids during transport. 

 

Figure D.7: Phase delay. The sinusoidal height of the droplet lags slightly from the sinusoidal 

position of the vibrated substrate.  



APPENDIX E: ADDITIONAL DNA BIT DEVELOPMENTS AND 
CHARACTERIZATIONS 

Measurements of the substrate actuation created by the electromagnetic motor used for laboratory 

experiments and the solenoid used in the portable system demonstrate that the solenoid can 

produce a sinusoid pattern that is slight sawtooth in shape (Figure E.1). The ability of the ARC 

devices to enable droplet transport with this waveform demonstrates the robustness of the design 

of this surface pattern.  

 

Figure E.1: Solenoid provides sufficient sinusoidal vibration. The sinusoidal motion of from 

a high-end electromagnetic motor (A) used for laboratory testing is roughly approximated with 

an inexpensive DC solenoid (B) operated by an Arduino Uno. The slightly sawtooth waveform 

of the solenoid could be further improved by adding an additional spring to the solenoid and chip 

holder.  

 
A CMOS camera (Arducam OV2640) was programmed to capture images of droplets on the 

microheaters. The sensitivity of the color channels was investigated by varying the pH of droplets 



containing a pH indicator (Figure E.2). This effort demonstrates that a simple camera system can 

serve as a detector for changes in droplet properties. Future work looks to create a fluorescent 

detection system this configuration. 

 

Figure E.2: Arduino driven camera shows good sensitivity to pH changes in phenol red. 

Images of droplets on microheaters were captured and analyzed in a 100 by 100 pixel region (A) 

for pH 6.0 (B), 7.5 (C), and 9.0 (D). The green channel exhibited to greatest sensitivity to pH 

change in phenol red ~44 units of intensity per pH value (E). Based on the standard deviation (n 

= 3 samples per group), this sensitivity corresponds to a detection limit of ±0.1 pH. Error bars 

indicate ± standard deviation. 

 
Although further work will be required before the ARC isothermal chip will be ready for 

commercialization for use with DNA-confined samples. The ability to perform amplification on 

chip presents a substantial utility for applications in conservation that require analysis of DNA-

ready samples. Therefore, this system was also adapted to a simplified chipset to drive isothermal 

amplification. On this chipset, a microheater is surrounded by a PDMS gasket to form a confined 



well. This encapsulation effectively prevented evaporation for 60 minute amplification reactions 

(Figure E.3). 

 

Figure E.3: DNA-ready wells enable isothermal amplification. A turbidimetric reagent set 

can be monitored through the course of an isothermal amplification with a camera (A). DNA-

ready wells can be easily tuned to characterize the effect of different amplification temperatures 

on the reaction success (B). Amplification in DNA-ready wells is comparable to the results of 

amplification in a qPCR (C).   

  

The DNA-ready chipset was expanded to define nine-wells with a meandering microheater and 

complementary gasket. The nine-well chipset is contained within the same cartridge system as the 

isothermal ARC chip, which will facilitate integration of future chipsets and developments. A user-

friendly driving system was developed with feedback from personal interviews with officers at the 

Washington Department of Fish and Wildlife. This unit interfaces with the user through a simple 

LCD screen and button panel. A sliding platform that accommodates the cartridge and chipset that 

positions the cartridge under a CMOS camera housed in the driving unit (Figure E.4). A card-edge 

connector links the microheaters to the driving circuitry.  



 

Figure E.4: Design of DNA-Ready amplification system. A nine-well DNA-ready chipset 

allows for multiple assays to be simultaneously performed (A) and can be driven with a handled 

control unit (B). 

 
A custom voltage amplifier was designed to control the temperature of the droplets (Figure E.5). 

In this circuit, an inductor is connected to the +5V power supply, in series with this inductor are a 

MOSFET and a capacitor (which are connected in parallel. The gate of the MOSFET is connected 

to a pin on the microcontroller board, in a similar fashion as the portable driving unit. When a 

signal from this pin is applied to the gate, the circuit will be connected and current will flow 

through the inductor, building up a magnetic field. When the signal applied to the gate of the 

MOSFET is removed, the current will cease, but a magnetic field will persist in the inductor. The 

inductor must discharge the magnetic field, but the path through the MOSFET is an open circuit 

when the gate voltage is off. Therefore, the inductor discharges across the capacitor, building up a 

voltage.  



 

Figure E.5: Realization of the DNA BIT. The portable BIT prototype is controlled by an 

Arduino Uno (A). An LCD screen provides a user interface and a miniature CMOS camera 

serves as a detection system. Microheater temperature is controlled by the Arduino through 

custom circuitry. The physical prototype is produced with 3D printer and traditional fabrication 

techniques (B). The slider and cartridge set are designed for ease-of-use by a non-technical user.  



The voltage on the capacitor will increase every time the switch is cycled on the MOSFET. To 

prevent the capacitor from discharging back into the inductor, a diode is placed between the two. 

When a load (i.e. a microheater) is applied across the capacitor it will discharge. As the capacitor 

discharges, the voltage will be decreased, but at a sort of equilibrium point, the discharge rate of 

the capacitor will match the charging rate of the inductor due to the switching of the MOSFET.   

This DNA BIT prototype provides a platform with the modular architecture envisioned in Chapter 

6. The on-board control hardware is adaptable to large variety of additional sensors for 

environmental variables of interest and the user interface is programmable to suit the needs of 

many different users and use cases. While the DNA-ready shipset is a much simpler diversion 

from the isothermal ARC chip, it provides a highly customizable system that can provide a level 

of multiplicity and ease of use that could not be accomplished with traditional tube based field-

tests.  

 
The ability to isolate magnetic beads in droplet driven on ARC surfaces was also investigated. It 

was initially hypothesized that a strong magnet could collect magnetic beads transported in 

droplets on ARC devices. To accomplish this, a setup was created that separated the ARC substrate 

from the magnetic field of the electromagnetic motor. A permanent neodymium magnetic was 

attached to the bottom of the substrate beneath the ARC device (Figure E.6). A solution containing 

surfactant coated 100 µm magnetic beads with a density of 1.1 g/cm3 (Cospheric) in diH2O was 

created for ARC transport.  



 

Figure E.6: Magnetic bead separation set-up. In attempt to separate magnetic beads from 

droplets during transport, a neodymium magnet was placed beneath the ARC substrate. 

Droplets containing magnetic beads were transport on ARC devices with and without the magnet.  

 

Without the magnet present, beads stayed suspended within the droplet, exhibit small circular 

motion as expected. However, when these droplets were transported over the magnet, all of the 

beads aligned within the droplet. This affect did not appear to slow the droplet nor was the magnet 

able to pull magnetic beads out of the droplet – even if the droplet was allowed to remain at rest 

on the magnetic prior to transport. While this observation demonstrates the use of magnetic beads 

is not a promising method for sample preparation on ARC devices, this approach could provide a 

means of studying droplet transport forces.  



 

Figure E.7: Magnetic beads align in droplets when a magnetic field is present. Paramagnetic 

beads (~100 µm diameter – Cospheric) can be transported in droplets on ARCs. Upon passing 

over a permanent magnet, the beads in the droplet align in the droplet, but are not deposited onto 

the surface of the substrate.  

 
Initial investigations with timber looked at DNA content in Pinus strobus (eastern white pine) and 

Swietenia microphylla (Honduran mahogany). Sections 2 µm in thickness were prepared by a 

microtome. These sections were then stained with an intercalating dye (ethidium bromide) to 

spatial identify the location of DNA within these samples (Figure E.8). Fluorescent images of these 

sections suggest that the DNA is sequestered between cell walls in timber. This finding indicates 

that while DNA is still present in commercial timber specimens, it is encapsulated by the cell walls, 

providing a substantial barrier to DNA extraction. This observation implies that simple rupture of 

the cell wall will not be sufficient to liberate target DNA and that a considerable amount of tissue 

will have to be dissolved or degraded to access target DNA.   



 

Figure E.8: DNA is sequestered in commercial timber samples. Samples of Honduran 

mahogany (Swietenia microphylla) and eastern white pine (Pinus strobus) from commercial 

woodworking products were sectioned with a microtome (Leica) and stained with ethidium 

bromide (an intercalating dye for GC rich regions). These sections show that DNA is still present 

in processed, commercial timber products, but the DNA is sequestered and embedded into the 

cell walls of the timber tissue.  

 
Particles of P. strobus were deposited on a substrate with an ARC track. The transport of a droplet 

across these particles resulted in capture and transport (Figure E.9). This finding suggests that 

ARC could be used as a vehicle for timber specimens in on-chip sample preparation regimen for 

these samples can be developed.  



 

Figure E.9: ARC transport of Pinus strobus sawdust particles. Particles from a rotary sander 

were placed on the surface of an ARC chip. A 10 µL droplet was then placed on an ARC track 

and transported with 60 Hz vibrations (5.2 g or 360 µm amplitude). Droplet transport was 

recorded from top (top panel) and side (bottom panel) perspectives. Recordings show droplets 

capturing and transporting a majority of deposited sawdust particles. 
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