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This dissertation will demonstrate and discuss advances in open-channel microfluidics at 

the fundamental and translational levels. Chapter 1 outlines new fundamental open-

microfluidic tools through via analytical models and comparisons with open channel fluid 

flow experiments. Chapter 2 will demonstrate enhanced capillary flow through the 

coupling of homothetic, bifurcating capillary trees and semi-circular paper pads at the 

extremities to maintain high fluid velocities throughout the channel over an extended 

period of time. Chapter 3 will discuss and demonstrate the need for a dynamic contact 

angle (DCA) at high fluid velocities through a survey of current theoretical approaches 

including multiple hydrodynamic models and the molecular kinetic theory with a 

comparison to in-lab flow experiments in U-shaped open microfluidic channels. Chapter 

4 will present the implementation of trigger valves in open channel configurations allowing 

for the formation of lateral flow of multiple liquids in parallel for precise fluid addition. 

Chapter 5 will focus on the use of an open-channel droplet generator that can encapsulate 

human sperm samples for the use in cryopreservation steps in assisted reproductive 

technology (ART) workflows. 
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Chapter 1 | Introduction 

This dissertation will focus on new open microfluidic methods for device design and fluid modeling 

including the couple of capillary trees with paper pumps, a correction for dynamic contact angle 

integration, and the implementation of trigger valves in open microfluidic channels. A focus on the 

application of open channel droplet generation for purified sperm cryopreservation will also be 

presented. Portions of this chapter were excerpted or paraphrased from Chapters 2-4 of this 

dissertation. 

1.1 Fundamentals of open-channel microfluidics 

Microfluidics is defined as the manipulation, flow, processing, and analysis of fluids in 

channels characterized by a cross-section with at least one dimension on the millimeter scale or 

smaller. The field has become increasingly popular and interdisciplinary in the past several 

decades for its many benefits including: precise fluid control, high throughput, reduced sample 

requirements, wide variety of fabrication materials, and multiplexing abilities, making this an 

attractive technique for laboratories across resource levels.1–5 As a result, microfluidics expanded 

rapidly throughout the past several decades resulting in several sub-fields including: open-

channel (open capillary) microfluidics, digital microfluidics, and droplet-based microfluidics. In this 

dissertation, I will discuss open-channel microfluidics in the context of fundamental principles and 

its applications in chemistry, urology, and translational research.  

Open-channel microfluidics is a subset of microfluidics that is characterized by at least 

one free boundary within the microfluidic channel, which is achieved through the removal of at 

least one channel surface such as the channel floor, ceiling, or wall.6,7  Some examples of open 

channel cross-section shapes include: U-shaped channels, V-grooves, threads, or suspended 

rails. The growing popularity of open microfluidics is linked to several advantages including: 

accessibility, low cost, easy fabrication, and easy surface treatment.8–10 Contrary to traditional, 

closed channel microfluidics, the free surface of an open channel enables users to interact with 
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and manipulate the fluids within the channel.11 Further, the operation of an open channel only 

requires normal laboratory pipettes, the device, and desired fluid—eliminating the need for 

complex, expensive, and sometimes bulky pumps and actuators.  Another additional benefit of 

open microfluidics is the wide availability of fabrication techniques. Innovations in technology 

allow for tighter tolerances, finer machining control, higher resolution, and a broader range of 

usable materials. These fabrication methods include: 3D printing12, computer numerical control 

(CNC) milling13–15, soft lithography16, or injection molding17. These innovations have made open 

microfluidics a popular platform for diverse applications such as organ-on-a-chip models, protein 

and metabolite detection assays, space science, and cancer research.8,18–23  

In open channel capillary flows, fluid flow is governed by spontaneous capillary flow (SCF) 

(Equation 1). Berthier et al. developed the condition for which SCF will occur in open channels 

which only depends on the channel geometry and contact angle.6,7,24  

%!
%"
	< cos(𝜃)  (1) 

Upon fulfillment of the SCF equation, SCF will occur when the ratio of the free surface(s) (denoted 

as Pf) to wetted dimension(s) (denoted as Pw) of the capillary channel cross-sections (wetted 

referring to the liquid-solid interfaces) is less than the cosine of the contact angle (denoted by the 

Greek letter, θ) (Figure 1.1).  A critical physical parameter in SCF and referenced throughout this 

dissertation is contact angle. The contact angle is the tangential angle of the base of a liquid drop 

with a solid surface and is governed by the equilibrium of the solid-vapor, solid-liquid, and liquid-

vapor interfacial tensions. In the case of water on a particular surface or substrate, hydrophilicity 

and hydrophobicity can be determined through the contact angle. Generally, surfaces with a high 

affinity for water (thus, hydrophilic) will have a low contact angle (< 90°) with a droplet of water. 

Conversely, surfaces with a low affinity for water will have a high contact angle (> 90°). Note: this 

definition only concerns the static or sessile contact angle. Chapter 2 of this dissertation will 

discuss the occurrence of a dynamic contact angle. 
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Figure 1.1. Critical parameters of the spontaneous capillary flow condition. Reproduced from Lee 
et al.25 
 
1.2 Capillary flows in open-channel microfluidics 

Throughout this thesis, we present a brief overview of capillary microfluidics with a special 

focus on pumping, circuitry, and dynamic contact angles in capillary systems. Capillary 

microfluidics has been an attractive option for a wide variety of applications as fluid flow solely 

relies on fluid properties and channel geometry and architecture to operate.  

1.2.1 Capillary pumping 

Movement of fluids through microfluidic channels are characterized by the type of force 

that is applied to pushes fluids through the channel. In general, there are two major categories of 

pumping types: active (mechanical) and passive (non-mechanical). Active pumping systems 

provide precise and continuous control of fluid through a channel, which requires a mechanical 

system to operate along with additional equipment such as tubing, syringe needles, or complex 

electronic systems.  A classic example of an active pump is a syringe pump, which is utilizes a 

motor system to push a syringe plunger and dispense an accurate amount of fluid to a microfluidic 

channel. However, systems like a syringe pump or other mechanical-based pump (e.g., solenoid 

valves, micropumps) can be bulky or complex to operate. As a result, passive-driven pumping 

systems have been a popular alternative.  

Many passive designs have been developed for capillary-driven flows in closed 

channels26–29; however, few have been proposed in the case of open channels. The 
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electrowetting-based pumping device proposed by Satoh et al. is one of the first pumping designs 

in open geometries, but requires the addition of electric actuation.30 The most current open-

pumping systems rely on evaporation. Evaporation from a rectangular open channel has been 

documented by Kolliopoulos et al.31 and Lynn et al.32  and pumping has been set from a reservoir 

or fibrous pads by Zimmermann et al.33 However, these methodologies are restricted to low boiling 

point liquids and entail long experiment durations. The search for efficient open channel pumping 

based solely on geometrical features is currently progressing.  In Chapter 2, we will present a 

method that utilizes channel architecture and paper pads to extend capillary pumping in open 

channels. 

1.2.2 Dynamic contact angle 

Traditionally, fluid flow in capillary channels is modeled through the utilization of a static 

(constant) contact angle. The major theoretical model for predicting fluid flow in microfluidic 

channels is the Lucas-Washburn-Rideal (LWR) law, where fluid velocity (and thus, flow rate) 

decreases with the inverse of the square root of time.34–36 Berthier et al. adapted this model for 

open systems, utilizing the generalized Cassie angle for the contact angle and an average friction 

length in place of the tube radius.6,37 However, capillary flows at high velocities in the early stages 

of flow deviated from the predicted LWR law and relaxed to the expected static contact angle 

indicating presence of a dynamic contact angle. In closed channels, there are two general 

categories of dynamic contact angle models: a hydrodynamic (HD) model and a molecular kinetic 

theory model (MKT). The hydrodynamic (HD) approach corresponds to the case of viscous 

dissipation at the mesoscopic scale resulting in so-called viscous bending near the wall.38–41 In 

the HD approach, the increase in the contact angle outside of the microscopic region (Lmi) is linked 

to the cubic root of the capillary number.38 On the other hand, adsorption-desorption dynamics of 

liquid molecules on a solid surface near the TPCL (triple phase contact line) is the basis for the 

molecular kinetic theory (MKT). This approach was first proposed by Blake and Haynes42 using 
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Eyring’s activated-rate theory of stress-modified activated rate processes43. In Chapter 3 of this 

dissertation, the MKT model will be modified for open channels and we show comparison of this 

model with experimental results in open microfluidic channels. 

1.2.3 Capillary circuitry 

Capillary microfluidics enables the movement of fluids through small grooves with no 

peripheral equipment required—offering simplicity in device design and operation—but precise 

and autonomous fluid addition remains a challenge in open systems.  Commonly, valves have 

been utilized to achieve this. Trigger valves (TGVs) are one of the main geometric features/control 

elements that make autonomous capillary-driven fluid addition possible.44,45 TGVs are modified 

passive stop valves that release a confined liquid upon the capillary-driven flow of another or a 

similar liquid in an orthogonal channel to the stop valve. Stability of the TGVs lies in the offset of 

the valve and orthogonal channel floors, creating the so-called two-layer or “stair-step” TGVs, 

which help to retain fluid in the TGV channel.46–48 In capillary-driven devices, the flow is regulated 

by surface energies and geometric features. Passive valves, which include TGVs, based on 

geometrical pinning are a common method for fine control of flow and on-chip programming. 

Geometrically, pinning occurs when capillary pressure is lost due to a sudden change in the 

channel architecture (such as an enlargement).  Pinning of the fluid at the TGV “gate” is important 

to ensure that the fluid stops flowing until the depinning by a perpendicular flow by a miscible fluid.  

Retention of the liquid in the side channel until the main flow reaches the TGV relies on the liquid 

being pinned at the gate (or aperture), which refers to the edges of the side channel that intersects 

with the main channel. Pinning of a liquid on edges depends on the edge angle and on the liquid-

solid contact angle.49–52 If the constraints on the liquid (e.g., pressure) exceed the pinning angle 

threshold, pinning does not occur. Otherwise, pinning is stable, allowing us to leverage this 

phenomenon to create TGVs in open configurations. 
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1.3 Application of open-channel microfluidics for infertility and vitrification studies 

1.3.1 Infertility 

Infertility is defined by the inability to conceive a child within 12 months for female partners 

under the age of 35. This timeframe is shortened to 6 months for female partners above the age 

of 35 due to decreased egg quality with age.53 The occurrence of infertility is widespread with 

approximately 1 in 6 couples affected worldwide with a male factor being identified in 

approximately 50% of these couples.54–57 For those looking to conceive a child, assisted 

reproductive technologies (ART) are required, which include in-vitro fertilization (IVF), 

intracytoplasmic sperm injection (ICSI), and intrauterine injection (IUI). In these procedures, 

motile sperm is required for fertilization of oocytes and subsequently, successful conception. A 

critical step in fertility procedures is the cryopreservation (slow freezing) of sperm, which is 

collected and stored until required for ART. However, conventional cryopreservation processes 

currently used in laboratories result in a loss of approximately 30-50% of motile sperm after normal 

freeze-thaw processes.58,59 This decrease is caused by several stress factors including 

temperature, oxidative, and osmotic stress. In turn, these stressors cause changes and damage 

to the sperm at the cellular and molecular level.60,61 Thus, creating a need for improved freezing 

processes that enable higher recovery of motile sperm after normal freezing and thawing 

procedures. 

1.3.2 Vitrification 

Vitrification is the ultra-rapid freezing of hydrated, live cells through exposure of small 

volumes of sample to liquid nitrogen.62 This form of cryopreservation is the gold standard method 

for storage of human oocytes in fertility laboratories, but can also be used for human spermatozoa. 

At a temperature of -196°C, vitrification quickly freezes aqueous samples in the absence of ice 

crystals, creating a glass-like state, and preserves sperm structure and function—a benefit that is 
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conveyed through ultra-rapid freezing rates from 100°C to more than 10,000°C per minute 

provided by liquid nitrogen.63–69 To achieve these high cooling rates, small volumes of sample are 

required. In standard vitrification workflows, sperm samples are portioned into sub-microliter to 

microliter volumes using a pipette, which can be time-consuming and challenging to achieve. 

Special vitrification devices have been published including the Cryoloop, Cryopiece, Cryotop, and 

a microstraw,70–73  but may require specialized experience to operate that often requires visits to 

highly trained laboratories which are not readily accessible to patients in low-resource or rural 

regions. Therefore, there is a need for generating small volumes autonomously with minimal 

expertise required. Chapter 5 presents a novel method for partitioning sperm samples passively 

into submicroliter to microliter-sized droplets for vitrification using an open droplet-based 

microfluidic device. 

1.4 Summary 

The work presented in this dissertation advances each of the areas covered in this section. 

Chapter 2 demonstrates coupling of open capillary homothetic trees with semicircular paper pads 

to extend capillary flow. Chapter 3 compares various dynamic contact angle models to in-lab open 

channel experimental data. Chapter 4 implements trigger valves into open channels for precise, 

autonomous fluid addition. Lastly, Chapter 5 presents a method for aliquoting microliter-sized 

droplets of human sperm using an open-channel droplet generator in preparation for vitrification.  

Future directions of this thesis will explore trigger valve fluid pumping and flow rates and the 

observed effects on fluid layering as demonstrated in microfluidic devices such as ours. In 

addition, the open-channel droplet generation method will be coupled to a vitrification step and 

rapid thawing processes for implementation in fertility laboratories across resource levels. 
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Chapter 2 | Enhanced capillary pumping using open-channel capillary trees with 

integrated paper pads 
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Abstract: The search for efficient capillary pumping has led to two main directions for investigation: 

first, assembly of capillary channels to provide high capillary pressures, and second, imbibition in 

absorbing fibers or paper pads. In the case of open microfluidics (i.e., channels where the top 

boundary of the fluid is in contact with air instead of a solid wall), the coupling between capillary 

channels and paper pads unites the two approaches and provides enhanced capillary pumping. 

In this work, we investigate the coupling of capillary trees—networks of channels mimicking the 
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branches of a tree—with paper pads placed at the extremities of the channels, mimicking the 

small capillary networks of leaves. It is shown that high velocities and flow rates (7 mm/s or 13.1 

µL/s) for more than 30 seconds using 50% (v/v) isopropyl alcohol, which has a 3-fold increase in 

viscosity in comparison to water; 6.5 mm/s or 12.1 µL/s for more than 55 seconds with pentanol, 

which has an 3.75-fold increase in viscosity in comparison to water; >3.5 mm/s or 6.5 µL/s for 

more than 150 seconds with nonanol, which has an 11-fold increase in viscosity in comparison to 

water) can be reached in the root channel, enabling higher sustained flow rates than that of 

capillary trees alone. 
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2.1 Introduction 

Simple and autonomous microfluidic systems can be designed by use of capillary forces. 

In such systems, bulky active pumps1,2 are not needed. However, a major drawback in a 

capillarity-based system is the decrease of the flow velocity—and the flow rate—with time. 

According to the Lucas-Washburn-Rideal (LWR) law, the decrease of the velocity is proportional 

to the inverse of the square root of time.3–5 To overcome this drawback, different capillary pump 

designs have been developed.  

Many passive designs have been developed for capillary-driven flows in closed channels6-

9; however, few have been proposed in the case of open channels. The electrowetting-based 

pumping device proposed by Satoh et al. is one of the first pumping designs in open geometries, 

but requires the addition of electric actuation.10 The most current open-pumping systems rely on 

evaporation. Evaporation from a rectangular open channel has been documented by Kolliopoulos 

et al.11 and Lynn et al.12 and pumping has been set from a reservoir or fibrous pads by 

Zimmermann et al.13 However, these methodologies are restricted to low boiling point liquids and 

entail long experiment durations. The search for efficient open channel pumping based solely on 

geometrical features is currently progressing. Srinivasan has proposed a geometrical diffuser for 

zero gravity pumping in space vanes14 and Guo et al. have developed an interesting system 

combining capillarity in closed channels and additional pumping from paper pads has been 

documented.15  

In this work, the pumping mechanism involves the use of networks of small open channels 

where the capillary pressure is high, or there are matrices of fibers (often paper pads) with a high 

wicking power. These capillary pumps are placed behind the “region of interest” where the 

biological or chemical processes are performed and can be used in multiple applications including 

separation methods or sample processing.   
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 Capillary trees for capillary pumping in closed (confined) channels have been developed 

in the past.16 Examples include triple tree line capillary pumps used for performing 

immunoassays,17 microstructures for simple and advanced capillary pumping,18 and multilayers 

of microfluidic paper to generate the capillary flow.19, 20 On the other hand, it was shown that 

microporous and fibrous structures, such as paper pads or porous membranes, provide efficient 

pumping properties due to their high wicking power.21-23 

In the capillary-driven microfluidics field, open systems are of special interest.24–26 These 

systems remove at least one “wall” of the microfluidic channel (often the top wall), providing easy 

access to the flowing liquid in the channels. We have previously found that a capillary tree can be 

used to maintain a high value of velocity in the root channel—the channel of interest for a given 

application—in open microfluidic devices.27   

In this work, we show that these open capillary tree channels can easily be connected to 

paper pads (mimicking the small capillary networks of leaves) to further extend capillary pumping 

in the root channel which is an innovation from our previous work28. Extending periods of high 

flow velocity is an important problem in open capillary microfluidics. Here, we have chosen to use 

an open channel instead of a closed capillary tree due to fabrication limitations such as difficulty 

in adjusting a cover plate over the trees with minimal to no leakage of the flowing solvent. Along 

with our previous work, this work expands the toolbox for open-channel microfluidics, which is 

implemented in a broad range of fields of studies such as diagnostics, biomedical science, 

pharmaceutical science, space science, and integrated analysis systems. The removal of the top 

wall of the channel enables direct access to the flowing fluid for the addition, removal, or 

manipulation of the channel contents. Thus, together with this work and prior work,28 we 

demonstrate a method for sustaining periods of high fluid velocity through the coupling of paper 

pads (current work) and bifurcating capillary trees (prior work). 

In itself, an “infinite” capillary tree with decreasing channels has been shown to be 

favorable for pumping, but practically, it is impossible to design and fabricate such a device. In 
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addition, paper alone is limited by the high friction of the liquid in the microporous media. Hence, 

the additive structure constituted by the paper pads replaces the downscaling of the trees and 

enhances the global pumping effect, first coming from the capillary tree and then from the fibrous 

paper “leaves”. The paper pads are placed in milled receptacles at the end of the branched 

channels. We used a geometric design of capillary trees where the root channel is successively 

divided in a cascade of daughter channels and the cross sections of the daughter channels are 

progressively decreased at a ratio of 0.85. With this design, a high flow rate in the root channel 

can be achieved and sustained with such designs using bifurcations and paper pads (Figure 2.1). 

The multiplication of the tree branches avoids the velocity decrease in the root channel predicted 

by the LWR law in the case of a constant cross-section channel. The flow rate decreases in the 

branches after each bifurcation, but the flow rate in the root channel is twice that of the first 

branches and four times that in the second branches, and so on. On the other hand, the 

multiplication of the pads in parallel palliates the friction effect in each pad on the flow rate in the 

root channel. 

 

Figure 2.1. Diagram of an open channel microfluidic device utilizing a capillary tree channel and 
paper pads. 
 

 A closed form model for the flow dynamics is derived here, coupling the formulation of the 

capillary tree flow with the paper pads. In this manuscript, it will be shown that high capillary 

velocities are obtained even in the case of highly viscous fluids, pentanol, and nonanol. While 
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there are publications where paper pads are used to drive flow15,23, to the best of our knowledge, 

this is the first study to couple paper pads to bifurcating trees, specifically in open channel 

systems. We show here that by combining homothetic capillary tree channels with paper pads in 

an open microfluidic device, such designs maintain a high liquid velocity (7 mm/s or 13.1 µL/s) for 

more than 30 seconds using 50% (v/v) isopropyl alcohol, which has a 3-fold increase in viscosity 

in comparison to water; 6.5 mm/s or 12.1 µL/s for more than 55 seconds with pentanol, which has 

an 3.75-fold increase in viscosity in comparison to water; >3.5 mm/s or 6.5 µL/s for more than 

150 seconds a fluid that has a viscosity that is 11 times higher than water in the root channel for 

more than one minute.  

2.2 Results and Discussion 

2.2.1 Theory 

In the first phase, the flow advances in the capillary tree, dividing itself at each bifurcation. 

The device is designed so that the tree is symmetrical, thus all fluidic channels have the same 

length. This motion has already been analyzed in our prior work.27 We describe here a theoretical 

approach for open capillary channel bifurcating trees coupled to paper pads. The nomenclature 

and associated definitions used in this section can be found in Table 2.1. 
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TABLE 2.1. Nomenclature for theoretical approach. 
Symbol Definition [Unit] 

Latin, lower case   
p perimeter [mm] 
pn perimeter of root channel [mm] 
pn perimeter of branch n [mm] 
t time [s] 
tn time at extremity of branch n [s] 
t0 time at exit of the root channel [s] 
z travel distance [mm] 
z0 travel distance (root channel) [mm] 
zn travel distance in branch n [mm] 
zp travel distance in the paper pad [mm] 
   

Latin, upper case   
An characteristic treelength (n branches) [mm] 
C coefficient of the LWR law [mm2/s] 
K permeability (paper pad) [mm2] 
L length of a branch [mm] 
L0 length of root channel [mm] 
P pressure [Pa] 
Pj pressure at node j [Pa] 

Pcap capillary pressure [Pa] 
S cross-sectional area [mm2] 
S0 cross-sectional area (root channel) [mm2] 
Sp0 cross-sectional area (paper pad entrance) [mm2] 
V velocity [mm/s] 
V0 velocity (root channel) [mm/s] 
Vn velocity (branch n) [mm/s] 
   

Greek, lower case   
a homothetic factor [non-dimensional] 
b geometrical angle of the circular pad [rd] 
g liquid-air surface tension [mN/m] 
f porosity (paper pad) [non-dimensional] 
l friction length [mm] 
µ liquid viscosity [mPa.s] 
t time (for paper pads) [s] 
q Young angle [rd] 
q* generalized Cassie angle [rd] 

   
Greek, upper case   

∇ gradient operator [1/mm] 
Σn characteristic number for the tree [non-dimensional] 
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 Let us recall that the marching distance in the open root channel (the channel before the 

beginning of the bifurcations) is given by 

𝑧& 	= /'	)	*	+,-.#
∗

/
	√𝑡           (1) 

where 𝜆	 is the average wall friction length,29 γ is the surface tension, μ is the viscosity, t is the 

time, θ* is the generalized Cassie angle,30 and index, 0, refers to the root channel, so that  𝜃&∗ is 

the generalized Cassie angle in the root channel. Using the pressure at each node (bifurcation) 

plus the homothetic relation for the channel perimeters, and cross sections and the mass 

conservation equation, one finds the expression of zn for the marching distance in the channels 

after the nth bifurcations: 

𝑧1 = 𝐴1 	3−1 + /1 +
2%3
4%&
	(𝑡 − 𝑡15")7	 (2) 

where	𝐶 = '	)	*	+,-6∗

/
, α is the homothetic ratio, tn-1 is the time at which the liquid enters the nth 

channel, and An is a geometrical factor which depends on the channel lengths L0 to Ln-1 and α. 

The algebra leading to this expression is lengthy and fully developed in the Appendix Section 

A1. Note that (2) differs from the LWR expression where z ~ t1/2.  

 Figure 2.2 shows the flow of fluid in a device that combines a capillary tree and paper 

pads. When the flow reaches the paper pads, the wicking of the pads is governed by Darcy’s 

law.31,32 

𝑉7 = − 8
/9
	𝛻𝑃 = 8

/9
	%'()5%*

:)
,  (3) 

where Pcap is the capillary pressure of the paper, Pj is the pressure at the channel-paper pad 

junction, K is the permeability of the pad, and φ is its porosity. The index, p, refers to the paper, 

and the triplet (Pcap, K, φ) characterizes the paper strip.33,34 The capillary pressure of the paper 
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pad must be larger—in absolute value—than the pressure, Pj , at the last nodes so that the liquid 

continues to flow in the pads (Vp >0). This condition is easily satisfied even if the capillary pressure 

in the tree increases after each bifurcation: 𝑃+;7,1 = 𝑝1 𝛾𝑐𝑜𝑠𝜃1∗ 𝑆1⁄ =

𝛼51𝑝& 𝛾𝑐𝑜𝑠𝜃&∗ 𝑆& = 𝛼51𝑃+;7,&⁄ . If we remark that 𝛼51𝑃+;7,&~50	 Pa, and that the capillary pressure 

in most paper pads is of the order of 3000 Pa at least (Table A3), more than 25 bifurcations will 

still produce a capillary pressure inferior to that of the pad—considering a  = 0.85. The derivation 

of the flow motion in the pads (coupled to the tree) is detailed in the Appendix Section A2. Note 

that three assumptions are used in the model. First, that the paper pads are homogeneous (i.e., 

there is no region of higher or lower porosity). Hence, saturation is neglected, and the sharp front 

assumption is used.35–37 This observation is confirmed by experiments.23,35 

 

 

Figure 2.2. Still images of an open channel device filled with yellow and blue nonanol solutions. 
(a) Yellow liquid is pipetted in the inlet of the open channel. (b) Progression of the yellow liquid in 
the root channel and capillary tree. (c) Blue liquid is pipetted in the inlet after the yellow liquid 
reaches the paper pad. (d) Progression of blue liquid in the open channel. Scale bar is 1 cm.  
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Second, it is assumed that the dilatation of the paper fibers from the liquid is negligible, 

therefore, the porosity, φ, is constant everywhere in the pad. Third, the cellulose fibers do not 

absorb the wicking liquid, thus the mass conservation of the flowing liquid is independent of time. 

 Equation (3) can be solved using the expression of the pressure, Pj, found in the first 

phase (flow in the tree) and assuming a circular or flat contact line in the conical (angle b) or 

rectangular pads (b = 0). The travel distance in the paper is then 

𝑧7 =
;%

=">(%+ ?

@),#
@#
	F−1 + G1 + H @#

@),#
I
'
	
A=">(%+ ?	B

C%&
J (4) 

where 𝑎1 = 21𝛴1𝐾
7#D#		
)			@#	

,  𝛿 = 	@#		
'	E	F)			

, and 	𝑏 = '8
/9
𝑃+;7. Here,  p0 corresponds to the total perimeter 

of the cross section of the root channel, S0 is the cross-section surface area, hp is the thickness 

of the paper pad, β is the paper pad cone angle, τ is the time counted from the moment when the 

liquid reaches the pads, and	𝛴1 =	 Q1 +	
D-

'2.D#
+⋯+ D%

('	2.)%D#
S.	 Note that if 𝛽 is zero, then 𝛿 is 

infinite, resulting in ;%
I

 to cancel out in equation (4). The two first parameters, 𝑎1 and d, have the 

dimension of length, while the unit for b is mm2/s and 𝛴1 is dimensionless. The ratio, @#
@),#

, is the 

ratio between the cross-sectional area of the root channel and that of the paper pad (at the 

junction with the tree). Using the mass conservation equation, the velocity in the root channel 

when the liquid wicks the paper is given by 
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where zp is given by (4).   
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2.2.2 Comparison with experiments 

The travel distance produced by equation (S13) (Appendix Section A2) has been 

checked against the experiments using colored solutions of 50% (v/v) isopropyl alcohol, pentanol, 

nonanol (Figure 2.3) flowing in the homothetic tree of ratio a = 0.85. A representative trial for 

each fluid is shown in Figure 2.3. Raw data for the travel distance for each fluid is presented in 

Figure A2. The travel distances in the tree, as measured by the progression of the fluid front, are 

well matched by the theory. The theory assumes a perfect flow with a circular fluid front in the 

semi-circular paper pad and perfect synchronization between the pads; however, in our 

experiments, the fluid front deviates from the theory due to a not-perfectly circular liquid front in 

the paper pad, imperfect synchronization between the flows in the different branches, and 

occasional leaking in the space below the pads. Nonetheless, this does not preclude the data.  

Note that a velocity jump is predicted by the model at the tree/pad junction due to the sudden 

change of capillary pressure. However, this velocity jump is not high due to the friction along the 

whole capillary tree. For this reason and because of the connection between channel and pads, 

this jump is hardly seen in the experiments.  
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Figure 2.3. Travel distance and velocity over time for 50% (v/v) isopropyl alcohol (IPA) solution, 
pentanol, nonanol solutions in an open channel capillary tree with paper pads. (a) Experimentally 
determined travel distances in the bifurcating capillary tree vs. time for the first phase of the flow 
(orange dots) and the second phase of the flow (blue dots) after the flow has reached the pads 
and blue colored solution has been added to the inlet. Travel distance was determined by 
measuring the distance of the fluid front in the device in the recorded videos. The black lines are 
the theoretical results. (b) Velocities in the root channel vs. time when the tip of the flow is in the 
capillary tree (orange dots) and in the paper pads (blue dots). Velocities were determined using 
equation (5). 
  

 In the case of 50% (v/v) isopropyl alcohol, the coefficient, /W*/X 2𝜆	𝑐𝑜𝑠𝜃
∗	 , was found to 

be approximately 40 mm/s1/2 (Table A1). In the paper pads, a good fit was found for a capillary 

pressure of 3000 Pa. Root channel velocities on the order of 7 mm/s were obtained for 60 seconds 

(Figure 2.3) for 50% (v/v) isopropyl alcohol.  The contact of the liquid with the pads occurs at 35 

seconds for both 50% (v/v) isopropyl alcohol and pentanol, and 95 seconds for nonanol (Figure 

2.3). Raw velocity data plots are presented in Figure A3. 

For the case of pentanol, which is a fluid with an “intermediary” viscosity of 3.75 mPa.s. 

the pentanol also has a good fit for the travel distances in the capillary tree is obtained for the 
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value /W*/X 2𝜆	𝑐𝑜𝑠𝜃
∗	= 40 mm/s1/2. Root channel velocities on the order of 6.5 mm/s were obtained 

for at least 55 seconds (Figure 2.3). 

The case of nonanol is of great interest due to its high viscosity of 0.011 Pa.s. A very good 

fit for the travel distances in the capillary tree is obtained for the value /W*/X 2𝜆	𝑐𝑜𝑠𝜃
∗	= 23.7 

mm/s1/2, and a capillary pressure Pcap = 5500 Pa in the paper pad. Root channel velocities on the 

order of 3.5 mm/s were obtained for 150 seconds (Figure 2.3).  

 The fluctuations that were observed in the velocity measurements (Figure 2.3) are due to 

the discretization, dz/dt. The velocity is the derivative of the travel distance and derivation 

amplifies the fluctuations. The only physical variation is at the junction between the channel and 

the paper due to abrupt capillary pressure change. 

2.2.3 Discussion 

Efficient capillary pumping has been the subject of many investigations. In this problem, three 

parameters must be considered: (1) the maximum velocity of the flow, (2) the maximum flow 

rate, and (3) the duration of the pumping. Prior research has focused on obtaining the highest 

possible velocities, but typically only for a short time and a moderate volumetric flow rate. For 

example, Reches et al. 38 has obtained interesting velocities of 2 cm/s for water in treated 

threads of wool, but along a length of 2 cm, corresponding to a duration time of 1 second. In 

Table II, a review of the literature for various methods of capillary pumping is summarized. The 

table indicates that it is difficult to obtain high velocities (larger than 1 mm/s) for a long duration 

(larger than 30 seconds) in capillary-based systems.  
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TABLE 2.2. Literature review of capillary pumping. 
Reference 

Liquid 
Velocity 
[mm/s] 

Flow 
rate 

[µL/s] 

Duration  
[s] 

Channel 
Characteristics 

Watera  n/a 0.13 15 Large array of PCB pillars spaced  
50 to 300 µm 

Waterb  15 n/a 20 Multilayer paper pads (Whatman #1)   
100 to 200 µm  

Waterc n/a 0.07 n/a Large array of pillars spaced 50 µm–- SI 
chips 

Waterd  0.3 n/a 1000 Paper pads width 1 to 3 cm (rectangular or 
circular sectors) Millipore nitrocellulose 

Watere  10 n/a 10 Multilayer paper pads paper 175 µm, gap 36 
µm  

(Whatman #1) 
Glycerol 
solutionsf 

0.4 n/a <10 3D printed channels 
Width 300 µm 

acrylonitrile-butadiene-styrene  
 Parylene/ 

Waterg  
0.4 n/a < 10 Channels 10 µm 

parylene 
Water (Wool, 

Threads)h  
20 n/a 1 Fiber threads length 1 cm cotton, wool, 

polyester 
     

This study 
Nonanol 
50% IPA 
Pentanol 

 
>3.5 

7 
6.5 

 
6.5 
13.1 
12.1 

 
>150 
>60 
>55 

Milled capillary trees 
Width 1 mm to 300 µm 

PMMA 

a Reference 39. 
b Reference 19. 
c Reference 40. 
d Reference 21. 
e Reference 41. 
f Reference 42. 
g Reference 43. 
h Reference 38. 

 

In our study, it is assumed that the capillary tree is “symmetrical”, i.e., all branches at the 

same level of ramification are identical. The channels are relatively larger in size due to computer 

numerical control milling constrictions; however, this theory is applicable to smaller dimensions 

up to 300 µm in width when employing other types of fabrication methods. High velocities are 

obtained with our device where the dimensions are at the upper side of the microscale limits. If 

we remark that the root channel velocity is approximately proportional to the square root of the 

friction length and that the friction length decreases proportionally with the channel dimension, a 
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homothetical reduction of the channel dimension of a factor, n, will result in the reduction of the 

velocity of a factor √𝑛. For example, if the channel cross-section is decreased by 4 (200 µm 

width), the velocity will be reduced by a factor of 2. Still, high velocities are obtained with the 

device for microscale channels.  The progression of the liquid is the same for each path and is 

obtained by using the extended LWR law that states that the dynamics of the flow results from 

the balance between the capillary force on the advancing meniscus and the wall friction along the 

path.3–5,23,24 Intrinsically, capillary-driven flow velocities decrease as capillary length decreases. 

Here, our device enables longer capillary lengths in the root channel due to the multiplication of 

daughter branches while maintaining high flow velocities, allowing for applications in diagnostics 

and bioanalytical chemistry.24 Note that the approach proposed here is also applicable to closed 

systems by using the friction length of the closed channels instead of open capillary channels.24,25 

In the microporous paper pads, the wicking liquid velocity is given by Darcy’s law31,32 and 

determined by three parameters: permeability, porosity, and capillary pressure.33,34   

To validate the closed form model derived in this work, experiments were performed using 

nonanol, isopropyl alcohol, and pentanol solutions in open microfluidic channels. We chose these 

liquids because they wet native PMMA without surface treatment (θ = 13 - 47°, Table A1). Further, 

evaporation of these liquids is slow compared to the time scale of the capillary flow. Hence, 

evaporation is not taken into account for this study.3,44–46 High capillary velocities are obtained 

even in the case of highly viscous nonanol, which has a viscosity eleven times that of water (Table 

A1). In the case of the less viscous isopropyl alcohol aqueous solution, velocities higher than 1 

cm/s were obtained.  

The device presented here is of interest for its ability to combine velocity, flow rate, and 

duration. This innovation builds on our previous work28 to further enable extended periods of high 

velocity flow in open microfluidic channels, which is desired for capillary microfluidics research 

and device development for fields such as chemical, biomedical, biological, space science, and 

materials research.  In the future, the device can be optimized to achieve higher velocity. A longer 
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length of the last branch of the capillary tree can enable a higher velocity in the root channel. The 

choice of the paper matrix is of great importance, especially the two parameters K/φ (Leverett 

parameter) and capillary pressure (Pcap). Longer pads would allow longer duration of the high 

velocity flow. Additionally, the device can be micromilled using different materials, such as 

polystyrene, which enables wider application.47 Devices can be oxygen plasma treated to allow 

flow of aqueous solutions (cell culture media, biological fluids, etc.).26, 47 

2.3 Conclusion 

In this work, the dynamics of the capillary flow circulating in a capillary tree with paper 

pads placed at the extremities of the capillary tree branches have been investigated. A model for 

the dynamics of the flow in the capillary tree has been coupled to a model for the flow in the paper 

pads. This coupling has been validated against experiments performed with milled open PMMA 

channels and paper pads. It is first shown that capillary trees with homothetically decreasing 

cross-sectional areas (in a ratio of 0.85) maintain the flow velocity in the root channel. Moreover, 

the presence of paper pads at the extremities of the branches prolongs the duration of the high 

flow rate pumping. The present analysis demonstrates the possibility of obtaining high velocities 

and flow rates (7 mm/s or 13.1 µL/s) for more than 30 seconds for 50% (v/v) isopropyl alcohol, 

6.5 mm/s or 12.1 µL/s for more than 55 seconds with pentanol, and flow rates of >3.5 mm/s or 

6.5 µL/s for more than 150 seconds for nonanol. These flow rates are nearly constant (save for 

periodic jumps due to experimental fluctuations) if conical-shaped paper pads are used as 

suggested in the literature.48, 49 For volatile fluids, the employment of evaporation could extend 

the duration of these high flow rates. Further, we envision many areas of future application 

including using our method to push the limits of viscous fluid flow in open channels as we can 

enable the sustained passive flow of complex biological fluids such as saliva or blood. This device 

also has the potential to be applied to biological experiments such as in vitro cell culture or 

analytical methods involving biological fluids. Further, the method presented here can be adapted 
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for diverse applications of open microfluidics including chemical synthesis, chemical analysis, 

thermics, material science, or space science, allowing for diverse applications at the frontiers of 

science. 

2.4 Materials and Methods 

2.4.1 Fabrication of capillary tree channels 

The device consists of winding serpentine-shaped channels (the root channel), a large 

inlet in which the liquid is introduced using a pipette, three levels of branches, and semicircle 

paper pads at the extremity of the last set of channel branches (Figure 2.1). The dimensions of 

the channels are listed in Table A2; an engineering drawing is included in Figure A1; and the 

computer-aided design files are included in the electronic Supplementary Material. The widths 

and depths of the channels are homothetically reduced by a factor of 0.85 after each bifurcation.  

The turns in the winding channels do not affect the capillary flow in the absence of capillary 

filaments,29 as the rounded bottom avoids the formation of filaments observed in channels of 

rectangular cross section.50 The average wall friction length of the root channel is estimated to be 

𝜆~	259 µm from our preceding work.27,28 It was shown that the average friction length produces 

the value of the average wall friction, 𝜏,by the formula, 𝜏	 = 	𝜇	𝑉/𝜆21 , where µ is the liquid viscosity. 

  The device was designed using a computer aided design (CAD) software (Solidworks 

2017, Waltham, MA) and the design files were converted to G-code using a computer aided 

manufacturing (CAM) software (Fusion 360). Channels were milled in poly(methyl methacrylate) 

(PMMA) sheets (3.175 mm thick, #8560K239; McMaster-Carr, Santa Fe Springs, CA). To create 

round bottom channels, endmills with a cutter diameter of 1/32” (TR-2-0312-BN) and 1/64” (TR-

2-0150-BN) were used (Performance Micro Tool, Janesville, WI). The devices were fabricated via 

micromilling on a Datron Neo computer numerical control mill (Datron, Germany). The channel 

bottom is estimated to have a few microns of roughness which is one magnitude below the 
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roughness values that were observed by Lade et al.42 that would produce fluctuations in flow 

velocity. 

2.4.2 Paper pads 

     Whatman #1 paper (Whatman Grade 1 Qualitative Filter Paper, #28450-160, VWR 

Scientific, San Francisco, CA) was cut into half circle shapes using a plotter cutter (Graphtec 

Corporation, Yokohama, Japan). A tight contact between the paper pads and the outlets of the 

last set of tree channels is essential to maintaining the capillary flow of the fluid.  The main 

characteristics of the paper pads are listed in Table A3. The capillary pressure depends on the 

liquid that is used and the values are in alignment with the experimental results.  

2.4.3 Solvents 

The physical properties of the solvents are indicated in Table A1. To mitigate evaporation 

of the solvents, pentanol and nonanol, which are low volatile solvents, (boiling points are 139°C 

and 213°C for pentanol and nonanol, respectively), were used. Both pentanol and nonanol have 

been colored with either Solvent Yellow 7 or with Solvent Green 3 (Sigma-Aldrich) at 

concentrations of 0.50 mg/mL and 1.43 mg/mL, respectively. Aqueous isopropyl alcohol (VWR 

Scientific) was used at a concentration 50% (v/v) and colored with 0.60% yellow or 1.2% blue 

food coloring. (McCormick). 

2.4.4 Capillary trees with integrated paper pads flow experiments 

 To obtain fluid travel distance and velocity data, 2 mL of the yellow-dyed fluid was pipetted 

into the reservoir of the device. Once the fluid front reached the end of level 1, a 200 µL refill of 

the yellow fluid was added. After the yellow fluid wetted the paper pad, 500 µL of the blue-dyed 

fluid was pipetted into the fluid reservoir with a 200 µL refill after the blue fluid front reached the 

end of level 1. Data was reported up to the point with when the paper pad was saturated at 90 s 
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for 50% (v/v) isopropyl alcohol, 57 s for pentanol, 154 s for nonanol, for trials 1-3, respectively 

(Figure 2.3, Figure A2, and A3).  

2.4.5 Imaging and analysis 

Videos of the progression of the solvent flow in the device were recorded using a Nikon-

D5300 ultra-high resolution single lens reflective (SLR) camera. The images of the videos were 

extracted automatically by the code. The location of the tip of the 50% (v/v) isopropyl alcohol flow 

was pinpointed using MATLAB software, while the travel distance of the pentanol and nonanol 

flows were measured manually using Fiji (ImageJ) software. For the manual analysis, the scale 

was set for an individual trial with the “Set Scale” tool. The fluid front was pinpointed with the 

“Segmented Line” tool and the “Measure” function was used to calculate the total distance 

traveled along the capillary tree. Each data was from every 10 frames (yellow) or 30 frames (blue). 
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Chapter 3 | On the Dynamic Contact Angle of Capillary-Driven Microflows in Open 
Channels 

Reproduced in part from Tokihiro, J.C.; McManamen, A.M.; Phan, D.N.; Thongpang, S.; Blake, 

T.D.; Theberge, A.B.;# Berthier, J.# On the dynamic contact angle of capillary-driven microflows 

in open channels. Langmuir, 2024, 40 (13), 7215-7224. 
#Co-corresponding authors 

JCT and AMM designed the microfluidic devices, conducted the flow experiments, and analyzed 

the video frames from the flow experiments. JCT and DNP developed the custom Python code 

for frame extraction. TDB and JB developed the theoretical model and JB applied the model to 

the experimental data. JB wrote and applied the MATLAB code to the experimental data. JCT, 

ST, ABT, and JB designed the study, interpreted the results, and conceptualized ideas. ABT and 

JB supervised the work. JCT, TDB, and JB wrote the manuscript with all authors revising. 

Abstract: The true value of the contact angle between a liquid and a solid is a thorny problem in 

capillary microfluidics. The Lucas-Washburn-Rideal (LWR) law assumes a constant contact angle 

during fluid penetration. However, recent experimental studies have shown lower liquid velocities 

than predicted by the LWR equation, which are attributed to a velocity-dependent dynamic contact 

angle that is larger than its static value.  Inspection of fluid penetration in closed channels has 

confirmed that a dynamic angle is needed in the LWR equation. In this work, the dynamic contact 

angle in an open channel configuration is investigated using experimental data obtained with a 

range of liquids, aqueous and organic, and a PMMA substrate.  We demonstrate that a dynamic 

contact angle must be used to explain the early stages of fluid penetration, i.e., at the start of the 

viscous regime, when flow velocities are sufficiently high. Moreover, the open channel 

configuration, with its free surface, enhances the effect of the dynamic contact angle, making its 

inclusion even more important.  We found that for the liquids in our study, the molecular-kinetic 

theory (MKT) is the most accurate in predicting the effect of the dynamic contact angle on liquid 

penetration in open channels. 
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3.1 Introduction 

When a fluid flows in contact with a wall, its contact angle generally differs from its static 

value1–3. At the present time there are several approaches to predict the value of the dynamic 

contact angle (DCA) in the so-called viscous regime defined by Lucas, Washburn, and Rideal 

(LWR)4–6: the hydrodynamic model (HD), the molecular kinetic theory (MKT) and empirical or 

semi-empirical correlations based on the capillary number. The LWR law is widely used in 

capillary flows such as flows in channels and for flows in porous media7,8. This approach utilizes 

a static contact angle which assumes a constant contact angle throughout fluid flow.  However, 

recent studies have shown that the use of the LWR law is applicable on a velocity-dependent 

basis, where in reality, the contact angle is larger than the static angle at high fluid velocities, 

resulting in the need for a DCA correction. This conclusion stems from the direct observation of 

the contact angle of spreading liquids on solid surfaces8-11. Dynamic contact angles are a real 

phenomenon. The question is how important is their effect on open channel microfluidics.  

The basis for understanding the DCA has been established by, among others, de Gennes9 

who demonstrated that, for a partial wetting, the unbalanced interfacial tension forces, 𝐹 =

	γ	(𝑐𝑜𝑠𝜃& − 𝑐𝑜𝑠𝜃P)— where γ is the liquid/air interfacial tension (unit mN/m), qd and q0 are the 

dynamic and equilibrium contact angles respectively—must be compensated either by the viscous 

dissipation at a mesoscopic scale or by dissipation in the vicinity of the contact line or in the 

precursor film.  

The hydrodynamic (HD) approach corresponds to the case of viscous dissipation at the 

mesoscopic scale resulting in so-called viscous bending near the wall (Figure 3.1A)10–13.  
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Figure 3.1. Sketches of the two main models for DCA: (A) the hydrodynamic model (HD) 
assuming a viscous bending at the wall; (B) the molecular dynamic theory (MKT) with the rolling 
motion of molecules at the wall. 
 

In the HD approach, the increase in the contact angle outside of the microscopic region (Lmi) is 

linked to the cubic root of the capillary number10 

𝜃P$ = 𝜃&$ + 9	𝜒𝐶𝑎 = 𝜃&$ + 9	𝑙𝑛(𝐿!; 𝐿!Q⁄ )	𝐶𝑎 , (1) 

where 𝐶𝑎 is the capillary number (𝐶𝑎 = 𝜇𝑉 𝛾⁄ , µ being the fluid viscosity in mPa.s and g the fluid 

surface tension) and 𝜒 is a parameter given by  𝜒 = 𝑙𝑛(𝐿!; 𝐿!Q⁄ ), Lma being a macroscopic length 

scale which is of the order of the size of the meniscus and Lmi is a microscopic length scale, which 

is the cutoff length below which the continuum theory breaks down. 

 

On the other hand, adsorption-desorption dynamics of liquid molecules on a solid surface 

near the TPCL (triple phase contact line) is the basis for the molecular kinetic theory (MKT, Figure 

3.1B). This approach was first proposed by Blake and Haynes14 using Eyring’s activated-rate 
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theory of stress-modified activated rate processes15. According to the MKT, to an approximation, 

the velocity-dependent dynamic contact angle is given by14,16,17 

∆𝐹+;7 = 𝛾	(𝑐𝑜𝑠𝜃P − 𝑐𝑜𝑠𝜃&) = −𝜁	𝑉, (2) 

where	𝜁 is the coefficient of contact line friction per unit length of the contact line (unit Pa.s). 

Strictly speaking, this simple linear form applies only near equilibrium or where the energy barriers 

to contact-line movement are small; but as we are interested only in the way in which a change 

in the dynamic contact angle may provide a correction to the viscosity-dominated flow in the 

channel, this form is adequate for our immediate purposes.   

It was later demonstrated16–19 that the contact-line friction is related to the equilibrium work 

of adhesion, 𝑊𝑎, by 

R
/
≅ S7

)8
exp	( T(

1	U9V
) ≅ S7

)8
exp	()

&T(
U9V

)  (3) 

where 𝜆 is the characteristic distance of each molecular displacement (Figure 3.1B), 𝑘W is the 

Boltzmann constant (𝑘W ≈ 4.14	𝑝𝑁/𝑛𝑚), T is the temperature (in Kelvin),	Vm is the molecular flow 

volume of the liquid, here approximated by the molecular volume. In (3), n is the number of solid-

liquid interaction sites per unit area of the solid surface, provided these are distributed uniformly, 

𝑛 ≅ 1 𝜆'⁄ .	 Note that at a more fundamental level, 𝜁 is related to the characteristic molecular 

frequency 𝜅&(the frequency of molecular absorption, unit MHz) and distance 𝜆 for molecular 

displacements in the vicinity of the triple line: 𝜁 = 𝑛𝑘W𝑇 𝜅&⁄ 𝜆	~𝑘W𝑇 𝜅&⁄ 𝜆$	.   
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Figure 3.2. Sketch of the molecular kinetic theory – self layering approach where the precursor 
film is composed of layers of fluid molecules (represented as blue circles). 
 

Note that, in the specific case of the existence of a precursor film20,21  (where a thin sheet 

of fluid precedes the TPCL), a modified approach of MKT—called MKT-self-layering—assumes 

the formation of layers of molecules in the precursor film at the wall combined with the adsorption-

desorption phenomenon (Figure 3.2)22–24. In this model, the wall viscosity, 𝛽, is then given by 

	𝑐𝑜𝑠𝜃P − 𝑐𝑜𝑠𝜃& = −𝛽	𝑉,	  (4) 

with E
/
= exp	( '	*

1	U9V
), where µ is the viscosity of the flowing liquid, and n is the number of molecules 

per unit area in the precursor thin film, which is related to s or the effective diameter of the 

molecules in the thin film by 𝑛 = 1 𝜎'⁄ . 

Finally, let us remark that empirical and semi-empirical correlations have been proposed 

to predict the value of the DCA. These correlations make use of the capillary number and have 

the form25–30 

𝑐𝑜𝑠𝜃 = 𝑐𝑜𝑠𝜃& − 𝐴(1 + 𝑐𝑜𝑠𝜃&)	𝑓(𝐶𝑎)	,  (5) 

where A is a non-dimensional coefficient and f is a monotonously increasing function. In many of 

these correlations, the function, f, is of the form,  𝑓(𝐴) = 𝐶𝑎W, where 𝐶𝑎 is the capillary number, 

A ranges between 2 and 4.96, and B is a non-dimensional constant (ranging between 0.42 and 

0.7). The term 1 + 𝑐𝑜𝑠𝜃&	represents the adhesion energy, 𝑊𝑎 = γ	(1 + 𝑐𝑜𝑠𝜃&).  
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In this work, we focus on the dynamic contact angle in capillary flows in open channels31–

33. Contrary to traditional closed channel microfluidics, open channels are characterized by one 

or more air-liquid interfaces through the removal of at least one channel wall. Open channels have 

recently gained attention in the microfluidics community due to advantages such as accessibility, 

easy fabrication or surface treatment of the microfluidic channels, and the reduction in bubble 

formation during fluid addition and flow.  These devices are simple to operate, necessitating only 

a micropipette, fluid of choice, and the open channel device. Open microfluidics has become 

widely used in a variety of research fields such as cell culture, protein and metabolite assays, 

organ-on-a-chip models, and even space applications34–37. To some extent, the physics of the 

microflow in open channels resembles that in closed channels, but some considerations must be 

adopted for open-channel flow. The LWR law must be modified by using an equivalent contact 

angle32,33 —the so-called generalized Cassie angle–in place of the contact angle, and an average 

friction length in place of the tube radius. It is shown here that, in the early stages of the viscous 

regime, a dynamic contact angle (DCA) should be used and, based on our experiments, that the 

most accurate approach is the molecular kinetic model. Our study employs rectangular open-

channels milled in poly(methyl methacrylate) (PMMA)—slightly rounded at the bottom inner 

corners to avoid capillary filaments38, and several different liquids including water, nonanol, 

pentanol, chloroform, FC-40, and an aqueous solution of 50% (v/v) isopropyl alcohol.  

 

3.2 Results and Discussion 

3.2.1 Theoretical approach 

Using the geometry of the open channel, the LWR law yields the relation between velocity, 

V, and travel distance, z, 

𝑉 = *
/
)X+,-6∗

:
, (6) 
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where 𝜆̅ is the average friction length which describes the wall friction (unit mm), 𝜃∗ is the 

generalized Cassie angle which accounts for the effect of the free surface, g is the surface tension 

of the liquid, and m is the viscosity. Relation (6) can be rewritten in terms of the capillary number 

(Ca): 

𝐶𝑎 = /
*
𝑉 = )X+,-6∗

:
  . (7) 

Here, the DCA depends on the value of the velocity, represented by the capillary number. 

Relation (7) shows that if the travel distance is sufficient and/or the channel cross section is 

sufficiently small (𝜆̅ 𝑧 ≪ 1⁄ ), the use of the static contact angle is justified. Conversely, if this 

condition is not met, a DCA is present and changes the dynamics of the flow.  

In this section, it is shown that the MKT approach can be applied analytically, leading to 

an easy modification of the extended LW law to take into account the dynamic contact angle. This 

observation was also made by Wu et al.24 for capillary rise, using the LWR law with an equivalent 

radius. 

In the viscous regime, the capillary force (𝐹+;7) balances the wall friction force (whether 

the channel is closed or open), and  

𝐹+;7 = 𝑝	𝛾𝑐𝑜𝑠𝜃∗ = 𝐹PJ;Y = 𝑝	𝑧	𝜇 S
)X
 . (8) 

In relation (8), z is the marching—or travel—distance (unit mm), p is the total perimeter of a cross 

section (including the liquid/air boundary if any) (unit mm), λw	 is the average friction length32, and 

𝜃∗ is the generalized Cassie angle52 .  Substituting 𝑉 = 𝑑𝑧 𝑑𝑡⁄ , relation (8) can be written as 

𝑧𝑉 = "
'
P:&

PK
=	 *

	/
𝜆̅	𝑐𝑜𝑠𝜃∗ , (9) 

or 
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𝑧' =	 *
	/
2𝜆̅ 	∫ 𝑐𝑜𝑠𝜃∗𝑑𝑡K

&  , (10) 

In the case where 𝜃∗ is constant, the usual extended Lucas-Washburn law is retrieved. Using the 

expression of the generalized Cassie angle (27), relation (10) becomes 

𝑧' =	 *
	/
2𝜆̅ 	∫ W7:

7
𝑐𝑜𝑠𝜃 − 7;

7
X 𝑑𝑡K

&  . (11) 

Now, let us use the MKT correlation (2) to express the dynamic contact angle  

𝑧' =	 *
	/
2𝜆̅ 	∫ Q7:

7
W𝑐𝑜𝑠𝜃& −

Z
*
	𝑉	X − 7;

7
S 𝑑𝑡K

& = *
	/
2𝜆̅ 	∫ QW7:

7
𝑐𝑜𝑠𝜃& −

7;
7
	X 	− 7:

7
Z
*
	P:
PK
S 𝑑𝑡K

&  , (12) 

or 

𝑧' =	 *
	/
2𝜆̅	𝑐𝑜𝑠𝜃&∗𝑡 −

*
	/
2𝜆̅ ∫ 7:

7
Z
*
	P:
PK
𝑑𝑡K

&  . (13) 

The first term in (13) is the travel distance using the static contact angle (𝑧&' =	
*
	/
2𝜆̅	𝑐𝑜𝑠𝜃&∗𝑡), and 

the second term is a correction due to the dynamic contact angle. Relation (13) can be simplified 

as 

	𝑧' =	 *
	/
2𝜆̅	𝑐𝑜𝑠𝜃&∗𝑡 − 2𝜆̅

7:
7

Z
/
𝑧 . (14) 

The real travel distance—accounting for the dynamic contact angle correction—is then solved 

using the quadratic equation: 

𝑧' + 2𝜆̅ 7:
7

Z
/
𝑧	 − 𝑧&' = 0 . (15) 

In (15), we must keep in mind that z and z0 are functions of the time, t. Therefore, we finally obtain: 

𝑧 = 	−𝜆̅ 7:
7

Z
/
+ /W𝜆̅ 7:

7
Z
/
X
'
+ 𝑧&'	 . (16) 



 
 

51 

It is verified that at t = 0 (we neglect the evanescent inertial motion53), z0 = 0 and z = 0. For a long 

channel, z0 becomes large and zà z0. Flow velocity can be easily deduced from (16) by time 

differentiation: 

𝑉 =	 S#

[">
<=>):)

?
@A
&

B#
&

	 , (17) 

where V0 is the velocity obtained using the static contact angle, 𝑉& = 𝑑𝑧& 𝑑𝑡⁄ . When the travel 

distance increases, z0 increases and the real velocity V converges towards the velocity, V0. Note 

that when z0 goes to zero, z goes to zero, and relation (17) indicates that V goes to 𝑉(𝑧 → 0) =

𝑉&𝑧& 𝜆̅ 7:
7

Z
/

{ = 𝑝	𝛾𝑐𝑜𝑠𝜃∗ 𝜁𝑝T⁄ , indicating that 𝜁 acts like a viscosity associated with the triple line. 

However, in reality, relation (17) holds when the inertial regime ends i.e., when 𝑧& > 𝑧Q1\JKQ;]. 

3.2.2 Experimental results and comparison with model 

The importance of the DCA is directly linked to the velocity of the flow. As the flow velocity 

in the channel is proportional to the ratio of the surface tension and viscosity	V ≈ (𝛾 𝜇	⁄ )/𝑧, we 

have categorized the fluids as “fast” and “slow” as a function of their intrinsic velocity, Vi = g/µ. 

The “fast” fluids correspond to high values of Vi (𝑉Q ≳ 30		𝑚/𝑠) and “slow” fluids by low values of 

Vi (𝑉Q ≲ 8		𝑚/𝑠).  

Water and chloroform are in the first category. Figure 3.3 shows the dynamics of these 

two fluids in channels of different cross sections. Clearly, the LWR law which uses the static 

(Young) contact angle does not account for the flow velocity. A DCA is required to fit the 

experimental results as seen in Figure 3.3 where the experimental travel distances and velocities 

are closely fitted to the values predicted by the DCA theory (blue line). This DCA is obtained using 

𝜁= 0.32 Pa.s for water and 0.20 Pa.s for chloroform.  
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Figure 3.3. Comparison of models using the static and dynamic angles. Plots of travel distance 
vs. time for water in channel #3 (w = 0.4 mm, h = 0.6 mm) (A) and chloroform in channel #1 (w = 
1 mm; h = 2 mm) (B): comparison between the static contact angle (pink line), dynamic contact 
angle model (blue line) and experiments (circles, triangles, and diamonds). Plots of velocity vs. 
travel distance for water (C) and chloroform (D): comparison between the static contact angle 
model (pink line), dynamic contact angle model (blue line), and experiments (circles, triangles, 
and diamonds).  
 

The solution of 50% (v/v) isopropyl alcohol in water is located in the “intermediate” fluids, 

categorized by a moderate Vi = g/µ value. Figure 3.4 shows the dynamics of the flow in relatively 

large channels (w = 1 mm, h = 2 mm) (Figure 3.4A and C) compared to small cross sections (w 

= 0.4 mm, h = 0.4 mm) (Figure 3.4B and D). 

In the first case, where a large cross section was used, a DCA is needed to account for 

the dynamics as shown through the experimental data clustering around the theoretical DCA 

travel distances and velocities (Figure 3.4A and C). On the other hand, the static angle (pink line) 
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is sufficient in the second case of small cross sections (Figure 3.4B and D). The explanation is 

related to the value of the velocities, which are high in the first case, and small in the second case. 

 

 

Figure 3.4. Comparison of models using the static and dynamic angles. Plots for travel distance 
vs. time for 50% (v/v) aqueous isopropyl alcohol in channel #1 (w = 1 mm, h = 2 mm) (A) and in 
channel #4 (w = 0.4 mm; h = 0.4 mm) (B): comparison between the static contact angle model 
(pink line), dynamic contact angle model (blue line), and experiments (circles, triangles, and 
diamonds). Plots of velocity vs. travel distance for 50% (v/v) isopropyl alcohol in channel #1 (w = 
1 mm, h = 2 mm) (C) and in channel #4 (w = 0.4 mm; h = 0.4 mm) (D): comparison between the 
static contact angle model (pink line), dynamic contact angle model (blue line), and experiments 
(circles, triangles, and diamonds).  
 

In the last case of “slow” fluids, the preceding observation is still valid. Figure 3.5 shows 

a comparison of the dynamics of pentanol and nonanol in large channels (w = 2 mm, h = 2 mm) 

for which the wall friction is minimal. A DCA is needed in the case of pentanol (Vi~7 m/s) (Figure 

3.5A and C), but it is not needed for the case for nonanol (Vi~2.5 m/s) (Figure 3.5B and D). 
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Figure 3.5. Comparison of models using the static and dynamic angles. Plots of travel distance 
vs. time for pentanol (A) and nonanol (B) in channel #2 (w = 2 mm, h = 2 mm): comparison 
between the static contact angle model (pink line), dynamic contact angle model (blue line), and 
experiments (circles, triangles, and diamonds). Plots of velocity vs. distance for pentanol (C) and 
nonanol (D): comparison between the static contact angle model (pink line), dynamic contact 
angle model (blue line), and experiments (circles, triangles, and diamonds). 
 

3.2.3 Comparison with other correlations 

In this section, we briefly present other correlations for DCA and compare them to the 

MKT approach used in section 3.   

Hydrodynamic correlation proposed by Hoffman and Tanner25,26 yields 

𝜃 = 4.5		𝐶𝑎
-
8	. (18) 

Bracke et al. correlation28,29 links the cosine of the dynamic contact angle to the capillary number: 
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𝑐𝑜𝑠𝜃 = 𝑐𝑜𝑠𝜃& − 2(1 + 𝑐𝑜𝑠𝜃&)	𝐶𝑎	. (19) 

This correlation is very similar to the Seebergh and Berg30 correlation, while the Jiang et al. 

correlation27 yields: 

𝑐𝑜𝑠𝜃 = 𝑐𝑜𝑠𝜃& − (1 + 𝑐𝑜𝑠𝜃&)	4.96	tanh	(𝐶𝑎&._&')	. (20) 

In order to investigate the effectiveness of these empirical correlations to account for the 

influence of a dynamic contact angle in the LWR equation, a numerical scheme was set up in a 

MATLAB file54 for each correlation.  A comparison of the different correlations is shown in Figure 

3.6A for water flowing in the channel #3 (w = 0.4 mm, h = 0.6 mm). Comparison for chloroform 

and 50% (v/v) isopropyl alcohol are shown in Appendix Section B1.2. 

The evolution of the DCA with the distance is plotted in Figure 3.6A for the capillary flow 

of water in channels of cross section, w = 0.4 mm and h = 0.6 mm. The different approaches—

constant static contact angle, HD correlations, and MKT—are compared. The MKT approach is 

the only one that fits the experimental data. 

The generalized DCA given by its cosine, 

𝑐𝑜𝑠𝜃P∗ =
7:
7
𝑐𝑜𝑠𝜃P −

7;
7

, (21) 

depends on the capillary number and is shown in Figure 3.6B (the value at Ca = 0 corresponds 

to the static Young angle) for the different correlations (Bracke et al.28, Jiang et al.27, Hoffman25) 

using the data for water. The results are very similar except for the MKT correlation with a 

coefficient 𝜁 = 0.35 Pa.s. 
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Figure 3.6. A: Comparison of the velocity of a water flow in channel #3 between experiments 
(open circles), and different correlations. B: Comparison between the dynamic contact angles 
(Cassie generalized contact angles) obtained using the different correlations described in the text 
in function of the capillary number. The two blue lines correspond to MKT correlations for 𝜁= 0.12 
(blue solid line) and 0.35 Pa.s (blue dotted line).  
 

In Figure 3.7A and B, the relations between the DCA and the velocity and between the 

DCA and the travel distance, respectively, are shown for the different liquids used in this work. 

The importance of taking into account a DCA is evident for the first 50 mm of the open channels. 

 

Let us first remark that the advantage of using an open-channel configuration to assess 

the MKT approach is the increased sensitivity of the flow velocity to the DCA. A correction, e, to 

the cosine of the contact angle has a stronger influence on the capillary force in the case of an 

open flow: 
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Figure 3.7. A: DCA vs. velocity for the 6 liquids (in the case of water, the PMMA has been treated 
with O2 plasma) and B: evolution of the DCA with the distance in the channel for in different cases 
investigated in this work. 

 

∆a'()
a'()

(𝑜𝑝𝑒𝑛) = 	(+,-6#∗5b)
+,-6#∗

 = 1 − 	b
(7: 7⁄ )	+,-6#57; 7⁄

 , (22) 

compared to  

∆a'()
a'()

(𝑐𝑙𝑜𝑠𝑒𝑑)	= 1 − 	b
	+,-6#

. (23)  

The sensitivity of an open microflow in a rectangular channel has recently been pointed out by 

Chang et al.53. 

3.2.4 Comparison between inertial and viscous regimes 

A second remark is focused on the flow regimes (inertial or viscous). In the inertial regime, 

the velocity field is not established55; even if there is the effect due to the triple line friction on the 

contact angle, the different models presented here cannot be used. We verify that the 

experimental results used in this work correspond to the viscous regime. In Figure B6, the 

transition times and distances for the liquids and channels used in this study are calculated and 

listed. It is checked that the corrections associated with 𝜁 shown in Figures 3.3, 3.4, and 3.5 
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correspond to the viscous regime and not the inertial regime. In Table 3.1, the inertial-viscous 

transitions for the different cases of Figures 3.3, 3.4, and 3.5 are listed. These times (tin) and 

travel distance (zin) transitions are located at the very beginning of the velocity vs. distance plots 

and do not interfere with the MKT approach (and other approaches). 

 

Table 3.1. Transition data between inertial and viscous regimes. 
 Channel Liquid tin [ms] zin [mm] 
Figure 3.3     
 #3 Water 2.7 1.9 
 #1 Chloroform 46 12.3 
Figure 3.4     
 #1 50% (v/v) isopropyl alcohol 5.7 2.0 
 #4 50% (v/v) isopropyl alcohol 0.7 0.4 
Figure 3.5     
 #2 Pentanol 4.0 2.9 
 #2 Nonanol 17 4.0 

 

3.2.5 Determination of molecular displacement distance 

Finally, we determine the values of the molecular displacement distance (𝜆) of the MKT 

approach. Using the software, MATLAB54, we iteratively determine the values of 𝜆 by solving the 

discretized equation (3) using the experimental fit of 𝜁   

𝜆Q>"' = U9V
T(

�𝑙𝑛 WR
/
X − 𝑙𝑛 HS7)C8

I�, (24) 

where i is the iteration index. Convergence is rapidly obtained in less than 10 iterations. The 

displacement distances are listed in the Table 3.2. The values of the molecular displacement 

frequency, 𝜅&, can then be extracted using the relationship 𝜅& = 𝑛𝑘W𝑇 𝜁⁄ 𝜆.  The resulting values 

𝜆 and 𝜅& are listed in Table 3.2.  The values are usually obtained by direct measurement of the 

dynamic contact angle and applying the full, non-linear version of the MKT16.  Such measurements 

are inherently problematic in microfluidic channels.   
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Table 3.2. Values of the adhesion energy, Wa, coefficient of line friction z, molecular displacement 
distances 𝜆	for the different liquids and cubic root of molecular diameter 𝑉!"/$. 

 Wa 
[mN/m] 

z 
[Pa.s] 

𝜆 
[nm] 

𝑉!"/$ 
[nm] 

k0 
[MHz] 

Pentanol 54.6 0.12 0.45 0.56 378 
Nonanol 57.1 0.18 0.30 0.66 851 
50% (v/v) Isopropyl Alcohol 62.4 0.12 0.56 0.39 196 
FC-40 31.3 0.22 0.61 0.84 82 
Chloroform 53.1 0.20 0.52 0.51 147 
Water 134.4 0.32 0.51 0.31 101 

 

Note that, as expected, the displacement distances are in the range of 4 to 7 Angstroms, which 

is of the order of the cubic root of the molecular volume (Vm): λ$~𝑉!.  

 

Figure 3.8 shows that the values of the contact-line frictions 𝜁 are in agreement with literature 

(see Figure B7)  

 

Figure 3.8. Plot of z vs. µ: Comparison of the values collated from the literature (black symbols) 
and the present study (colored circles)17. The literature references are listed in Appendix Section 
B3. Reproduced with permission from reference 17. Copyright 2013 American Chemical Society. 
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3.3 Conclusion 

Open channel fluidics is a rapidly expanding area of interest for both research and a wide 

range of potential applications.  This is primarily due to advantages such as accessibility, ease of 

fabrication and surface treatment.  However, our understanding of the flow behavior of liquids in 

such devices remains incomplete, particularly as regards the significance of the dynamic contact 

angle.   

Here, we have developed a model for the influence of the dynamic contact angle on open-

channel flow in the viscous regime based on the molecular-kinetic theory of dynamic wetting 

(MKT).  This model introduces the concept of triple-line friction due to localized dissipation 

processes and explains the increase in the contact angle16.  In our new work, a closed-form 

solution is obtained, which shows that if account is taken of the dynamic contact angle, the real 

travel distance is equal to that given by the generalized Lucas-Washburn-Rideal (LWR) law for 

open-channels32,33 minus a correction that correlates the dynamic contact angle with the velocity.  

These predictions have been validated in experiments carried out for a range of liquids in 

rectangular open channels made of PMMA.  Overall, our experiments point to the same 

conclusion as Li et al. for ionic liquids on fluoropolymer surfaces56, that the molecular kinetic model 

accounts more precisely for the dynamic contact angle in capillary flows than the hydrodynamic 

model. 

Significantly, the real velocity of the flow is smaller than the LWR velocity, as reported in 

the literature for capillary-driven microflows.  This is especially important in the first few 

centimeters of the channel, where the velocity of flow in the early viscous regime is relatively high, 

and will need to be taken into account in future design and modelling of open-channel fluidic 

devices where the free surface enhances the effect of the dynamic contact angle.   

One additional aspect of the new work is that by combining the measured coefficients of 

triple-line frictions 𝜁 with a semi-empirical correlation that links the friction to the work of adhesion 
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between the liquid and the solid18, we have been able to extract reasonable values for the 

underlying MKT parameters, the molecular jump frequency 𝜅&and distance 𝜆 that determine 𝜁, 

without resorting to direct measurement of the dynamic contact angle, which is inherently difficult 

in microfluidic channels. 

3.4 Materials and Methods 

3.4.1 Channel Design and Fabrication 

Four different open rectangular channels milled in PMMA have been used: channel #1 (w 

= 1 mm, h = 2 mm), channel #2 (w = 2 mm, h = 2 mm), channel #3 (w = 0.4 mm, h = 0.6 mm), 

and channel #4 (w = 0.4 mm, h = 0.4 mm). An engineering drawing of channel #1 is shown in 

Figure 3.9. Detailed engineering drawings of channels #1-4 can be found in Figure B1. 

Calibration markers separated by a known distance apart were milled into the device for scaling 

purposes during image analysis (Figure 3.9A). A profilometer photo of the rounded corners is 

shown in Figure 3.9B.  

 

Figure 3.9. A: Isometric view of channel #1 milled in PMMA and B: profilometer cross-section of 
the channel with the rounded corners. 
 

The characteristics of the channels are listed in Table 3.3. 
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Table 3.3. Characteristics of the channels. 
Channel Width Height Max channel length Wetted 

perimeter 
Free 

perimeter 
Friction 
length 

Symbol 
units 

w 
[mm] 

h  
[mm] 

l 
[mm] 

pW 
[mm] 

PF 
[mm] 

𝜆̅ 
[mm] 

Channel #1 1.0 2.0 303 5.0 1.0 0.22 
Channel #2 2.0 2.0 120 6.0 2.0 0.44 
Channel #3 0.40 0.60 110 1.6 0.4 0.09 
Channel #4 0.40 0.40 110 1.2 0.4 0.07 

 

The average friction lengths (rightmost column in Table 3.3) representing the wall friction 

are first approximated by the semi-empirical formulations33,39 for a rounded-bottom rectangular 

open channel 

 𝜆̅ ≅ "
$
	 d>F
=&D">

"
D?

 , (25) 

Note that for a straight-bottom rectangular open channel, an expression of the friction has been 

found40–43.  

𝜆̅ ≅ '
$
	 F
d
𝜒 WF

d
X (𝑤 + ℎ),  (26) 

where 𝜒 WF
d
X = 1 + 0.671 F

d
+ 4.1697 WF

d
X
'
.	  

These two formulas produce approximate values of the friction length for moderate aspect 

ratio rectangular open channels. Note that the second formula corresponds to the case of 

rectangular channels with sharp inner corners where filaments are present44. Hence the two 

formulas somewhat differ when considering the same aspect ratio channel (see Appendix 

Section B2). The value of the friction length—approximated by (25) —is adjusted on the 

experimental plots for the flow velocity, using velocities far from the channel entrance, where the 

contact angle most resembles the static contact angle—as will be shown later in the text (Figure 

3.10).  
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The channels were designed using a computer-aided design (CAD) software (Solidworks 

2017, Waltham, MA) and the design files were converted to a .simpl file using a computer-aided 

manufacturing (CAM) software (Fusion 360, Autodesk, San Rafael, CA). Channels were milled in 

PMMA sheets (3.175 mm thick, #8560K239; McMaster-Carr, Sante Fe Springs, CA). 

 

 

Figure 3.10. Comparison of the different approaches for the friction length: Ouali et al.40 (pink 
color); Berthier and Brakke33  (teal color); experiments (purple color). 
 

To create round bottom channels, endmills with a cutter diameter of 1/32” (TR-2-0312-

BN) or 1/64” (TR-2-0150-BN) were used (Performance Micro Tool, Janesville, WI). The devices 

were fabricated via micro-milling on a Datron Neo computer numerical control (CNC) mill (Datron, 

Germany). After fabrication, the channel dimensions were confirmed using a Keyence wide-area 

3D measurement VR-5000 (Keyence Corporation of America, Itasca, IL).  The channel bottom is 

estimated to have a few microns of roughness—due to the milling process— which is one 

magnitude below the roughness values observed by Lade et al. to produce substantial fluctuations 

in velocity42. Note that the effect of small roughness on open-capillary flow dynamics is not yet 

completely understood, since small reliefs on the wall surface slightly increase the capillary force 

—due to the Wenzel effect45 —but also slightly increase the friction force46. In our case, the 

adjustment of the friction length indirectly takes this effect into account. 
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3.4.2 Solvent Prep and Physical Properties 

Various solvents have been used in this study. Aqueous solvents included: deionized and 

distilled water (American Society for Testing and Materials Type II, HARLECO, Sigma-Aldrich, St. 

Louis, MO) as well as isopropyl alcohol at a concentration of 50% (v/v) in deionized and distilled 

water. These solvents were colored with 0.60 % yellow or 1.2 % blue food coloring. (McCormick).  

Organic compounds such as nonanol (Sigma-Aldrich, St. Louis, MO), pentanol (Sigma-Aldrich, 

St. Louis, MO), and chloroform (Fisher Scientific, Hampton, NH) have been colored with either 

Solvent Yellow 7 or with Solvent Green 3 (Sigma-Aldrich, St. Louis, MO) at concentrations of 0.50 

mg/mL and 1.43 mg/mL respectively. FC-40 (Sigma-Aldrich, St. Louis, MO) was not colored, but 

tracking its travel in the channel was still feasible. In the case of water, the channel was treated 

by oxygen plasma using a Diener Zepto PC EX Type PB plasma treater (Diener Electronic, 

Germany) no more than 30 minutes prior to experimentation, to avoid contact angle relaxation47,48. 

The physical data for these liquids are listed in Table 3.4. 

 

Table 3.4. Properties of the liquids. 
 g 

[mN/m] 
µ 

[mPa.s] 
q w 

[mm] 
h 

[mm] 
cos q* 

Water 72 1.0 46 0.4 0.6 0.30 
Chloroform 28 0.6 15 1 2 0.64 

50% (v/v) Isopropyl alcohol 30 3.0 18 0.4 0.4 0.46 
50% (v/v) Isopropyl alcohol 30 3.0 18 1 2 0.63 
50% (v/v) Isopropyl alcohol 30 3.0 18 2 2 0.46 

FC-40 16 2.5 17 1 2 0.63 
Pentanol 25 3.7 13 2 2 0.48 
Nonanol 27 11.5 13 2 2 0.48 

*Note: These values are from Kim et al. 201649 and Mohammad et al. 201450   

 

The values of the surface tensions and viscosities of the liquids have been taken from 

physical tables and the literature49,50. Surface tension measurements are reported as the surface 

tension between the air-liquid interface. The contact angles with PMMA have been measured in 

Lee et al. 201951 using a Kruss DSA-25E drop shape analyzer (Kruss GmbH, Hamburg, 
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Germany). Contact angles are reported as the average of 5 2-µL droplet measurements collected 

with the Kruss ADVANCE software.   The generalized Cassie angle q* was calculated using the 

static contact angle and the weighted average of the contact angle of each fluid with the wall and 

the atmosphere. This is defined by: 

𝑐𝑜𝑠𝜃∗ = 7:
7
𝑐𝑜𝑠𝜃& −

7;
7

, (27) 

where q0 is the Young (static) contact angle, 𝑝Tand 𝑝a are the wetted and free perimeters in a 

cross section, and 𝑝 = 𝑝T + 𝑝a. In the present case, setting the cross section to a rectangle of 

width, w, and height, h: 

𝑐𝑜𝑠𝜃∗ = (d>'F)+,-6#5d
'	(d>F)

. (28) 

3.4.3 Open-Channel Flow Experiments 

To obtain fluid velocities, the prepared fluids were flowed through the uniform cross 

section channels (#1-4). In channel #1, 2.2 mL of the dyed chloroform, water, and the colorless 

FC-40 were added to the inlet reservoirs of individual devices. For the devices using chloroform 

and water, which required an extended travel distance, a refill of 300 µL of the flowing fluid was 

added to the inlet reservoir to minimize the effect of pressure on the fluid dynamics. A refill was 

not added for FC-40, since data collection stopped after the fluid front reached the first calibration 

marker. Data were collected for the chloroform and water experiments until the fluid front of each 

respective device reached the outlet reservoir. For channel #2, 2.2 mL of the dyed 50% (v/v) 

isopropyl alcohol, nonanol, and pentanol were added to the inlet reservoir of individual devices 

connected to the cross section corresponding to w = 2 mm and h = 2 mm. Data were collected 

until the fluid surpassed the first calibration maker. For channel #3, 140 µL of the dyed water was 

added to the plasma treated device and data were collected until the fluid front reached the outlet 

reservoir. For channel #4, 170 µL of 50% (v/v) isopropyl alcohol was added to the inlet reservoir 
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and data were collected until the fluid front reached the outlet reservoir. For each fluid in each 

channel dimension, experiments were completed in triplicate (n = 3). 

Videos of the progression of the flow of the solvent in the device were recorded using a 

Nikon-D5300 ultra-high resolution single lens reflective (SLR) camera at 60 fps. Devices were set 

atop a white background with a lab jack underneath. An image of the camera and device set-up 

can be found in Figure B2. A video frame was analyzed every 10 frames using an execution file 

written in Python. The distance that the fluid front had traveled was measured using ImageJ. The 

scale for each trial was set using the “Set Scale” function and the calibration markers on the 

device. The fluid front was tracked using the segmented line function and the total travel distance 

for each frame was measured using the “Measure” function. Data were exported as a .csv file and 

imported into Microsoft Excel. Calculations for fluid velocity and comparisons to the theoretical 

model were also conducted in Microsoft Excel.  
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Chapter 4 | The Dynamics of Capillary Flow in an Open-Channel System Featuring Trigger 
Valves 

Reproduced in part from Tokihiro, J.C.; Robertson, I.H.; Gregucci, D.; Shin, A.; Michelini, E.; 

Nicholson, T.M.; Olanrewaju, A.; Theberge, A.B.;# Berthier, J.;# Berthier, E. # The dynamics of 

capillary flow in an open-system featuring trigger valves. Scientific Reports, 2024, 14, 31732. 
#Co-corresponding authors 

Please refer to journal site for supplementary materials referenced in this chapter:  

doi.org/10.1038/s41598-024-82329-3 

JCT, IHR, and DG designed the devices. JCT, IHR, DG, and AS conducted the experiments. JCT 

and IHR analyzed the video frames from the flow experiments. JCT, IHR, DG, and AS fabricated 

the devices. JB developed and applied the theoretical model and MATLAB code. JCT, IHR, DG, 

TMN, AO, ABT, JB, and EB designed the study, interpreted the results, and conceptualized ideas. 

EM, TMN, ABT, and JB supervised the work. JCT, IHR, DG, ABT, and JB wrote the manuscript 

with all authors revising. 

Abstract: Trigger valves are fundamental features in capillary-driven microfluidic systems that stop 

fluid at an abrupt geometric expansion and release fluid when there is flow in an orthogonal 

channel connected to the valve. The concept was originally demonstrated in closed-channel 

capillary circuits. We show here that trigger valves can be successfully implemented in open 

channels. We also show that a series of open-channel trigger valves can be placed alongside or 

opposite a main channel resulting in a layered capillary flow. We developed a closed form model 

for the dynamics of the flow at trigger valves based on the concept of average friction length and 

successfully validated the model against experiments. For the main channel, we discuss layered 

flow behavior in the light of the Taylor-Aris dispersion theory and in the channel turns by 

considering Dean theory of mixing. This work has potential applications in autonomous 

microfluidics systems for biosensing, at-home or point-of-care sample preparation devices, 

hydrogel patterning for 3D cell culture and organ-on-a-chip models. 
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4.1 Introduction 

Microfluidic devices precisely move fluids through small channels and can use surface 

tension effects (capillary forces) defined by channel geometry and surface chemistry to achieve 

self-powered and self-regulated operation. Capillary microfluidics is driven through spontaneous 

capillary flow (SCF)1–7 and can perform timed multi-step processes by leveraging capillary forces 

encoded in device architecture without the need for external triggers (e.g., pushing a button, 

programming an electrical signal, or other user activity).8–11 Trigger valves (TGVs) are one of the 

main geometric features/control elements that make autonomous capillary-driven fluid addition 

possible.  TGVs are modified passive stop valves that release a confined liquid upon the capillary-

driven flow of another or a similar liquid in an orthogonal channel to the stop valve (Figure 1A). 

These valves are widely used in a variety of closed-channel point-of-care diagnostic applications 

such as immunoassays for bacterial, antibody, and protein detection antibody or protein detection 

as well as live-cell staining.12–15 There is a wealth of theoretical, experimental, and applied work 

using closed-channel TGVs.12–24 While the concept of using TGV in open microfluidic systems 

have been introduced in brief, 19,25,26 there is a need for more in-depth theoretical development 

and experimental validation. 
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Figure 4.1. Considerations and operation of trigger valving in open channels. (a) Open-channel 
device with one TGV highlighting the intersection of the main channel and side channel and key 
aspects of TGV devices. (Inset) Drawings of the side channel opening indicating where pinning 
occurs (upper left panel) and a view of the trigger valve gate with the step from the bottom of the 
main channel to the bottom of the side channel (lower left panel)—a critical feature preventing 
flow into the empty main channel. Accompanying Keyence profilometer photo of an example open 
TGV (right panel). (b) A series of images illustrating TGV release in open channels starting with 
an empty main and side channel (bi) with the same channel dimensions as the sketch in i and ii. 
(bii) After liquid is added to the side channel, the fluid pins at the edge of the opening to the main 
channel where it remains stationary. (biii) When the main channel fluid makes contact with the 
pinned fluid, the side channel liquid is de-pinned. (biv) Fluids from main channel and side channel 
flows then stabilize over time.  
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Open microfluidics has been used for many applications in organ-on-a-chip models, space 

science, neuronal networks, and cancer research.27–30 Open microfluidics leverages one or more 

air-liquid interfaces through the removal of one or more channel walls to enable improved 

accessibility of the channels. The popularity of open microfluidics is linked to several advantages 

such as accessibility, low cost, easy fabrication, and easy surface treatment.1,4–7 Through the 

removal of a channel wall, open channels afford the ability to add fluids at any point in a channel. 

Adding TGVs to open channels now add a layer of flexibility to autonomously introduce another 

flow of fluids to a channel – which opens the possibilities for hybrid open/closed devices. Many 

channel geometries, architectures, and valves reported in closed microfluidics may be applied to 

open microfluidic configurations to increase their capabilities and range of applications.   

Drawing on prior work in closed-channel systems, we consider here the so-called two-

layer or “stair-step” TGVs that have a higher stability than one-level valves due to the two-

dimensional geometric expansion conferred by the separation of the main and side channels, 

which prevents leakage of pinned fluid (Figure 4.1a).9,19,24 In capillary-driven devices, the flow is 

regulated by surface energies and geometric features. Passive valves, which include TGVs, 

based on geometrical pinning are a common method for fine control of flow and on-chip 

programming. Geometrically, pinning occurs when capillary pressure is lost due to a sudden 

change in the channel architecture (such as an enlargement).  Pinning of the fluid at the TGV 

“gate” is important to ensure that the fluid stops flowing until the depinning by a perpendicular flow 

by a miscible fluid.  Retention of the liquid in the side channel until the main flow reaches the TGV 

relies on the liquid being pinned at the gate (or aperture), which refers to the edges of the side 

channel that intersects with the main channel (Figure 4.1b). Pinning of a liquid on edges depends 

on the edge angle and on the liquid-solid contact angle.31–34 If the constraints on the liquid (e.g., 

pressure) exceed the pinning angle threshold, pinning does not occur. Otherwise, pinning is 

stable, allowing us to leverage this phenomenon to create TGVs in open configurations. 
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In this work, we show that TGVs can be positioned in series in open-channel geometries 

through the de-pinning of multiple channels with immobilized fluids and that we can leverage 

characteristic features to design an open-TGV device.  We also investigate the dynamics of flow 

and present an analytical model describing the travel distances and flow velocities based on the 

concept of friction length3 with a comparison to experimental results. Sequential de-pinning of 

trigger valves results in layered co-flows when the different liquids are miscible or have a very 

small liquid-liquid surface tension, enabling autonomous controlled fluid addition. The use of 

trigger valves was also used to demonstrate applicability through the detection of nitrites in water 

and meat samples. 

4.2 Results and Discussion 

We present an analytical model of TGVs in open capillary channel configurations – a new 

tool for the open microfluidics tool kit. While the concept of open TGVs have been introduced in 

brief26, to our knowledge, this is the first in-depth development of theory complemented with a 

comparison to in-lab experiments.  Throughout our study, three important characteristic aspects 

of the open TGVs were investigated: programmed TGV release, fluid velocity, and fluid layering. 

4.2.1 Model 

A sketch of an open capillary device with TGVs on the same side or opposite side of the 

main channel is shown in Figure 4.2a and b, respectively. Side channels are filled with immobile 

liquids (blue, yellow and purple). The “main” or “primary” fluid flows due to capillarity and 

sequentially opens the different gates, i.e., de-pins the immobilized side liquids which start co-

flowing in the main channel. The side channels can be placed on the same side of the main 

channel (Figure 4.2a) or in a staggered arrangement (Figure 4.2b).  
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Figure 4.2. Sketch of the device with the three TGVs, placed on the same side (a) or on opposite 
sides (b), in the notations, a star denotes the main channel. (c): schematic of the flow at a node 
(intersection of the TGV and main channel) used for the calculation. The letter Q corresponds to 
a volumetric flow rate, and P to a pressure. 
 

Figure 4.2c shows the principle of the calculation of the travel distance of the front 

meniscus (z) as a function of time after the front meniscus has passed a TGV. The flow is actuated 

by the capillary pressure at the front meniscus and balanced by the friction on the different wetted 

walls.  In the inlet channel (before the first TGV),—and referenced by the index 0 in the 

calculation—the travel distance is determined by the generalized LWR (Lucas-Washburn-Rideal) 

law.35 Table 1 details symbols with their corresponding units.  
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Table 4.1. Notations. 
Name notation unit Remarks/References 

Length of channel Li mm Lengths of side channels 
Length of main channel 

sections 
L*i mm Lengths between two nodes (TGVs) 

Cross-sectional area S mm2 Different for main and side channels 
Average friction length 𝜆e�  mm Characteristic of friction35 

Perimeter (total) pi mm Includes free perimeter 
Perimeter (wetted) pW,i mm Only wetted part 

Perimeter (free) pF,i mm Perimeter of free surface (in a cross-
section) 

Viscosity (dynamic) µ mPa.s Nonanol 
Surface tension g mN/m Nonanol 
Contact angle q degrees Static contact angle 

Generalized Cassie 
angle 

q*i degrees Generalized Cassie angle for open 
channels 

Contact angle qd degrees Dynamic contact angle 
Pressure P mPa Pressure at the nodes 

Capillary pressure Pcap mPa Laplace pressure of the meniscus 
Flow rate Q mm3/s volumetric flow rate 
Velocity V mm/s Averaged in a cross section (side 

channels) 
Velocity V* mm/s Averaged in a cross section (main 

channel) 
Travel distance z mm Middle of advancing meniscus 

Geometrical coefficient Ai mm3 Side channel 
Geometrical coefficient A* mm3 Main channel 
Auxiliary geometrical 

coefficient 
Bi mm3 Node coefficients 

Time t s  
 

𝑧&(𝑡) = /
*
/
2𝜆̅& 𝑐𝑜𝑠 𝜃&∗ 	𝑡. (1) 

If necessary, relation (1) can be modified by a dynamic contact angle.35,36 The algebraic 

developments for the determination of flow past the TGVs are lengthy and are detailed in 

Appendix Section C1. We only present here the principle behind the model (Figure 4.2c). Let 

us introduce the geometric coefficients 𝐴Q =
)XC@C

&	
DC	7C

	and	𝐴Q∗ =
)XC
∗@C
∗&	

DC
∗	7C

 where the star (*) denotes the 

main channel and i is the channel index (Figure 2a). These coefficients have the dimension of 

volume (mm3) and solely depend on the width, depth, and length of each channel. The principle 



 
 

76 

of the calculation can be easily shown considering the first TGV. The pressure at node 1, P1, is 

expressed by the two relations 

𝑃" =	
D-	7-
@-

	𝜇 S-
)X-
= 	𝜇 f-

4-
= 	𝜇 f#

∗

4#∗
, (2) 

this can be combined with the mass conservation relation 𝑄"∗ = 𝑄&∗ + 𝑄"	to produce the relation 

between the pressure at the node and the meniscus velocity (𝑉"∗ = 𝑄"∗ 𝑆"∗⁄ ): 

𝑃" = 	𝜇 @-∗	S-∗

4->4#∗
. (3) 

In the viscous regime, the capillary force balances the wall friction which, in terms of pressure, 

yields the relation 

𝑃+;7 =
*	7-∗ ghi6-∗

@-∗
=	 :

D-∗
𝜇	 @-

∗S-∗

4-∗
+ 𝑃". (4) 

Using 𝑉"∗ = 𝑑𝑧 𝑑𝑡⁄ 	and combining (3) and (4) yields the solution, 

𝑧 = − D-∗4-∗

	j4->4#∗ k
+	G3 D-∗4-∗

	j4->4#∗ k
7
'
+ 𝑧"' , (5) 

where z1 is the travel distance corresponding to the LWR law in the main channel, and 𝑧"(𝜏) =

/
*
/
2𝜆̅& 𝑐𝑜𝑠 𝜃&∗ 	𝜏, where z1 and t are the distance and time starting from node 1. The principle can 

be extended by recurrence to an arbitrary number of TGVs as the side liquids are identical with 

the only difference being the slight changes from added coloring—and co-flow as a unique liquid 

downstream each trigger valve (see Appendix Section C1). We then obtain 

𝑧 = − D%∗ 4%∗

(4%>W%E-)
+	/Q D%∗ 4%∗

(4%>W%E-)
S
'
+ 𝑧1', (6) 
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where the 𝐵Q 		are a mathematical sequence including all preceding 𝐴Q∗ and 𝐴Q. 

4.2.2 Programmed trigger valve release allows for tunable timing between fluidic events 

We investigated how to achieve tunable timing between fluid events by using defined 

distances between TGVs. Towards this goal, we used the analytical model from Section 4.2.1 

and validated the results through in-lab experiments (Figure 4.3). We designed two channels 

fabricated in poly(methyl)methacrylate (PMMA) with three TGVs (cross-section dimensions of w 

= 400 mm and h = 600 mm) oriented along the main channel (cross-section dimensions of w = 1 

mm and h = 1 mm). The TGVs in Devices 1 and 2 were separated by travel distances of 15 and 

30 mm, respectively. Nonanol was chosen as the main and side channel fluid with slight 

differences in coloring to visualize the flow, but constant viscosity. To ensure sustained fluid 

pumping, a paper pad was added to the end of the main channel.   For Device 1, the time between 

the release of TGV one and two was 3.70 (±0.05) seconds and the time between TGV release of 

two and three was 3.93 (±0.06) seconds. For Device 2, the time between TGV release increased 

with the longer channel length to 7.67 (± 0.10) and 9.83 (±0.20), respectively. (Figure 4.3a and 

b, designs in Figure C6). Data reported are the average of three trials with the standard deviation. 

Data for all trials can be found in Figure C8. Comparison of the experimental data to the 

theoretical model for fluid front travel distance and velocity, correspond closely to each other, 

validating that our model predicts fluid flow in open channels with integrated TGVs.  
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Figure 4.3. Distance between TGVs provides timed control of fluid release. Progression of flow 
in devices with parallel TGVs spaced approximately 15 mm (a, device 1) and 30 mm (b, device 
2) apart. Comparison of model (solid line) with experimental fluid front travel distance (diamonds) 
at the meniscus over time for device 1 (c, left) and 2 (d, left). Experimental data was averaged for 
three trials (n=3). Model is presented in segments corresponding to the calculated travel distances 
prior to the TGV release (orange, z0), between the first and second TGV (blue, z1), between the 
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second the third valves (yellow, z2) and between the third valve and the paper pad (red, z3). 
Experimental velocities (diamonds) were calculated from the travel distance and fluid velocities 
of each channel were calculated from the travel distance progression and are compared against 
the calculated model velocities (dashed line) using a dynamic contact angle model (V0, orange) 
for the inlet. Model is shown at the first (blue, V1), second (yellow, V2), and third (red, V3) valves 
due to the increase in velocity upon TGV release. Data is averaged from three (n=3) trials. Raw 
data can be found in Figure C8. 
 

Like closed channels, implementing TGVs in open-channels is important for on-chip 

control of fluid addition and programming of timed incubations, waiting periods, or wash steps for 

the application of this tool in assays, workflows, and reactions such as antibody patterning, 

polymerase chain reactions (PCR) or enzyme-linked immunosorbent assays (ELISA). Channel 

geometries and side channel flow rates can be designed to control how much fluid is added to 

the channel to achieve a certain final concentration or add a set amount of fluid into the flow. 

Moreover, the ability to implement this method of fluid addition in open channels could enable the 

automation of fluid addition by controlling when a fluid or reagent is added and the speed/flow 

rate at which the fluid is introduced, thus reducing the need for additional manual pipetting.  

4.2.3 Investigation of dynamics in open trigger valves 

We further investigated the effect of TGV release on the main channel fluid dynamics. For 

this study, we used parallel TGVs spaced 3.70 mm apart (Images of flow progression can be 

found in Figure 4.4a). Using nonanol, we measured the travel distance over time (Figure 4.4e 

and f) and noted the spatial locations of the TGVs (black dotted lines). Upon closer inspection of 

the TGV region of the graphs (Figure 4c, inset), the model predicts a stair-like trend where the 

TGVs cause an increase in fluid velocity. Shortening the distances between the valves makes 

this trend more evident (Figure 4c and d). The release of a TGV increases the flow velocity where 

the side channel acts as an additional reservoir closer to the front meniscus than the inlet reservoir 

on the main channel. Therefore, the velocity increases in the main channel at the opening of the 

TGV. Notably, the experimental data shows correlation with these predicted jumps. A comparison 

of experimental results to the theory for TGVs on opposing sides can be found in Figure C9 and 
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raw data for valves on the same side and on opposite sides can be found in Figure C10. Further, 

an investigation of an increased travel distance between the last trigger valve and the paper pad 

showed the model is valid for even longer channel lengths (Figure C11). 

In a comprehensive view, the release of the fluid at a TGV increases the velocity of the 

main channel in the geometrical configuration of the present device; however, in reality, this effect 

is more complex. The lengths and widths of the side channels as well as the distances between 

the valves are determining parameters for the velocity jump in the main channel at a TGV (these 

dimensions are included in the constants 𝐵Q and 𝐴Q of the model). More specifically, the wall 

friction in the side channels conditions the velocity jump. A detailed analysis is done in Appendix 

Section C2. Briefly, there is a positive velocity jump at a TGV, and this jump is higher when the 

friction in the side channel is less. Thus, when we consider this in an applications view, the lengths 

of the side channels, distances between the side channels, and the cross-section dimensions are 

critical aspects to take into consideration. In cases where specific conditions need to be met, the 

presented model allows users to predict the fluid velocities and flow rates of the side channel 

pumping which can inform users in determining optimal dimensions.  
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Figure 4.4. Open channel flow experiments show an increase in velocity after each valve opening. 
Progression of fluid flow through device with shorter distances between TGVs (a).  Comparison 
of the theoretical model (solid line) with experimental fluid front travel distance at the meniscus 
(diamonds) for devices with three side channels in parallel. Experimental data were averaged for 
four trials (n=4). Model is presented in segments corresponding to the calculated travel distances 
prior to the TGV release (orange, z0), between the first and second TGV (blue, z1), between the 
second the third valves (yellow, z2) and between the third valve and the paper pad (red, z3). (b) 
Fluid velocities were calculated from the travel distance and the experimental data (diamonds) 
compared against the calculated model (dashed line) velocities using a dynamic contact angle 
model (orange, V0) for the inlet. Model is shown at the first (blue, V1), second (yellow, V2), and 
third (red, V3) valves due to the increase in velocity upon TGV release. Raw data can be found 
in Figure C10. 
 

4.2.4 Trigger valves enable layering in open systems 

We investigated the co-flowing of fluids after the release of each TGV. With the pinning of 

each fluid at the gate and the subsequent release by the main channel fluid, each valve 

demonstrates a “burst” phase into the main channel where the fluid starts flowing into the channel. 

The thickness of the layer is initially large, but stabilizes over time. Using dyed nonanol and 

devices with parallel TGVs (Figure 4.4), layer width measurements were taken at 0.5 mm after 



 
 

82 

the valve in the main fluid channel for each of the valves, monitoring only the topmost fluid layer. 

The measurements were taken until the fluid exited the frame. Figure 4.5 shows the layering and 

a comparison of the layer thicknesses over time and a side view image of the fluid layers for 

trigger valves on the same side of the main channel. Layer thickness comparison for valves on 

opposing sides of the main channel can be found in Figure C13. 

 

 

Figure 4.5. Fluid layers released by the TGVs stabilize in width over time. (ai) Image of the fluid 
layers in a parallel configuration. Circles indicate where layer thickness measurements were taken 
for each layer (0.5 mm after each valve). Plots of the measured layer widths over time for the 
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parallel channel configuration after the first (aii), second (aiii), and third (aiv) valves. Data are 
shown as an average of three replicates (n = 3) with error bars indicating standard deviation. 
Layer widths are reported at a defined point in the channel (see diagram in Figure C14). (b) A 
side view image of the fluid layering after all three valves were released by undyed (clear) 
nonanol. Order of colored nonanol used in the side channels for part b were adjusted for 
visualization of the layers and are not the same as in part a.   
 

After each TGV release, we observed an increase in layer width at the initial opening and 

then a stabilization of the fluid layers over time with uniform layering of the topmost layers. 

Moreover, the fluid layers become a cascade of layer thickness with the succession of TGV 

opening in series where the topmost layer (layer closest to the channel wall) is wide and previously 

released layers become thinner (Figure 4.5aii-aiv). The decrease in width is observed to be due 

to the previous layers shifting downwards into the main channel and the most recently released 

layer on top demonstrating an observed 3D effect–a complex phenomenon for the work of a future 

study. Despite this effect and the initial burst at the gate, layering is uniform between each valve 

as seen in the Figure 4.5ai to aiv and we have maintained separation of the layers through 30 

mm after all the TGVs are released with the continued capillary pumping by the paper pad. 

Additional layering data for opposite-facing trigger valves can be found in Figure C13. A diagram 

of the location of measurement with respect to each valve can be found in Figure C14. True 

layering measurements in 2D and 3D and a detailed study of the underlying fundamental fluid 

dynamics are focal points for future work.  

Understanding the effect of fluid layering is an interesting aspect of fundamental open 

microfluidics. Layering or laminar co-flows are important in the applications of TGVs to create 

functional devices as this can be used to create a liquid-liquid interface for chemical reactions or 

on-chip patterning of hydrogels and antibodies. Comparatively, in closed channels, similar flows 

have been achieved; however, our system enables access to the channel contents for 

manipulation or interaction with the flows if needed for a specific application. Open-channel 

devices are also well suited for studies of the mixing of the channel contents, although fluid mixing 

is not demonstrated here as shown in Figure 4.5a. 
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Table 4.2. Notations. 
Name Notation Unit Remarks/References 
Time t s  
Mixing length L mm Length where noticeable mixing 

occurs 
Hydraulic radius RH mm  
Peclet number Pe Non-dimensional  
Viscosity V Pa.s Fluid’s resistance to flow 
Molecular diffusion 
coefficient 

D m2/s  

Boltzmann constant kB J/K  
Temperature T K Kelvin 
Molecular radius R pm  
Reynold’s number Re Non-dimensional  
Dean number De Non-dimensional  

 

The reason for this absence of mixing stems from the smallness of the molecular diffusion 

compared to the axial convection. Symbols with the corresponding definition and units are 

presented in Table 4.2. The Taylor-Aris dispersion theory compares the axial convection time 

scale 𝑡+,1l~𝐿 𝑉⁄ 	to the radial diffusion time 𝑡PQmm~𝛿' 𝐷⁄ . Because the diffusion coefficient D in 

liquids is small, tdiff is large and the length where the two characteristic times balances L is given 

by37,38 

𝐿 ≅ I&	S
n
= 𝛿	𝑃𝑒, (7) 

where 𝛿 is a typical dimension of the fluid layer (the width in our case), V is the liquid velocity, D 

is the molecular diffusion coefficient and Pe is the Peclet number (Pe =𝛿𝑉 𝐷⁄ ). The diffusion 

coefficient of nonanol can be approximated by the Stokes–Einstein–Sutherland equation, for 

diffusion of spherical particles through a liquid with low Reynolds number  

𝐷 ≅ U9	V
o	p	/	J7

, (8) 
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where rm is the molecular radius, T is the temperature and KB is the Boltzmann constant. Per 

literature36, the nonanol radius was found to be of the order of 0.4 nm and the constant 𝑘W	𝑇 is 

approximately 4.11 pN.nm at room temperature. Using the value of 0.011 Pa.s for the viscosity of 

nonanol, we obtain D~ 4 10-11 m2/s. If we consider a liquid “filament” or “layer” coflowing with the 

carrier flow, with a typical width of 200 µm, the Taylor-Aris diffusion length is of the order of L ~ 

50 –100 cm for a velocity on the order of 1 – 2mm/s. In this case, the molecular diffusion does 

not play an important role in the flow downstream of the TGVs along a length of 20 – 50 cm. The 

convective velocity V of 1 mm/s is much larger than the radial propagation 𝐷 𝛿⁄  of 0.25 µm/s: 

considering a duration of 50 seconds, molecules in the layer have moved by 50 mm in the axial 

direction while the radial diffusion is only 12.5 µm. 

However, the situation would be different when using different liquids and/or narrower 

channels. For example, the coefficient of diffusion of water is fifteen times higher than nonanol 

(D~10-9 m2/s) and even if the velocity of the flow is twice that of nonanol, we find Taylor-Aris 

dispersion lengths of the order of 20 cm. The same reasoning suggests that there is probably also 

a lower limit to the size of the layers: in the case of nonanol, the Taylor-Aris dispersion length 

decreases to 25 cm for a layer width of 100 µm. Hence, a layering process is not automatically 

obtained.  

On the other hand, there are cases where mixing is desirable, such as fertility applications 

where one fluid (purified sperm preparation) needs to be mixed with another (sperm 

cryoprotectant) at a planned rate. In this case, mixing features—inspired by the many devices 

developed for forced flows— can be added in the main channel after the last TGV. For example, 

turns might promote mixing. This effect—called Dean effect—is due to the formation of a vortex 

in the turn. The formation of a vortex in a turn is characterized by the Dean number39,40 

𝐷𝑒 = 𝑅𝑒	/ qF
qGHI%

= SqF
r
	/ qF

qGHI%
, (9) 
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where De is the Dean number and Re the Reynolds number. The Dean number must be larger 

than 1 to observe a vortex in the turn.  In our case, V ~ 3 mm/s, RH ~1 mm, 𝜈~1.3 10-5 m2/s, so 

that Re~0.2 and De~0.1 which explains the absence of mixing in the turns.39,40 Note that this low 

Dean number is due to the high value of the viscosity and relatively low surface tension of nonanol 

that condition the velocity of the open capillary flow. Complete mixing is also not seen in the paper 

pads as shown by the flow profile of the paper pads (Figure C15), but a deeper study in the mixing 

within the paper pads is a focus for future work. However, this might not be the case for “faster” 

liquids, such as water, isopropyl alcohol solutions, etc. A definition of “faster” liquids is given in 

reference36. 

Lastly, coloring the different layers of the flowing liquids enables an accurate observation 

of the open capillary flow in a turn. It is observed that the innermost part of the fluid flows first in 

a turn, then the outer fluid catches up. This observation has already been reported in the 

literature41 which is due to the travel length of each layer remaining the same.  

4.2.5 Trigger valves enable nitrite detection in open channels 

Lastly, as a proof-of-concept, we applied the open channel trigger valves to the detection 

of nitrites in water and meat samples. This approach takes advantage of the precise control of 

capillary flow dynamics to facilitate sequential reagent flow and mixing. For nitrite detection, the 

Griess reaction was exploited using sulfanilamide (Reagent 1) as aromatic amine and N-1-

(naphthyl)ethylenediamine (Reagent 2) as a coupling agent from a commercially-available nitrite 

colorimetric test kit. The Griess reaction is an azo coupling mechanism, where an aromatic amine 

in acidic conditions reacts with nitrite ions to form a reactive diazonium salt, which can be 

combined with an electron-rich coupling agent to form a diazo dye characterized by absorption of 

visible light at 540 nm. This reaction enables a colorimetric response visible by the naked eye 

with a pink color, the intensity of which correlates with nitrite concentration. By utilizing open 

channel TGVs, the system ensures controlled successive interactions between reagents and the 
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analyte; it is important that the sample is first mixed with the Reagent 1 before mixing with Reagent 

2. We designed a device (engineering drawing found in Figure C7) with two TGVs and two circular 

mixing paper pads (one after each TGV) to facilitate reagent mixing. Reagent 1 is released by the 

first valve and flows into the main channel to reach the first mixing paper pad together with the 

sample. The presence of a paper pad contributes to mixing the reagents and forming the 

diazonium salt intermediate before reaching the second valve. When the mixing flow reaches the 

last valve, Reagent 2 is released and mixed in a second circular paper pad, enabling the final 

stage of mixing. This second pad also functions as the test pad for result evaluation by the naked 

eye through a change in color from white to pink if nitrite ions are present.  
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Figure 4.6. Trigger valves enable on-chip nitrite detection via the Griess reaction. (a) Schematic 
of device operation using the Griess reaction. Reagents 1 and 2 (R1 and R2) are added to the 
side reservoirs and are subsequently released by the flow of the sample with interspersed mixing 
steps via circular paper pads. Pads function as mixers as well as control (C) and test (T) zones. 
(b) Representative photograph of a device to detect nitrites in bacon samples. (c) Representative 
images of paper pads from Griess reaction with a 5 mg/L nitrite ion standard solution (positive 
control), deionized and distilled water (negative control), Lake Union (Seattle, Washington) water 
sample, rain runoff water sample, Seattle tap water sample, and a bacon sample. A red plus sign 
denotes a positive test result; A green minus sign denotes a negative test result (pink not visible 
by eye or spectrophotometer readout yielding a concentration below 1 mg/L). Experiments were 
done in triplicate (n=3) with different devices (Figure C16). Concentration data for the 
environmental and meat samples measured using the standard benchtop method can be found 
in Table C4. 
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Using our device, we tested deionized and distilled water and a 5 mg/L nitrite ion standard 

solution as negative and positive controls, respectively. We expected no color change in the 

deionized and distilled water and a pink color change in the nitrite standard solutions, which were 

observed in our experiments. We then applied this work to environmental samples of water 

collected from Lake Union (Seattle, Washington), rain runoff from a rose garden, and a Seattle 

water tap. As nitrite can be found in fertilizers and agricultural lands, we chose various water 

sources to test for nitrite. In these tests, we did not detect a color change by eye. We then 

compared our results to the gold standard benchtop method through absorbance measurements; 

the absorbance values were below our set threshold of 1 mg/L (the United States Environmental 

Protection Agency (EPA) Maximum Contaminant Level (MCL) for drinking water). Lastly, we 

tested commercially-available bacon strips for the presence of nitrite, a commonly used food 

additive. We were able to detect visually the presence of nitrite via our microfluidic device and 

confirmed this result through the gold standard benchtop method. These systems are particularly 

suited for point-of-need applications in environmental monitoring, where rapid and reliable 

detection of nitrite and other analytes is critical. Taken together, we conclude that open trigger 

valves can be used to simplify workflows for multistep reactions.  

4.3 Conclusion 

In this work, we have developed the concept of a TGV for capillary flows in open channels, 

building on prior work on valving in closed channels8–10,12–24. We demonstrate that the TGV 

principle is compatible with open capillary flows using the example of stair-step TGVs. This type 

of valve is highly effective because the side fluids are stably immobilized by the sharp solid edges 

on three sides of the aperture and the presence of air on the fourth, upper side. This work—while 

fundamental here—has the potential to be useful in a multitude of fields such as biomedical 

research, biosensors, and point-of-care diagnostics.  
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Using TGVs in series—on the same side or on opposite sides of the main channel—results 

in the multi-layering of fluid flows. In conventional microfluidics, co-flows have already been 

achieved due to the high degree of laminarity. Here, we show that layered co-flows can also be 

achieved for capillary flows in open channels. This principle is also valid for closed-channel 

capillary flows. The layering continues along the entire channel due to poor molecular mixing 

caused by low Reynolds numbers. This occurs when the channel length is much shorter than the 

threshold length predicted by the Taylor-Aris dispersion theory. At low velocities (approximately 

<5 mm/s) and intermediate to high viscosities (>4 mPa.s; e.g., nonanol capillary flow)36, no vortex 

forms in the channel turns—in line with Dean’s vortex theory—and no liquid mixing occurs. 

However, this applies to very viscous liquids. Analyzing Dean’s flow in turning open channels is 

a logical extension of this work. In addition, we observed a 3D effect in the co-flows where the 

fluid layers overlap along the flow, which will be a focus of future work. 

The flow dynamics can be predicted by an analytical model based on the fundamental 

concept of average friction length, which describes wall friction. In the viscous mode—quickly 

established in the channels—the model balances the constant capillary force (as long as the main 

channel maintains a constant cross-section) and the pressure drop due to friction in the main and 

various side channels. A recurrence relation is derived to calculate the flow dynamics for an 

arbitrary number of TGVs. 

Very narrow co-flows are of great interest for applications in biology and chemistry. This 

work shows that very narrow liquid layers can co-flow in an open channel depending on the 

geometric configuration of the channels. For example, with three TGVs in series, the width of the 

fluid layers is less than one-fourth of the main channel width. Achieving smaller scale widths is 

important for open microfluidic applications and opens a new avenue for small scale patterning of 

fluids (e.g., hydrogels42), chemical micro-reactions, or could be a precursor to mixing. 
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4.4 Materials and Methods 

4.4.1 Device design and fabrication  

Two general device configurations were designed for this study: three TGVs oriented 

along the same side and the opposite side of the main channel. All devices had a main channel 

with cross-section dimensions of width and height equal to 1 mm. The side channels had cross-

section dimensions of width = 400 µm, height = 600 µm with a TGV gate at the intersection of the 

end of the side channel and the main channel. Each device differed by the total length of the main 

and side channels, distance between TGV gates, and the configuration of the side channels along 

the main channel. For the Griess reaction device, two trigger valves were used and a circular well 

(7.1 mm diameter) were added after each trigger valve for reagent mixing. Images and schematics 

of two representative designs can be found in Figure 4.3. Engineering drawings of all the devices 

used in this study can be found in Figure C6 and C7.  

Computer-aided designs (CAD) and computer-aided machining (CAM) G-code (.simpl) 

files for the devices were created in Autodesk Fusion (Autodesk, San Francisco, California). 

Devices were milled using a Datron Neo computer numerical control (CNC) mill (Datron 

Dynamics, Milford, New Hampshire) in 3.175 mm poly(methyl)methacrylate plates (#8560K239; 

McMaster-Carr, Sante Fe Springs, California) for the open-channel flow dynamics experiments 

or 4.00 mm polystyrene plates (#ST31-SH-000200; Goodfellow Corporation, Pittsburgh, 

Pennsylvania) for the nitrite detection via the Griess reaction. The channels were milled to have 

rounded inner corners to prevent the formation of capillary filaments using endmills with a cutter 

diameter of 1/32” (TR-2-0312-BN) or 1/64” (TR-2-0150-BN) from Performance Micro Tool 

(Janesville, Wisconsin). Channel dimensions and the quality of the milled cuts were verified using 

a Keyence wide area 3D measurement VR-5000 profilometer (Keyence Corporation of America, 

Itasca, Illinois). The channel bottom is estimated to have a few microns of roughness due to the 
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Datron milling process, which is one magnitude below the roughness values observed by Lade et 

al. to produce substantial fluctuations in velocities in the capillary flow.43  

After fabrication, the devices were ultra-sonicated in 70% (v/v) aqueous ethanol for 30 

minutes to remove any residues and debris using the Branson M2800H. The cleaning solvent 

was reused no more than five times. After sonication, the devices were rinsed in fresh 70% (v/v) 

aqueous ethanol and subsequently in deionized (DI) water. Devices were then added to a 

bioassay dish and partially covered with the lid to dry in the hood overnight. For the devices milled 

in polystyrene, devices were oxygen-plasma treated with a Diener Zepto PC EX Type PB plasma 

treater.  

Paper pads for the devices were designed in Adobe Illustrator 2023 (Adobe, San Jose, 

California) and cut into 15.2 mm wide and 25 mm long rectangular pieces or into a circular shape 

with a 7.00 mm diameter. The paper pads were Cytiva Whatman #1 filter papers (#1001-185) and 

cut out using the Graphtec CE-7000 plotter cutter and the Cutting Master 5 program (Graphtec 

America, Irvine, California). Paper pads were stored in a bioassay dish prior to use. 

4.4.2 Solvent preparation and physical properties 

For trials conducted with channels on the same side in our flow velocity experiments, 

nonanol (Sigma-Aldrich, # 131210) served as the flowing liquid. Dyed nonanol solutions were 

made using Sudan I (Sigma-Aldrich, #103624), Sudan III (Sigma-Aldrich, #S4131), Solvent Green 

3 (Sigma-Aldrich, #211982), and Solvent Yellow 7 (#S4016), each at concentrations of 0.5 mg/ml 

or 1.43 mg/ml. For all other devices, stock solutions of dyed nonanol were prepared using Sudan 

I, Sudan III, Solvent Green 3, and Solvent Yellow 7 in 10 ml volumetric flasks at concentrations 

of 1 mg/ml. These solutions were subsequently diluted with nonanol to concentrations of 0.5 

mg/ml or 1.43 mg/mL for all trials.  

For the Griess reaction, sodium nitrite (#S2252, Sigma-Aldrich, St. Louis, Missouri) in H2O 

was used as flowing liquid. A stock solution of 750 mg/L of sodium nitrite in ASTM H2O (#6442-
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85, Harleco, was diluted up to reach a concentration of nitrite ions of 5.0 mg/L. Griess reactants, 

sulfanilamide (Reagent I) and N-(1-Naphthyl)-Ethylenediamine in hydrochloric acid (Reagent II) 

from the “Nitrite/Nitrate Colorimetric Test” (Roche) kit (#11746081001, Millipore Sigma-Aldrich, 

St. Louis, Missouri). Reagents I and II were used as provided and not diluted. Environmental 

water samples were collected and stored at 4°C prior to sample preparation as followed: a 150 

mL water sample was collected from Lake Union, Seattle, Washington with a Corning polystyrene 

bottle, a 15 mL sample of rain runoff from a rose garden was collected with an eyedropper into a 

15 mL Falcon conical tube, and commercially available bacon (Private Collection center-cut 

double smoked bacon) was procured at a local grocery store. Tap water was collected in a 15 mL 

Falcon conical tube prior to experimentation. The water sample collected from Lake Union and 

the rain run-off were filtered twice using a 0.45 µm nylon (Fisherbrand Basix, Thermo Fisher 

Scientific, Waltham, Massachusetts) and a 0.2 µm Whatman cellulose acetate (CA) syringe filter 

(#6901-2502, Cytiva, Danaher Corporation, Washington, D.C.) to filter out any sediment and 

debris. The bacon was processed as described by Crowe et al.44 The bacon sample was then 

filtered three times using a 190 µm fine mesh paint strainer (Magca LTD), 0.22 µm CA vacuum 

filter (Corning Incorporated, Corning, New York), and lastly, a 0.2 µm CA syringe filter.  

4.4.3 Open-channel flow experiments 

The devices were positions on a white background atop an adjustable lab jack. Videos 

capturing the progression of solvent flow in the devices were recorded using a Nikon D5300 ultra-

high resolution single lens reflective (SLR) camera at 60 fps. Tabletop photography lights were 

adjusted to reduce shadows in the video. To obtain the distance that the fluid in the main channel 

traveled over time and/or to demonstrate fluid layering, the dyed nonanol was used and a paper 

pad was inserted into the rectangular outlet reservoir.   

For the devices with extended lengths (Figure 4.3) between the TGVs, 106.02 µL of blue, 

yellow, and red dyed nonanol were added to the first, second, and third side channels, 
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respectively. For the devices with 3.70 mm between the valves (Figure 4.4 and 4.5) on the same 

side and opposite sides of the channel, 57.02 µL were used instead.  A visual check for depinning 

at the gate was done to ensure fluid flow is stopped. Afterwards, 490 µL of orange-dyed nonanol 

was added to the circular main reservoir. Devices were left to flow to release the TGVs and data 

collection stopped when the paper pad wicked the fluid. For the travel distance and fluid velocity 

experiments, data collection stopped when the paper pad wicked the fluid. For the layering 

experiments, the device with the valves on the same side followed the same order of colored 

nonanol in the side channels as the fluid velocity experiments. The device with TGVs on opposite 

sides of the main channel, blue, red, and yellow dyed nonanol were added first, second, and third 

TGVs, respectively, for enhanced contrast between the layers and better visualization of the fluid 

layering. 

4.4.4 Nitrite detection via the Griess reaction experiment 

A calibration curve was generated using a 96-well plate and the nitrite detection kit with 

standards (in triplicate) of the following concentrations: 5.00, 3.75, 2.5, 1.00, 0.5, 0.25, 0.1, and 

0.05 mg/L (0.05 mg/L sample as not included in the calibration curve due to a negative 

absorbance value). Water samples from Lake Union, rain run-off, faucet tap, and bacon were 

prepared in triplicate wells and prepared as described by the kit protocol. After 15 minutes, the 

absorbance of each well at 540 nm was measured using a Cytation 5 cell imaging multimode 

reader (Agilent Biotek, Santa Clara, California). The mean absorbance values were used for the 

calibration curve and the samples. Sample concentrations were interpolated using the equation 

of the standard curved and reported as a mean concentration (± standard deviation) (Table C4). 

For the microfluidic experiment, two circular paper pads on top of each other were inserted 

into the circular wells and one rectangular paper pad was added to the end reservoir. 57.02 µL of 

Reagent I and Reagent II were added to the first and second side channels, respectively, into the 

device shown in Figure C16. 300 µL of nitrite sample were added to the main reservoir and 
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devices were left to flow to release the TGVs and mix the reactants. Six refills of 57.2 µL were 

done in sequence to maintain Laplace pressure. In the future, the device geometry could be 

modified to eliminate the need for refills. Fluids were left to flow for 10 minutes after the release 

of the second valve. At the 10-minute mark, the device was flipped over onto a TechniCloth 

(#TX609, TexWipe, Kernersville, North Carolina) to stop the flow. On the backside, the second 

paper pad was visually evaluated for a pink color change by comparing the color with the color of 

the control paper pad (the first paper pad along the main channel). Images were taken with an 

iPhone 14 Pro smartphone camera.  

4.4.5 Image capture and data analysis 

Images for the fluid dynamics were analyzed as described by Tokihiro et al.36 In brief, an 

image was captured every 10-30 frames using a custom Python program for the travel distance 

and velocity analysis. From the images, the fluid front was tracked using the segmented line and 

measure tools in ImageJ (National Institutes of Health). The resulting measurements were 

exported as a .csv file. For the layering images, every frame was extracted from the video using 

the custom python program for the layering measurements. The thickness of the topmost layers 

was measured after 0.5 mm from each valve until the fluid front reached the end of the frame. 

The measurements were exported as a .csv file. MATLAB codes were prepared for theory 

projects and are included in the supplementary material. 
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Chapter 5 | Open-Channel Droplet Microfluidic Platform for Passive Generation of Human 
Sperm Microdroplets 

Reproduced in part from Nicholson, T.M.;*,# Tokihiro, J.C.;* Tu, W.C.; Khor, J.W.; Lee, U.N.; 

Berthier, E.; Amory, J.K.; Walsh, T.J.; Muller, C.H.; Theberge, A.B.# Open-channel droplet 
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TMN and JCT conducted the human sperm experiments. JCT fabricated the devices. JCT and 

WCT tested the devices and conducted and analyzed the microdroplet volume experiment. TMN, 

JCT, and WCT conducted and analyzed the device usability experiments. JCT, JW, and UNL 

designed and modified the droplet generator. JW designed the droplet holder. TMN, JKA, TJW, 

and CHM advised on the human sperm experiments. TMN, JCT, WCT, CHM, and ABT interpreted 

the results. TMN, JCT, WCT, and ABT designed the study and interpreted the results. TMN, JCT, 

WCT, JKA, TJW, CHM, and ABT conceptualized ideas. TMN and ABT supervised the work. TMN, 

JCT, WCT, and ABT wrote the manuscript with all authors revising. 

Abstract: Sperm cryopreservation is important for many individuals across the globe. Recent 

studies show that vitrification is a valuable approach for maintaining sperm quality after freeze-

thawing processes and requires sub-microliter to microliter volumes. A major challenge for the 

adoption of vitrification in fertility laboratories is the ability to pipette small volumes of sample. 

Here, we present an open droplet generator that leverages open-channel microfluidics to 

passively generate sub-microliter to microliter volumes of purified human sperm samples and 

preserves sperm kinematics. We conclude that our platform is compatible with human sperm, an 

important foundation for future implementation of vitrification in fertility laboratories. 

  



 
 

99 

5.1 Introduction 

Infertility is defined as the inability to conceive after 12 months of unprotected intercourse, 

or 6 months for couples with a female partner over the age of 35.1 Infertility is common, affecting 

12.7% of couples in the US or one in six individuals worldwide; a male factor is identified in up to 

half of couples.2–5 Sperm cryopreservation (freezing of sperm for later use) is a component of 

treatment for many patients with infertility, and also benefits individuals facing military service, 

individuals planning treatment for cancer, and transgender or nonbinary individuals prior to 

therapies that impact fertility potential. Traditional sperm cryopreservation techniques (slow and 

rapid freezing) are associated with adverse impacts on sperm motility, which may decline by 30-

50% post-thaw.6,7 Thus, there is a clinical need for improvement in sperm cryopreservation to 

maintain sperm quality.8 

Ultra-rapid freezing, or vitrification, is the process of  directly inserting small volumes of 

liquid into liquid nitrogen to reduce ice crystal formation and is the standard approach to 

cryopreservation of oocytes and embryos.9,10 Prior studies have established the benefits of 

vitrification for sperm preservation11,12 and proposed devices that can be used in the vitrification 

process.13–15 A major barrier that has prevented the adoption of vitrification for sperm is the need 

for generation and manipulation of small fluid volumes (< 1 microliter) to achieve the rapid cooling 

rates required for vitrification.16–19 In standard vitrification workflows, sperm samples are portioned 

into sub-microliter to microliter volumes using a pipette, which can be time-consuming and 

challenging to achieve, thus resulting in a need for generating small volumes in an autonomous 

fashion.20 

Towards this need, we present a platform to encapsulate purified sperm in microdroplets 

which leverages hydrostatic and interfacial surface tensions to autonomously generate microliter 

to nanoliter droplets21 without the need for peripheral equipment such as syringe pumps or 

actuators to drive fluid flow. Our workflow also features a manual step that allows for the 

manipulation and movement of the droplet through a stylette or forceps into a droplet holder 
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seated in the device, a feature that is only afforded through open channel microfluidics.  On a 

broad scale, microfluidics has been shown to be valuable and fitting for sperm preparation, 

selection, and analysis for the ability to achieve high-throughput, mimic the female reproductive 

tract, and enhance assisted reproductive technology (ART) workflows.22–25  Open droplet 

microfluidic devices (including this platform) utilize an air-liquid interface via the removal of the 

device ceiling, allowing for direct access to the droplets within the device which enables 

transferring, sorting, moving, and patterning of droplets.26–31 In this study, we have generated sub-

microliter to microliter sized droplets of purified sperm samples from three healthy sperm donors 

and demonstrate preservation of sperm motilities and kinematics pre- and post- sample 

preparation and droplet generation.  

 

 

Figure 5.1. Schematic of open-channel droplet generator and insertion of droplet holder into a 
cryovial. This device (A) enables the encapsulation of human sperm in microdroplets and the 
movement from the device to a droplet holder. This holder contains three slots that can hold one 
droplet each and, after vitrification (B) when placed back-to-back, the holder is able to be placed 
into a commercial cryogenic vial for long term storage. Created with BioRender.com. 
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5.2 Results and Discussion 

We have adapted an established droplet generator21 (Figure 5.1A) to be able to seat 

removable droplet holders (Figure 5.1A) for the storage of sperm microdroplets in commercial 

cryogenic vials (Figure 5.1B). For ultra-rapid freezing methods such as vitrification via liquid 

nitrogen, sperm specimens which can contain millions of sperm per milliliter require the sample 

to be fractioned into small volumes (~1 µL) using a pipette; however, pipetting can be arduous 

and challenging at low volumes. Our goal for this study is to be able to implement sperm in our 

device at concentrations that are normal for a healthy patient; encapsulation of sperm at very low 

concentrations or even a single sperm cell in a microdroplet is not the focus of this work and would 

only apply to a small percentage of men (1%)32. Thus, we leveraged open-channel droplet 

microfluidics to aliquot purified sperm samples from healthy males with normal sperm counts into 

microdroplets. The workflow for device operation can be found in Figure 5.2. We used purified 

motile sperm samples at a concentration of approximately 6.1 to 7.7 x 106 sperm/mL. A 

microscope image of a single droplet of the purified sperm can be found in Figure D1. We have 

experimentally determined that the mean volume (± standard deviation) of our droplets is 0.874 

µL (± 0.3 µL) (Figure D2). Given a 0.874 µL droplet size, we expect 5.5 to 6.9 x 103 sperm per 

droplet, which is more than sufficient for in vitro fertilization (IVF). As sperm requirements vary 

among fertility treatments, we can meet different needs through droplet pooling to increase sperm 

numbers or by adjusting the initial concentration of purified sperm that is loaded into the platform. 

While our droplets are not monodisperse as have been achieved in closed-channel 

microfluidics33–35, our goal is not to achieve the same degree of monodispersity, but rather to 

generate small droplets in a passive open system that allows for subsequent manipulation and 

movement of the droplets. The droplet volumes and dispersity generated by our system are fully 

acceptable for vitrification for fertility applications.36 
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Figure 5.2. Operation of open-channel droplet generator. A 180-µL sample of purified sperm is 
loaded with a pipette into the inlet region and carrier fluid consisting of 2% fluorosurfactant in 
HFE-7500 is subsequently added to the inlet reservoir to initiate droplet generation. Droplets are 
then autonomously generated, which can be moved to the droplet holder using a stylette or PTFE-
coated forceps. Created with BioRender.com. 
 

Within the device, there are four rectangular wells in the outlet reservoir for the seating of 

the droplet holders. The droplet holder measures 7 mm wide by 20 mm long and 3.92 mm in 

height and is fabricated out of polystyrene, which is a known biocompatible material. Each slot 

has a height of 1.50 mm. Each droplet holder can contain three individual droplets and has a 

handle to allow the holder to be picked up by forceps for vitrification and back-to-back placement 

into a cryogenic vial (Figure 5.1B and SI video). Additional droplet holders can be used to store 

additional droplets depending on the fertility preservation goals of the patient. We tested device 

usability with users of varying degrees of experience by determining the time needed to fill all 

droplet holder slots (Figure 5.3). “Expert” users had prior experience with droplet movement while 

the “novice” users had basic lab skills, but did not have any experience with the device or droplet 
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movement. Our users were able to move 12 droplets successfully with each user decreasing in 

time needed with subsequent trials (Figure 5.3), demonstrating that even new users can operate 

our device. Currently, manipulation of microdroplets containing human gametes (oocytes) is 

performed exclusively by highly trained and experienced embryologists using a micromanipulator 

microscope. Our usability data supports that sperm microdroplet manipulation with our system 

could be performed by users with basic lab skills. We also examined droplet stability and imaged 

droplets over the course of 42 minutes after generation. We found that droplets remained in the 

partitioned state for the entire length of time. Images of the stable droplets can be found in Figure 

D3. No droplet merging was observed during and after droplet transfer to the holder as seen in 

video “Droplet moving.mp4”. 

 

 

Figure 5.3. Microdroplets can be successfully manipulated by users of varying experience levels.  
Users at “expert” and “novice” experience levels were asked to move 12 micro-droplets for three 
or four trials (n=3 or 4). The time needed for each trial was recorded and an average time for each 
user is shown with the standard deviation (A). (B) A plot showing the progression of each user 
and the time required to complete the task over each consecutive trial. 
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In this study, the use of dye in sperm samples is crucial for visualization during droplet 

generation and manipulation. To address this, we investigated sperm motility and kinematic 

parameters before and after exposure to the dye and the PTFE device. We assessed sperm 

motility parameters in three sperm donors using an automated sperm analyzer platform, 

Integrated Visual Optic System (IVOS) (Figure 5.3 and D4). A representative participant is 

presented in Figure 5.3 and additional participant data can be found in Figure D4.  
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Figure 5.4. Sperm (A) motilities, (B) velocities, (C) amplitude lateral height (ALH), beat/cross 
frequency (BCF), straight-ness (STR) and linearity (LIN) measurements, and (D) movements from 
one representative participant. The sperm data were collected from post swim-out samples, no 
dye and no device samples (No dye, no device), with dye (1:500, v/v) without device samples 
(dye, no device) and with both dye (1:500, v/v) and device samples (dye with device). Three 
individual participant experiments were conducted with different devices; data from one 
participant is shown here (Figure 5.4), and all data is included in the Appendix (Figure D4). Each 
data point represents an individual device and measurement; the bar graph represents the mean 
± SD of n = 2-4 devices/measurements. 
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In these graphs, we present sperm motility data (Figure 5.4A) as well as additional 

kinematic measures including average path velocity (VAP), straight-line velocity (VSL), curvilinear 

velocity (VCL), (Figure 5.4B) amplitude of lateral head displacement (ALH), beat/cross frequency 

(BCF), straightness (STR), linearity (LIN), (Figure 5.4C) as well as percentage of sperm that are 

rapid and linear, spiraling, and hyperactivating (Figure 5.4D).37,38 We found no notable decline in 

motility parameters when comparing the sperm samples exposed to dye and the PTFE device or 

when one or both of those conditions are absent. We have included the post swim-out parameters 

here, which are measured immediately after swim-out, to account for differences in sperm 

motilities and kinematics over time, but no apparent differences were found.  

5.3 Conclusion 

Here, we have sustained sperm motility and kinematics using healthy male participants 

with normal sperm parameters with our adapted open-channel droplet generator. A novel droplet 

holder feature is also presented, allowing for the storage of droplets in cryogenic vials, which is a 

highly adaptable feature of our platform. Moreover, our device requires only a pipette, the sperm 

sample, droplet generation reagents, the device, and droplet holders to operate. With no 

peripheral equipment necessary and no specialized training needed to generate the droplets, 

there is strong potential to implement this platform in labs across a broad range of resource levels. 

Most importantly, our device enables direct access to the droplets for selection and manipulation, 

which is only afforded through open channels. To our knowledge, our device is one of the few to 

autonomously generate small volumes for the purposes of sperm vitrification. While our workflow 

is only autonomous in the droplet generation aspect, we eliminated the need for small-volume 

pipetting, a technical limitation to sperm preparation for vitrification. Future work may include 

developing methods to automate droplet manipulation and storage as has been done previously 

in closed systems.39,40 The device and workflow presented here lays the foundation for a new 

approach to sample preparation for vitrification of sperm, where maintaining sperm motility after 
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passage through the device is crucial in the successful implementation of this device in the clinical 

setting. Future work will involve performing vitrification of samples generated by our device and 

comparison of post-thaw sperm quality with conventional methods. Facilitating the adoption of 

vitrification for sperm could benefit individuals needing fertility preservation, fertility laboratories, 

and sperm banks. 

5.4 Materials and Methods 

The open-platform droplets generator used in this study was developed from Khor et al. 21 

The device with a 0.2 mm wide constriction region was chosen since the expected droplet 

volumes were less than or equal to 1 µL (Figure 5.1). Detailed device design and fabrication 

procedures are in supplemental material. Carrier fluids were prepared from pure HFE-7500 

engineered fluid (The 3M Co., St. Paul, Minnesota) with 2 wt% FS-008 fluorosurfactant (RAN 

Biotechnologies Inc., Beverly, Massachusetts). HEPES buffered formulation with 0.5% Human 

Serum Albumin sperm wash (#2003, InVitro Care Inc., Frederick, Maryland) was used as the 

aqueous phase, which was tinted with red dye (McCormick & Co., Hunt Valley, Maryland) at a 

concentration of 1:500 (v/v) for visualization of the droplets in the device.  

Four droplet holders were then inserted into the slots in the outlet reservoir. A 180 µL 

aliquot of the dyed sperm wash was added to the inlet platform of the constriction region. 

Afterwards, 1.5 mL of carrier fluid was pipetted to the larger inlet portion of the device. Once 

droplet generation began, 0.5 mL of carrier fluid was added to maintain hydrostatic pressure. 

Devices were then observed for passive droplet generation. Video in supplemental materials 

shows passive droplet formation.  

A stylette or Polytetrafluoroethylene (PTFE)-coated straight-tip forceps (#2A-SA-SE-

TC15, Excelta One Star, Buellton, CA) were used to move the droplets from the device to the 

holder. A single droplet was transferred to each of the droplet holder slots. The droplet holders 

are designed to be placed back-to-back in a commercial 2 mL polypropylene cryogenic vial 
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(#03374059, Corning Inc., Corning, NY) for long term storage. A video of droplet transfer can be 

found in the supplementary materials. 

Under an approved Institutional Review Board (STUDY00009510) protocol, healthy 

subjects provided informed consent and semen samples via masturbation following 2-5 days of 

abstinence.20 The semen samples were purified using a direct swim-out procedure.20 Motile 

sperm preparation was added to the device according to Khor et al.21 and sperm kinematics were 

measured for different conditions (with and without dye and passage through the device) using 

the Hamilton Thorne Research (Beverly, MA) Integrated Visual Optical System (IVOS).  A detailed 

protocol for the swim-out and the device operation can be found in Appendix Section D1.  
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Appendix 

A. Appendix for Chapter 2 

Reproduced in part from Tokihiro, J.C.;* Tu, W.C.;* Berthier, J.;* Lee, J. J.; Dostie, A.; Khor, 

J.W.; Eakman, M.; Theberge, A.B.;# Berthier, E.# Enhanced capillary pumping using open channel 

capillary trees with integrated paper pads. Physics of Fluids, 2023, 35, 082120.  
* Equal contribution 
#Co-corresponding authors 

 

TABLE A1. Physical properties of the solvents. The term 	/W*/X 2λ𝑐𝑜𝑠𝜃
∗	 is the coefficient of the 

extended Lucas-Washburn law and there is a slight difference between the value obtained from 
literature and from experiments. 

Physical property  50% IPA  Nonanol  Pentanol 

 a Surface tension γ [mN/m] 24 28.5 25.4 

a Viscosity μ [mPa•s] 3.2 11.2 3.75 

a,b Contact angle θ [deg] 18 13 10 

γ cos θ [mN/m] 22.8 27.8 25.5 

c γ cos θ* [mN/m] 14.6 15.3 15.5 

d Literature data /W*/X 2λ	𝑐𝑜𝑠𝜃
∗	 [mm/s1/2] 

48.2 28.5 38.7 

e Experimental data /W*/X 2λ𝑐𝑜𝑠𝜃
∗	 [mm/s1/2] 

40 23-25 40 

a air at room temperature4-7; b contact angle of the solvent on native PMMA; c cos θ* is the Cassie 

contact angle8; d calculated using values in the table on line 1 (γ), 2 (μ), 5 (γ cos θ*), and λ = 259 

µm1,2. e fit with the travel distance in the root channel (z0). 
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TABLE A2. Characteristic dimensions of the homothetic channels. 
Dimension Level 0 (root) Level 1 Level 2 Level 3 

Width [mm] 1.06 0.90 0.77 0.65 

Depth [mm] 1.76 1.50 1.28 1.08 

Wetted perimeter p0 [mm] 4.13 3.51 3.00 2.53 

aFriction length λ		[µm] 259 220 187 159 

Cross-sectional area S0 [mm2] 1.75 1.26 0.92 0.66 

a obtained from previous publication.1,2 

 

TABLE A3. Characteristics of Whatman #1 paper pads.  
a Physical and geometrical properties Symbol Value Unit 

Permeability K 2.3 x 10-6 mm2 

Porosity φ 0.7 - 

Capillary pressure (50% isopropyl alcohol) Pcap 3300 Pa 

Capillary pressure (nonanol) Pcap 55004100 Pa 

Capillary pressure (pentanol) Pcap 4500 Pa 

a porosity and permeability are obtained from the literature3, capillary pressures were determined 
by fitting K and φ to the experimental data. 
 

Section A1. Dynamics of capillary flow in the open-channel capillary tree 

 

 Root channel. We derive first the dynamics in the root channel. Neglecting the evanescent 

initial inertial regime,9,10 the balance between capillary force Fcap and wall friction Fdrag leads to 

𝐹+;7 = 𝑝	𝛾	𝑐𝑜𝑠𝜃∗ = 𝐹PJ;Y = 𝑝	𝑧&𝜏̅ = 𝑝	𝑧& W𝜇
S#
s
X, (S1) 

where 𝜏̅	is the average friction, p the total channel perimeter in a cross section, V0 the average 

velocity (which is a function of time and/or travel distance), λ	the average friction length, μ the 
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viscosity, γ the surface tension, and 𝜃∗ the generalized Cassie angle11 (in order to take into 

account the free surface of the open channel and accommodate for the potential of non-monolithic 

channels comprising different materials on the floor and walls). Then we have the relation 

between travel distance and time  

P	:#&

PK
	= '	s	*	+,-6∗

/
 , (S2) 

And finally 

𝑧& 	= /'	s	*	+,-6
∗

/
	√𝑡 (S3) 

Note that the time at which the flow reaches the bifurcation at a distance L0 from entrance, is 

𝑡& 	=
/

's	*	+,-6∗
	𝐿&' =

D#&

3
  (S4) 

where 𝐶 = '	s	*	+,-6∗

/
.  

 

 Tree branches. After the first bifurcation, at the level n, we must use a formulation that 

uses the pressures and write the pressure equilibrium along a fluidic path1,12–15 

𝑝&	𝐿&	𝜇
S#
)#

"
@#
+⋯+ 𝑝1	𝑧1	𝜇

S%
)%

"
@%
= 7%	*	+,-6%∗

@%
 , (S5) 

where zn here is the travel distance in the nth ramification, Sn the cross-sectional area and Vn the 

velocity in the daughter branch (𝑉1 =
P:%
PK

). Relation (S5) indicates that the capillary pressure is 

equal to the pressure associated to the friction along a path starting from the root channel to the 

nth channel. Using the relations linked to the homothetic ratio α, we have for the cross-sectional 

perimeters are 
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𝑝1 = 𝛼𝑝15" = ⋯ = 𝛼15"𝑝" = 𝛼1𝑝&, (S6) 

and the cross-sectional areas are  

𝑆1 = 𝛼'𝑆15" = ⋯ = 𝛼'(15")𝑆" = 𝛼'1𝑆& (S7) 

Moreover, the friction lengths are homothetic because they are proportional to the hydraulic 

diameter of the channel 

𝜆1 = 𝛼𝜆15" = ⋯ = 𝛼15"𝜆" = 𝛼1𝜆& (S8) 

Hence the ratio 7C
)C

 is constant for all indices i from 0 to n, equal to	7#
)#

. Moreover, the Cassie angles 

are everywhere the same, i.e., 𝜃∗ = 𝜃"∗ = ⋯ = 𝜃1∗.  Substituting (S6), (S7) and (S8) in (S5) yields 

𝛼'1𝐿&	𝑉& + 𝛼'(15")	𝐿"	𝑉"+. . +𝛼'𝐿15"𝑉15" +	𝑧1	𝑉1 =	
7%
7#

*
/
𝜆&	𝑐𝑜𝑠𝜃∗ 	= 𝛼1 *

/
𝜆&	𝑐𝑜𝑠𝜃∗ = 𝛼1 3

'
	. (S9) 

Using the mass conservation equation, 

𝑉& = (2	𝛼')𝑉" = (2	𝛼')'	𝑉' 	= ⋯ = (2	𝛼')1	𝑉1, (S10) 

and remarking that 𝑉1 =
P:%
PK

, (S9) becomes a differential equation in zn that can be integrated to 

obtain a quadratic polynomial in zn 

𝑧	1' + 2[(2𝛼t)1𝐿& 	+ 	(2	𝛼t)15"	𝐿" +⋯+ 	2𝛼t𝐿15"]𝑧1 = 𝛼1𝐶	(𝑡 − 𝑡15") , (S11) 

Denoting 𝐴1 = (2𝛼t)1𝐿& 	+ 	(2	𝛼t)15"	𝐿" +⋯+ 2𝛼t𝐿15" = (2𝛼t)1𝐿&𝛴15"	, where 𝛴15" =	 Q1 +

		 D-
'2.D#

+⋯+	 D%E-
('	2.)%E-D#

S,		the solution is 

𝑧1 = 𝐴1 	3−1 + /1 +
2%3
4%&
	(𝑡 − 𝑡15")7 (S12) 
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Note that the travel distance given by relation (S12) is not of the conventional Lucas-Washburn 

form (𝑧 ≈ √𝑡), but of the form	𝑧 ≈ −𝐴 + √𝐴'+𝛼1𝐶𝑡 .  

 

Section A2. Dynamics of capillary flow in the paper pads (coupled to that in the open-channel 

capillary tree) 

 

 When reaching the extremities of the tree branches, the liquid start wicking the paper 

pads. The motion wicking of the pads is governed by Darcy’s law 16,17 

𝑉7 = − 8
/9
	𝛻𝑃 = 8

/9
	%'()5%*

:)
. (S13) 

where Pcap is the capillary pressure of the paper and Pj the pressure at the junction channel-paper 

pad. K is the permeability of the pad and φ its porosity. The index p refers to the paper. The triplet 

(Pcap, K, φ) characterizes the paper strip.18,19  

 Three assumptions are used in the present model. First, the paper pads are 

homogeneous, i.e., there are no regions of higher or lower porosity.  Hence, degree of saturation 

(local percentage of liquid) is assumed the same everywhere in the paper pad.20,21 As a 

consequence, the capillary pressure Pcap is constant everywhere, and there is no smearing of the 

advancing contact line, which is described in the literature as a sharp front approach.22 Second, 

it is assumed that the dilatation of the paper fibers with the penetrating the liquid is negligible, so 

that the porosity φ  is constant everywhere in the pad. Third, the cellulose fibers do not absorb 

the wicking liquid, so that the mass conservation is independent of the time. Then equation (S13) 

can be cast under the form 

Pj:)k
&

PK
= '8

/9
	�𝑃+;7 − 𝑃u�. (S14) 

In order to solve equation (S14), the pressure Pj mut be determined. According to (S5) 
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𝑃u = 𝑝&	𝐿&	𝜇
S#
)#

"
@#
+⋯+ 𝑝1	𝐿1	𝜇

S%
)%

"
@%

 , (S15) 

where n is the channel level at the junction with the paper pads. Using again (S6), (S7), (S8) and 

(S10), the pressure Pj can be expressed as 

𝑃u = 𝑝&	𝐿&	𝜇
S#
)#

"
@#
W1 + D-

D#

"
'	2.

+⋯+ D%
D#

"
('	2.)%

X 	= 𝑝&	𝐿&	𝜇
S#
)#

"
@#
𝛴1 (S16)         

Using the mass conservation equation, the velocity V0 can be expressed in function of the velocity 

in the paper 

𝑉&𝑆& = 21𝜙𝑉7𝑆7 , (S17) 

where Sp is the total cross-sectional area of the pad. We consider two types of paper pads: 

rectangular and conical (triangular). We can group together the two geometries by writing  

𝑆7 = 𝑆7,& + 2𝛽	ℎ7	𝑧7 , (S18) 

where zp is the penetration distance, hp is the thickness of the paper pad, Sp,0 the cross section of 

the paper at the junction—there can be a sharp increase of section between the last channels of 

the tree and the pads— and β the cone semi-angle. In the case of a rectangular pad, β = 0. In the 

case of a cone, the wetted cross-section in the paper pad is assumed to have a perfectly rounded 

interface.  

 Successively substituting (S18) in (S17) and (S17) in (S16) yields the expression of the 

pressure Pj in function of Vp and zp 

𝑃u 	=
7#	D#
)#@#

	𝜇	𝛴1	21𝜙𝑉7	 W
@),#
@#
+ 'E	F)	:)

@#
X . (S19) 

For simplifying the notations, let us note  𝑎1 = 21𝛴1𝐾
7#D#		
)#			@#	

, 𝛿 = 	@#		
'	E	F)			

 and 𝑏 = '8
/9
𝑃+;7.  The two 

first parameters 𝑎1 and d have the dimension of a length, while the unit for b is mm2/s. Substituting 
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(S19) in (S14), and using the relation 𝑉7 =
P:)
PK

, produce the differential equation for the penetration 

distance zp 

Pj:)k
&

PK
W1 + ;%

I
X + 2𝑎1 	

@),#
@#
	P:)
PK
− 𝑏 = 0. (S20) 

The solution is 

𝑧7 =
;%

=">(%+ ?

@),#
@#
	F−1 + G1 + H @#

@),#
I
'
	
A=">(%+ ?	B

;%&
J  , (S21) 

where t = t - tn is the time taken from the entrance of the pad (t = 0, 𝑧7	= 0). Note that, for 

rectangular pads, 𝛿 = ∞, ("
I
= 0), and (S21) becomes 

𝑧7 = 𝑎1
@),#
@#
	F−1 + G1 + H @#

@),#
I
'
	A	B
;%&
J  . (S22) 

For rectangular pads, it is verified that, if the capillary pressure Pcap in the paper is very high (the 

parameter b is large), (S22) can be simplified, and the travel distance in the paper is  

𝑧7 ≈ √𝑏𝑡 = /
'8	%'()
/9

𝑡, which is simply the Lucas-Washburn law for paper alone, obtained by direct 

integration of (S14) with Pj = 0. In this case, the influence of the tree completely disappears.  

 In the general case, deriving (S21) in respect to time, the velocity of the fluid in the pad is  

𝑉7 =
@#
@),#

	A

';%M">N
/#
/),#

O
&
	
01-2(%+ 3	5

(%&
	

	  . (S23) 

Using the mass conservation equation (S17), the velocity in the root channel when the liquid wicks 

the paper is given by 
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𝑉J,,K = 21𝑉7𝜙
@)
@#
		= 𝜙 W@),#

@#
	+ 	:)

I
X @#
@),#

	A

';%M">N
/#
/),#

O
&
	
01-2(%+ 3	5

(%&
	

  , (S24) 

where zp is given by (S21). At the precise time when the fluid contacts the pad (t = 0, zp = 0), 

relation (S24) yields 𝑉J,,K,& =
9	A
';%	

, and replacing 𝑎1 and b by their expressions, %'()
L%

= 7#D#
@#

/	SIJJG,#
)#	

, 

which is the expression of the pressure P0 at the end of the root channel when the velocity is 

𝑉J,,K,&.  

 Let us consider the case of conical pads. The penetration distance zp can be removed 

from (S24) by using (S21) 

𝑉J,,K =
'%E-9	A
;%	

jI>;%√">nBk
(I>;%)√">nB

 , (S25) 

where  𝐷 = H @#
@),#
I
' A=">(%+ ?	

;%&
 .  

The unit of	𝐷 is 1/s. In the case of rectangular pads, the derivation of 𝑉J,,K  yields 

𝑉J,,K =
'%E-9	A
;%	

"
w">nIB

 , (S26) 

where 𝐷J = H @#@),#I
'
	 A
;%&
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TABLE A4. Summary of coefficients used in the different solvents.  
Coefficient  Unit 50% 

Isopropyl 
Alcohol 

Nonanol Pentanol 

a  mm 0.0026 0.0026 0.0026 
d  mm 1.6 1.6 1.6 
a/ d - 0.002 0.002 0.002 
Sp0/Sp - 0.38 0.38 0.38 
b  mm2/s 3.7 1.8 2.0 
Viscosity μ  mPa.s 3.2 11.2 3.75 
Capillary pressure Pcap  Pa 2072 4116 4500 
2nSn - 11.34 11.34 11.34 
Surface tension γ  mN/m 24 28.5 25.5 
Contact angle θ degrees 18 13 10 
Cassie contact angle θ*  degrees 55.5 52.0 51.1 
Capillary force γ cos θ *  mN/m 13.6 17.5 15.6 
Washburn coefficient 

GH
𝛾
𝜇I
2𝜆	𝑐𝑜𝑠𝜃∗	 

 
mm/s1/2 

 
47.0 

 
28.5 

 
   38.7 

Washburn coefficient from fit with 
experiments 

GH
𝛾
𝜇I
2𝜆𝑐𝑜𝑠𝜃∗	 

 
 
mm/s1/2 

 
 
38 

 
 
25 

 
 
40 

 

 

Figure A1. Engineering drawing of device with dimensions. 
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Figure A2. Raw data plots of all trials for (a) 50% (v/v) isopropyl alcohol (IPA), (b) pentanol, and 
(c) nonanol of distance traveled over time. 
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Figure A3. Raw data plot of all trials for (a) 50% (v/v) isopropyl alcohol (IPA), (b) pentanol, and 
(c) nonanol of velocity over time. 
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B. Appendix for Chapter 3  

Reproduced in part from Tokihiro, J.C.; McManamen, A.M.; Phan, D.N.; Thongpang, S.; 

Theberge, A.B.;# Berthier, J.# On the dynamic contact angle of capillary-driven microflows in 

open channels. Langmuir, 2024, 40 (13), 7215-7224. 
#Co-corresponding authors 

 

Section B1. Engineering drawings of open channels and experimental observation set-up 

 

Figure B1. Engineering drawings for open microfluidic channels #1 (A), 2 (B), 3 (C), and 4 (D) 
with dimensions. Note: for the device shown in B, only the data resulting from the fluid flowing the 
left half of the device prior to the channel constriction were used in this manuscript. 
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Figure B2. Set-up of DSLR camera and platform for experimental observation and data collection. 
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Section B1.2. Comparison between different models 

In this section, we compare travel distances and velocities between four models (Lucas-

Washburn-Rideal (LW), correlation of Jiang et al., correlation of Bracke et al., MKT approach) and 

experimental data.  

A. Water in an open rectangular channel (w = 0.4 mm, h = 0.6 mm) 

 

Figure B3. Left: travel distance vs. time; right: velocity vs. distance. Case of water. The dots 
correspond to the experiments. Note: The Lucas-Washburn-Rideal law is denoted as LW. 
 
B. Chloroform in an open rectangular channel (w = 1 mm, h = 2 mm) 

 

Figure B4. Left: travel distance vs. time; right: velocity vs. distance for the case of chloroform. 
Note: The Lucas-Washburn-Rideal law is denoted as LW. 
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C. 50% (v/v) isopropyl alcohol in an open rectangular channel (w = 1 mm, h = 2 mm) 

 

Figure B5. Left: travel distance vs. time; right: velocity vs. distance in the case of 50% (v/v) 
isopropyl alcohol. Note: The Lucas-Washburn-Rideal law is denoted as LW. 
 

Section B2. Transition between inertial and viscous regimes in open channels  

Let us first recall the Bosanquet equation for the capillary motion. In the case of an open capillary 

flow, the Bosanquet equation makes use of the generalized Cassie angle q*: 

𝜌	𝑆3
P	(:	:̇)
PK

+ /	7	:	:̇
)X

− 𝑝	𝛾	𝑐𝑜𝑠𝜃∗ = 0. (SI.2.1) 

The cross-sectional area, Sc, is delimited by the wetted walls and the flat free surface (zero 

pressure). The term 𝜆̅ is average friction length. Let us note 𝑎 = 𝜇	𝑝 𝜆̅	𝜌𝑆3⁄  (unit 1/s) and 𝑏 =

𝑝𝛾𝑐𝑜𝑠𝜃∗ 𝜌𝑆3⁄  (unit m2/s2). The division of all the terms of (S1.2.1) by 𝜌	𝑆3 yields: 

P
PK
W𝑧 P:

PK
X = 𝑏 − 𝑎 W𝑧 P:

PK
X. (SI.2.2) 

Assuming z = 0 at t = 0, time integration leads to the differential equation in 𝑧': 

P:&

PK
+ 𝑎𝑧' = 2𝑏𝑡. (SI.2.3) 

 

!"
#$%&'()*(%+,

-.%I0)()*(%+,
-+%0)()*(%+,(12345

16789J(;K=L5
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A second integration yields the solution,  

𝑧' = 'A
;
Q𝑡 − "

;
(1 − 𝑒5;K)S. (SI.2.4) 

The inertial regime occurs when the wall friction can be neglected at the beginning of the motion, 

so that (SI.2.3) becomes 

P:&

PK
= 2𝑏𝑡. (SI.2.5) 

Time integration of (SI.2.5) yields   

𝑧 = /	7	*	+,-6
∗

y	@K
	𝑡 = √𝑏	𝑡. (SI.2.6) 

The inertial velocity  𝑉Q1is then constant, leading to 

𝑉Q1 = /7	*	+,-6
∗

y	@K
	= √𝑏	. (SI.2.7) 

The end of inertial regime occurs when the term (1 − 𝑒5;K) in (SI.4) becomes negligible, i.e. 

𝑡~	1 4𝑎⁄ . Then, the inertial-viscous transition time is 

𝜏Q1\JKQ;] ∼
"
t
	)
X	y	@K
	/	7

= )X	y	nF
"o	/	

, (SI.2.8) 

where DH is the hydraulic diameter defined by 𝐷z = 4	 @'
7

. The travel distance at the end of inertial 

regime is then 

𝑧Q1\JKQ;] ≃ √𝑏	𝜏Q1\JKQ;] .  (SI.2.9) 
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The inertial distance depends both on friction length and Cassie angle. The different values for 

the inertial times and inertial distances are listed in Table B1. 

 

Table B1. Inertial times [ms] and distances [mm]. 
Liquids/channels #1 tin 

[ms] 
#1 zin 
[mm] 

#2 tin 
[ms] 

#2 zin 
[mm] 

#3 tin 
[ms] 

#3 zin 
[mm] 

#4 tin 
[ms] 

#4 zin 
[mm] 

Pentanol 3.4 0.79 4.2 1.48 0.48 0.17 0.37 0.13 
Nonanol 1.17 0.29 3.13 0.54 0.16 0.06 0.12 0.05 
50% (v/v) 
Isopropyl Alcohol 0.49 0.35 1.33 0.66 0.70 0.08 0.52 0.06 

FC-40 10.6 1.37 29.1 2.60 1.53 0.31 1.16 0.23 
Chloroform 38.3 6.97 103.0 13.1 5.42 1.55 4.14 1.18 
Dodecane 9.65 2.35 26.0 4.41 1.36 0.52 1.04 0.39 
Toluene 22.7 5.42 61.2 10.19 3.21 1.20 2.45 0.91 
Water 15.4 4.36 41.7 7.62 2.18 0.95 1.67 0.68 

 

In Figure B6, we have indicated the values of the inertial distance in three open rectangular 

channels, and eight different liquids (including the six liquids that we use in this work). We remark 

that the dissociation of the Bosanquet equation for motion (SI.2.1) results in overestimated cutoff 

times. In reality, a progressive transition occurs between the two regimes. 
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Figure B6. Different inertial distances for the four rectangular open-channels and eight liquids.   
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Section B3. Comparison with literature data for l 

The molecule volumes corresponding to the different molecules used in the study are obtained 

from tables of molar mass and listed in Table B2. 

 

Table B2. Molecular volume of the different liquids 

 Molar mass [g/mol] Density [g/mL] @ 
25°C 

Molecular volume [nm3] 

Nonanol  144.3 0.830 0.29 
Pentanol 88.2 0.815 0.18 
50% (v/v) Isopropyl 
Alcohol 40.0 1.100 0.06 

FC-40 650.0 1.850 0.59 
Chloroform 119.0 1.483 0.13 
Water 18.0 1.0 0.03 

 

Inserting these molecular volumes,	𝑉!, and the values of the coefficient, z, fitted on the 

experimental results in the MKT relation, 

R
/
= S7

)8
exp	( T(

1	U9V
) ≅ S7

)8
exp	()

&T(
U9V

), (SI.3.1) 

and we obtain the implicit relation linking l, µ, and Wa: 

𝑙𝑛 WS7
)8
X )

&T(
U9V

	≅ 𝑙𝑛 WR
/
X. (SI.3.2) 

The solution of (SI.3.2) is achieved by a numerical scheme. Equation (SI.3.2) can be written as: 

𝜆' = U9V
T(

�𝑙𝑛 WR
/
X − 𝑙𝑛 WS7

)8
X� = U9V

T(
�𝑙𝑛 WR

/
X − 𝑙𝑛𝑉! + 3𝑙𝑛𝜆�. (SI.3.3) 

Then, the iterative explicit approach is: 

𝜆Q>"' = U9V
T(

�𝑙𝑛 WR
/
X − 𝑙𝑛 WS7

)8
X� = U9V

T(
�𝑙𝑛 WR

/
X − 𝑙𝑛𝑉! + 3𝑙𝑛𝜆Q�, (SI.3.4) 
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where i is the iteration index and produces the solution, 𝜆. Convergence is rapidly obtained in less 

than 10 iterations. We obtain the values of l listed in Table B3. 

 

Table B3. Work of adhesion and average distances of molecule displacement 
 Molecular volume [nm3] Wa [mN/m] 𝜆	[nm] 
Nonanol 0.29 57.1 0.30 
Pentanol 0.18 54.6 0.45 
50% (v/v) Isopropyl Alcohol 0.06 62.4 0.56 
FC-40 0.59 31.3 0.61 
Chloroform 0.13 53.1 0.52 
Water #1 0.03 116.6 0.49 
Water #2 0.03 113.7 0.50 
Water #3 0.03 113.7 0.50 
Water #4 0.03 110.7 0.51 
Water #5 0.03 101.0 0.54 

 

We can compare these values of l with the data found in the literature and collated by Duvivier, 

Blake and De Coninck in reference 1. In Figure B7, we observe that the values of the average 

distance of each displacement l are located precisely in the cloud of data collated in the literature.  
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Figure B7. Left: coefficient of line friction vs. fluid viscosity; right: ln(z/h) vs. work of adhesion 
(Wa). The black symbols (circles, diamonds, triangles) correspond to literature data extracted 
from reference 1. Adapted with permission from D. Duvivier, T.D. Blake, J. De Coninck 2013 
Toward a predictive theory of wetting dynamics, Langmuir 29(32),10132-10140. Copyright 2023 
American Chemical Society. Note: 50% (v/v) aqueous isopropyl alcohol is denoted as IPA50.  
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C. Appendix for Chapter 4 

Reproduced in part from Tokihiro, J.C.; Robertson, I.H.; Gregucci, D.; Shin, A.; Michelini, E.; 

Nicholson, T.M.; Olanrewaju, A.; Theberge, A.B.;# Berthier, J.;# Berthier, E. # The dynamics of 

capillary flow in an open-system featuring trigger valves. Scientific Reports, 2024, 14, 31732. 
#Co-corresponding authors 

Section C1. Model for the dynamics of the flow in an open-channel with multi trigger valves 

1. Geometry 

A sketch of the device we are considering here is shown in Figure C1. The valves can be placed 

on the same side of the channel or on both sides. The type of arrangement does not change the 

dynamics of the flow (in the case of miscible liquids), but it changes the arrangement of the stream 

tubes. In this Appendix, we only analyze the dynamic of the flow. 

 

 

Figure C1. Sketch of the main channel with the trigger valves. 
 

2. Notations 

The notations used in this section are listed in Table C1. 
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Table C1. Notations. 
Name notation unit Remarks/References 
    
Length  Li mm Lengths of side channels 
Length  L*i mm Lengths between two nodes in the 

main channel   
Width  w*=w0 mm Width of main channel (uniform) 
Width  wi mm Widths of side channels 
Depth h*=h0 mm Depth of main channel (uniform) 
Depth hi mm Depths of side channels 
Cross-sectional area S*=S0 mm2 Main channel (uniform) 
Cross-sectional area Si mm2 side channels 
Average friction length 𝜆e�

∗=l0 mm Main channel (uniform)1 
Average friction length 𝜆e�  mm Side channel1  
Perimeter (total) p*=pi mm Main channel (uniform) 
Perimeter (total) pi mm Side channel, Includes free perimeter 
Perimeter (wetted) pw*=pW,0 mm Main channel, only wetted part 
Perimeter (wetted) pW,i mm Side channel, only wetted part 
Viscosity (dynamic) µ mPa.s [for nonanol 
Surface tension g mN/m for nonanol 
Contact angle  q rad Static contact angle 
Generalized Cassie 
angle 

q*i rad Generalized Cassie angle for open 
channels 

Contact angle  qd rad Dynamic contact angle 
Pressure  P mPa Pressure at the nodes 
Capillary pressure Pcap mPa Laplace pressure of the meniscus 
Velocity Vi mm/s Averaged in a cross section (side 

channels) 
Velocity Vi* mm/s Averaged in a cross section (main 

channel) 
Travel distance z mm Middle of advancing meniscus 
Coefficient of TCL friction z Pa.s MKT approach 2 
Geometrical coefficient Ai mm3 Side channel 
Geometrical coefficient A* mm3 Main channel 
Auxiliary geometrical 
coefficient 

Bi mm3 Node coefficients 

 

3. Inlet main channel 

The first part of the flow occurs in the inlet channel, before the first trigger valve. In the case of 

nonanol—which presents a relatively high viscosity—, the duration of the inertial regime is very 

short, less than 10 ms3–5, and the length of the channel affected by the initial inertial regime is 

less than 1 to 2 mm. So, we consider here only the viscous regime, described by Lucas, Washburn 
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and Rideal (LWR law) in the years 1928-19302, 6–8 and recently generalized to arbitrary channels1, 

9–11 

𝑧&(𝑡) = /
*
/
2𝜆̅& 𝑐𝑜𝑠 𝜃&∗ 	𝑡,  (SI1.1) 

where t is the time (t=0, z=0), and 𝜃&∗	is the so-called generalized Cassie angle12 given by the 

relation 

 𝑐𝑜𝑠 𝜃&∗ =	
7:
7
cos 𝜃& −

7;
7
,  (SI1.2) 

where pW and pF are respectively the wetted and free perimeter in a cross section. For a 

rectangular channel, pW=2h+w and pF=w. A correction may be done to the preceding relation at 

the channel inlet where the fluid velocity is still high (even in the viscous regime). A dynamic 

contact angle (DCA) should be taken into account. It has been shown that in open channel 

geometry the molecular kinetic theory (MKT) provides an accurate value for the DCA.5, 13–16 

 

The correction for the DCA is  

𝑐𝑜𝑠 𝜃P,& = cos𝜃&−
Z
*
	𝑉  (SI1.3) 

where 𝜁 is the coefficient of triple contact line (TPL) friction. This expression modifies the 

generalized Cassie angle 

𝑐𝑜𝑠 𝜃P,&∗ =	 7:
7
cos 𝜃P,& −

7;
7
=	W7:

7
𝑐𝑜𝑠 𝜃& −

7;
7
X − 7:

7
Z
*
	𝑉 = 𝑐𝑜𝑠 𝜃&∗ −

7:
7

Z
*
	𝑉 (SI1.4) 

The generalized LWR law is then4 

𝑧 = −𝜆̅&
7",#
7#

Z
/
+/W𝜆̅&

7",#
7#

Z
/
X
'
+ 𝑧&'(𝑡) . (SI1.5) 

The front meniscus reaches the first TGV at the time  𝑡& determined by 
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𝑡& =
=D#∗>)X#

)",#
)#

?
@?

&
5=)X#

)",#
)#

?
@?

&

L
@')
X# +,- 6M,#

∗  .  (SI1.6) 

4. First trigger valve  

 

A sketch of the flow after the first trigger valve (and before the second TGV) is shown in Figure 

C2. It is assumed here that the first TGV is far enough from inlet reservoir to neglect the dynamic 

contact angle. There is a very short inertial burst when a TGV opens, but it is evanescent and we 

don’t take it into account here. 

 

 

Figure C2. Sketch of the device with the advancing meniscus between the first and second TG. 
The “*” characterizes the main channel, while the side channels are noted i=1,…n. 
 

 

The pressure P1 may be expressed by the two relations 4 

𝑃" =	
D-	7-
@-

	𝜇 S-
)X-
= 		𝜇 @-S-

4-
, (SI1.7) 

considering the side channel #1, where 𝐴" =
)X-@-&	
D-	7-	

	,	and 

𝑃" =	
D#∗ 	7#
@#

	𝜇 S#
∗

)X#
= 	𝜇 @#S#

∗

4#∗
, (SI1.8) 
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considering the main channel (index 0), where 𝐴&∗ =
)X#@#&	
D#∗ 	7#

. The mass conservation equation yields 

the relation 

𝑆&𝑉"∗ = 𝑆&𝑉&∗ + 𝑆"𝑉".  (SI1.9) 

Multiplying (SI1.7) by S1 and (SI1.8) by S0, adding the result and using (SI1.9) leads to 

𝑆&𝑉"∗ = 𝑆&𝑉&∗ + 𝑆"𝑉" =
%-
/
	(𝐴&∗ + 𝐴")	.  (SI1.10) 

Let us denote  𝐵& = 𝐴&∗ =
)X#@#&	
D#∗ 	7#

. The pressure P1 is then given by 

𝑃" = 	𝜇 @#S-∗

(W#>4-)
= 𝜇 f-∗

(W#>4-)
		, (SI1.11) 

where 𝑄"∗ is the volumetric flow rate in the main channel after the first TGV. In the viscous regime, 

the equation for the fluid motion is given by the balance between capillary pressure and pressure 

drop. If z denotes the distance taken from the first node (first TGV), we have 

𝑃+;7 =
*	7# ghi6#∗

@#
=	 :	7#

@#
𝜇	 S-

∗

)X#
+ 𝑃" =

:	7#
@#
𝜇	 S-

∗

)X#
+ 𝜇 @#S-∗

(W#>4-)
= 𝜇 :	

D#∗ 	
	@#S-

∗

4#∗
+ 𝜇 @#S-∗

(W#>4-)
.  (SI1.12) 

Inserting  𝑉"∗ = 𝑑𝑧 𝑑𝑡⁄  in (SI1.12) produces the differential equation 

"
'
	 	"
D#∗4#∗

P:&

PK
+ "

(W#>4-)
P:
PK
− *	

/
7#
@#&
cos 𝜃&∗ = 0		,  (SI1.13) 

or, 

P:&

PK
+ 2 D#∗4#∗

	(W#>4-)
P:
PK
− *	

/
2𝜆̅& cos 𝜃&∗ = 0		.  (SI1.14) 
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Remarking that the travel distance in the main channel without TGVs is  𝑧& = /	
*	
/
2𝜆̅& cos 𝜃&∗	𝜏"	, 

where 𝜏" is the time taken after the passage of the first TGV (𝜏" = 𝑡 − 𝑡&), integration of (SI1.14) 

leads to the solution 

𝑧 = − D#∗4#∗

	(W#>4-)
+	/Q D#∗4#∗

	(W#>4-)
S
'
+ 𝑧&'	.  (SI1.15) 

At the time t1, the front meniscus reaches the second TGV. This time is given by 

		𝑡" =
ND-∗>

N#
∗O#

∗

	(9#2O-)
O
&
5N N#

∗O#
∗

	(9#2O-)
O
&

L	
@')
X# ghi6#∗	

+ 𝑡& =
D-∗&>

&N-
∗N#
∗O#

∗

	(9#2O-)
L	
@')
X# ghi6#∗	

+ 𝑡&.  (SI1.16) 

In the case of the main channel alone—without any TGV— the geometrical coefficient A1=0, and 

relation (SI1.16) reduces to 		𝑡" =
(D-∗>D#∗ )&

L	
@')
X# ghi6#∗	

 , which is the generalized LWR expression. 

  

5. Second trigger valve 

Let us now express the pressure P2. On one hand, 

𝑃' =	
D&	7&
@&

	𝜇 S&
)X&
= 		𝜇 @&S&

4&
= 𝜇 f&

4&
, (SI1.17) 

considering the side channel #2. Considering the main channel 

 

𝑃' = 𝑃" +	
D	-∗7#
@#

	𝜇 S-
∗

)X#
= 𝑃" + 		𝜇

@#S-∗

4-∗
= 𝑃" + 		𝜇

f-∗

4-∗
, (SI1.18) 

where 𝐴"∗ =
)X#@	#&

D	-∗7#
.	Substituting (SI1.11) in (SI1.18) yields 

𝑃' = 	𝜇	 @#S-∗

(W#>4-)
+ 𝜇 @#S-

∗

4-∗
= 𝜇𝑆&𝑉"∗ 	Q

"
(W#>4-)

+ "
4-∗
S = 𝜇 @#S-

∗

W-
			, (SI1.19) 
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where 𝐵" =
"

{ -
(9#2O-)

> -
O-
∗ |

. Remembering that the mass conservation equation at node 2 is 

𝑆&𝑉'∗ = 𝑆&𝑉"∗ + 𝑆'𝑉' = 𝑆&𝑉&∗ + 𝑆"𝑉" + 𝑆'𝑉'	, (SI1.20) 

and adding (SI1.17) and (SI1.19)  

𝑆&𝑉'∗ = 𝑆&𝑉"∗ + 𝑆'𝑉' =		
%&
/
	𝐵" +

%&
/
𝐴' 	=

%&
/
	(𝐴' + 𝐵"). (SI1.21) 

Again, the equation for the fluid motion is given by the balance between capillary pressure and 

pressure drop 

𝑃+;7 =
*	7# ghi6#∗

@#
=	 :	7#

@#
𝜇	 S&

∗

)X#
+ 𝑃' =	

:	
D#∗
𝜇	 @#S&

∗

4#∗
+ 𝜇 @#S&∗

(4&>W-)
. (SI1. 22) 

Remembering that  𝑉'∗ = 𝑑𝑧 𝑑𝑡⁄ , we obtain the differential equation 

	 	"
'	D#∗4#∗

P:&

PK
+ "

(4&>W-)
P:
PK
− *	

/
7#
@#&
cos 𝜃&∗ = 0		, (SI1.23) 

Still using the travel distance in the main channel without TGV;  𝑧& = /	
*	
/
2𝜆̅& cos 𝜃&∗𝜏', where 𝜏' is 

the time taken after the passage of the second TGV (𝜏' = 𝑡 − 𝑡"), integration of (SI1.23) leads to 

the solution 

𝑧 = − 	D#∗4#∗

(4&>W-)
+	/Q 	D#∗4#∗

(4&>W-)
S
'
+ 𝑧&'	. (SI1.24) 

 

The same approach as precedingly produces the time t2 when the meniscus reaches the third 

TGV 

𝑡' =
ND&∗>

	N#
∗O#

∗

(O&29-)
O
&
5N 	N#

∗O#
∗

O&29-
O
&

L	
@')
X# ghi6#∗	

+ 𝑡" =
D&∗&>

&N&
∗ 	N#

∗O#
∗

(O&29-)
L	
@')
X# ghi6#∗	

+ 𝑡"		. (SI1.25) 
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6. Third trigger valve 

The pressure P3 is obtained similarly 

𝑃$ =	
D8	78
@8

	𝜇 S8
)X8
= 		𝜇 @8S8

48
= 𝜇 f8

48
,  (SI1.26) 

considering the side channel #3, and considering the main channel 

𝑃$ = 𝑃' +	
D&∗ 	7#
@#

	𝜇 S&
∗

)X#
= 𝑃' + 		𝜇

@#S&∗

4&∗
 , (SI1.27) 

where 𝐴'	∗ =
)X#@#&

D&∗ 	7#
	. Substituting (SI1.21) in (SI1.27) yields 

𝑃$ = 𝜇 @#S&∗

(4&>W-)
+ 		𝜇 @#S&

∗

4&∗
 = 𝜇	𝑆&𝑉'∗ 	�

"
(4&>W-)

+ "
4&∗
� = /	@#S&∗

W&
		, (SI1.28) 

where 𝐵' =
"

{ -
(9-2O&)

> -
O&
∗ |

. Remembering that the mass conservation equation at node 3 is 

𝑆&𝑉$∗ = 𝑆&𝑉'∗ + 𝑆$𝑉$ = 𝑆&𝑉&∗ + ∑ 𝑆Q𝑉QQ}",$ 	, (SI1.29) 

and adding (SI1.26) and (SI1.28)  

𝑆&𝑉$∗ = 𝑆&𝑉'∗ + 𝑆$𝑉$ =		
%8
/
	𝐵' +

%8
/
𝐴$ =

%8
/
	(𝐴$ + 𝐵'),  (SI1.30) 

Finally, considering the part of the main channel where the front meniscus is advancing, the 

capillary pressure balances the pressure drop 

𝑃+;7 =
*	7# ghi6#∗

@#
=	 :	7#

@#
𝜇	 S8

∗

)X#
+ 𝑃$ = 𝜇 :	

D#∗
	@#S8

∗

4#∗
+ 𝜇 	@#S8∗

(48>W&)
. (SI1.31) 

Substituting  𝑉$∗ = 𝑑𝑧 𝑑𝑡⁄  in (SI1.31) yields the differential equation 

"
'D#∗4#∗

	P:
&

PK
+ "

(48>W&)
P:
PK
− *	

/
7#
@#&
cos 𝜃&∗ = 0		, (SI1.32) 
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Still using the travel distance in the main channel without TGVs  𝑧& = /	
*	
/
2𝜆̅& cos 𝜃&∗𝜏$, where 𝜏$ 

is the time taken after the passage of the third TG (𝜏$ = 𝑡 − 𝑡'), integration of (SI1.32) leads to 

the solution 

𝑧 = − D#∗4#∗

(48>W&)
+	/Q D#

∗4#∗

48>W&
S
'
+ 𝑧&'	.  (SI1.33) 

7. Generalization 

 

The travel distance of the front meniscus is given by the recurrence relation 

𝑧 = − D#∗4#∗

(4%>W%E-)
+	/Q D#∗4#∗

4%>W%E-
S
'
+ *	

/
2𝜆̅& cos 𝜃&∗(𝑡 − 𝑡15")	,  (SI1.34) 

where 𝐴1 =
)X%@%&	
D%7%	

 and 𝐵& = 𝐴&∗ =
)X#@#&	
D#∗ 	7#

 , 𝐵" =
"

{ -
(9#2O-)

> -
O-
∗ |

 , and for all n:  𝐵1 =
"

{ -
(9%E-2O%)

> -
O%∗
|
.  On the 

other hand, 

the times when the meniscus reaches a TGV is 

𝑡1 =
D%∗&>

&N%∗ N#
∗O#

∗

)#(O%29%E-)
L	
@')
X# ghi6#∗	

+ 𝑡15"		.  (SI1.35) 

Finally, the general expression of the velocity of the front meniscus is 

𝑉 = "
'
	

L	
@')
X# ghi6#∗

M{ N#
∗O#

∗

9%E-2O%
|
&
>L	@')

X# ghi6#∗(K5K%E-)

= 𝑉 & 	
:~#

:>
N#
∗O#

∗

(O%29%E-)

,  (SI1.36) 

where 𝑧̃& = /
*
/
2𝜆̅& 𝑐𝑜𝑠 𝜃&∗ 	𝑡  and 𝑉 & =

L	
@')
X# ghi6#∗

:~#
, corresponding to the main channel without TGVs. 

 

Section C2. Influence of the length of the side channel 
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In this section, we investigate the effect of the side channel length on the flow after the TGV. The 

liquid is nonanol and the characteristic dimensions are listed in Table C2. 

 

Table C2. Channel dimensions. 
Inlet channel Side channel #1 Side channel #2 Side channel #3 

L0= 80 mm L1 = 2 mm L1 = 8 mm L1 = 80 mm 

w0 = 1mm w1 = 0.4 mm w1 = 0.4 mm w1 = 0.4 mm 

h0=1mm h1 = 0.6 mm h1 = 0.6 mm h1 = 0.6 mm 

 

The results obtained using the model are shown in Figure C3. A short side channel (L1 << L0) 

produces a jump of the velocity at the TGV, as shown by the green line in Figure C3. This jump 

decreases when the length of the side channel increases. When the two upstream lengths are 

equal (L1 = L0), the jump disappears, as shown by the purple line in Figure C3. 
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Figure C3. Top, travel distance vs time; middle, velocity vs distance in channel; bottom, inverse 
of velocity vs distance in channel. The orange line corresponds to the inlet channel, the green line 
to the side channel #1, the blue line to side channel #2, the purple line to side channel #3. 
 

Section C3. Side channels located opposite and facing each other 

In this section, we write the model for the dynamics (travel distance vs. time) of the flow in the 

case of oppositely facing side channels (Figure C4). 
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Figure C4. Sketch of the trigger-valve channel with opposite TGVs. 
 

1. Model 

 

The pressure at the intersection of the three channels is denoted Pi, which is the pressure of the 

node at the intersection of the three channels. Let us first write the pressure drop in the three 

channels ending at the intersection 

𝑃Q =
7#D#∗

@#
	𝜇 S#

)X#
  , (SI.3.1) 

for the main channel (index 0), and 

𝑃Q =
7-	D-
@-

	𝜇 S-
)X-

  ,  (SI.3.2) 

for the first side channel (index 1), and 

𝑃Q =
7&	D&
@&

	𝜇 S&
)X&

  , (SI.3.3) 

for the second side channel (index 2). The mass conservation equation yields  

𝑆&𝑉 =	𝑆&𝑉& + 𝑆"𝑉"+𝑆'𝑉'  . (SI.3.4) 

!"#$

"%
&'

"(
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In the viscous regime, the balance between capillary force and wall friction is 6,17 

7#	*	+,-6#∗

@#
= 7#	:

@#
	𝜇 S

)X#
+ 𝑃Q  , (SI.3.5) 

where 𝑐𝑜𝑠𝜃&∗ is the cosine of the generalized Cassie angle. Finally, we consider the additional 

relation 

𝑉 = P:
PK

.  (SI.3.6) 

Hence, we have 6 equations (SI.3.1 to SI.3.6) for the 6 unknowns {𝑉, 𝑉&, 𝑉", 𝑉',𝑧, 𝑃Q}. Multiplying 

(SI.3.1) by S0, (SI.3.2) by S1, (SI.3.3) by S2, and substituting the result in (SI.3.4) yields 

𝑆&𝑉 =
%C
/
W)
X#@#
7#	D#

+ )X-@-
7-	D-

+ )X&@&
7&	D&

X = %C
/
(𝐴& + 𝐴" + 𝐴'). (SI.3.7) 

Substituting (SI.3.6) and (SI.3.7) in SI.3.5) yields 

7#	*	+,-6#∗

@#
= 7#	

'@#
	𝜇 "

)X#

P:&

PK
+ 𝜇 @#

(4#>4->4&)
P:
PK

  .  (SI.3.8) 

Time integration of (SI.3.8) leads to a quadratic expression for z 

𝑧' + H ')X#@	#&

7# 	∑ 4CCR#,&
I 𝑧 − 	*	')X#	+,-6#∗

/
𝜏 = 0,  (SI.3.9) 

where t is the time counted from the passage of the meniscus at the intersection. The expression 

for the travel distance z vs. time t is then 

𝑧 = −H )X#@	#&

7# 	∑ 4CCR#,&
I +	GH )X#@	#&

7# 	∑ 4CCR#,&
I
'
+ 	*	')X#	+,-6#∗

/
𝜏 .  (SI.3.10) 

In consequence, the velocity of the meniscus is  
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𝑉 =
	L	=>#	'JST#

∗

@

M� =>#/	#
&

)# 	∑ OCCR#,&
�
&
>	L	&=

>#	'JST#
∗

@ B

=
	L	=>#	'JST#

∗

@

:>� =>#/	#
&

)# 	∑ OCCR#,&
�
	. (SI.3.11) 

Remark that, if we note z0 the travel distance in the main channel without side channels (𝑧& =

/	*	')
X#	+,-6#∗

/
𝜏), and 𝑉 & =

P:#
PK

=	*	)
X#	+,-6#∗

/
"
:#

) we can rewrite (SI.3.11) as 

S
S�#
= :#

:>� =>#/	#
&

)# 	∑ OCCR#,&
�
	. (SI.3.12) 

 

2. Example 

Let us consider the same liquid (nonanol) and the dimensions listed in Table C3. 

 

Table C3. Channel dimensions. 
Inlet channel (index 0) Side channel #1 Side channel #2 
L0= 80 mm L1 = 2 mm L1 = 2 mm 
w0 = 1mm w1 = 0.4 mm w1 = 0.4 mm 
h0=1mm h1 = 0.6 mm h1 = 0.6 mm 

 

The results obtained using the model (relations SI.3.10 and SI.3.11) are shown in Figure C5. 
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Figure C5. Top, travel distance vs time; middle, velocity vs distance in channel; bottom, inverse 
of velocity vs distance in channel. The orange line corresponds to the inlet channel, the green line 
to side channels of length 2 mm, the blue line to side channel of length 8 mm, and the purple line 
to side channels of length 80 mm. 
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Section C4. Engineering drawings of trigger valve devices 

 

Figure C6. Engineering drawings of devices with channels on the same (a) and opposite sides 
(b) of the main channel, devices with 15 mm (c) and 30 mm (d) between trigger valves, side-view 
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imaging device (f), and device with extended length between last trigger valve and paper pad (f). 
Units in mm.  

 

Figure C7. Engineering drawing of nitrite testing device. Units in mm. 
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Section C5. Additional experimental data 

 

Figure C8. Travel distance data for all trials for programmed TGV release with valves separated 
by approximately 15 mm (a) and 30 mm (b). Every third data point is plotted for three trials (n=3).  
 

 

Figure C9. Open trigger valves can be placed on opposite sides of main channel and maintain 
stair-like velocity trend. Progression of fluid flow through device with shorter distances between 
oppositely-facing trigger valves (a).  Comparison of the theoretical model (solid line) with 
experimental fluid front travel distance at the meniscus (black dots) for devices with three side 
channels on both sides of the main channel. Experimental data was averaged for three trials 
(n=3). Model is presented in segments corresponding to the calculated travel distances prior to 
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the trigger valve release (orange, z0), between the first and second trigger valve (blue, z1), 
between the second the third valves (yellow, z2) and between the third valve and the paper pad 
(red, z3). Fluid velocities were calculated from the travel distance and the experimental data 
(diamonds) was compared against the calculated model (dashed line) velocities using a dynamic 
contact angle model (orange, V0) for the inlet. Model is shown at the first (blue, V1), second 
(yellow, V2), and third (red, V3) valves due to the increase in velocity upon trigger valve release. 
 

 

Figure C10. Travel distance data for all trials for TGV with shortened distances between valves 
on the same (a) and opposite sides (b) of the main channel. Every third data point is plotted for 
four (n=4) and three (n=3) trials for the TGVs on the same and opposite sides of the main channel, 
respectively. 
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Figure C11. Model predicts fluid velocity at approximately 80 mm after the last trigger valve. 
Progression of fluid flow through device with a longer distance after the third trigger valve (a).  
Comparison of the theoretical model (solid line) with experimental fluid front travel distance at the 
meniscus (black dots) for devices with three side channels on the same side of the main channel 
with an extended channel length after the third valve. Experimental data was averaged for three 
trials (n=3). Model is presented in segments corresponding to the calculated travel distances prior 
to the trigger valve release (orange, z0), between the first and second trigger valve (blue, z1), 
between the second the third valves (yellow, z2) and between the third valve and the paper pad 
(red, z3). Fluid velocities were calculated from the travel distance and the experimental data 
(diamonds) was compared against the calculated model (dashed line) velocities using a dynamic 
contact angle model (orange, V0) for the inlet. Model is shown at the first (blue, V1), second 
(yellow, V2), and third (red, V3) valves due to the increase in velocity upon trigger valve release. 
Raw data can be found in Figure SI.5.5. 
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Figure C12. Travel distance data for TGV device with extended distance between last TGV and 
paper pad. Every third data point is plotted for three (n=3) trials. 
 

 

Figure C13. Layers of trigger valves in oppositely facing configuration stabilize over time. Image 
of the fluid layers in oppositely facing configuration (a). Circles indicate region where layer 
thickness measurements were taken for each layer. Plots of the measured layer widths over time 
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for the parallel channel configuration after the first (c), second (d), and third (e) valves. Data is 
shown as an average of three replicates (n = 3) with error bars indicating standard deviation. 
 

 

Figure C14. Geographical location of layer width measurements for each TGV on the same and 
opposing sides of the main channel. Layer width measurements were taken 0.5 mm from each 
TGV channel wall (black lines) for each of the corresponding TGV’s colored fluid layer.  
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Figure C15. Fluid layers remain partially unmixed after reaching the paper pads. Images of the 
flow profiles of the paper pads for devices used in Figure SI.5.2 (top) and Figure SI.5.4 (bottom). 
 

 

Figure C16. Images of all Griess reaction trials for a 5 mg/L nitrate ion standard (a), 
deionized/distilled water (b), Lake Union sample (c), rain runoff (d), tap water (e), and a bacon 
sample (f).  
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Table C4. Detected nitrite concentrations in environmental and meat samples. 
Sample Mean concentration (± standard 

deviation) (mg/L)  
Seattle tap water ND* 
Lake Union 0.1535 (0.3) 
Rain runoff ND* 
Bacon meat 10.7272 (± 0.5)** 

*Reported as not detected (ND) as the value is below the lowest detectable standard solution. 
**Value was obtained by multiplying the diluted bacon sample by 4 (bacon meat sample was 
diluted at a ratio of 1:4) and is reflected in the table. 
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D. Appendix for Chapter 5 

Reproduced in part from Nicholson, T.M.;*,# Tokihiro, J.C.;* Tu, W.C.; Khor, J.W.; Lee, U.N.; 

Berthier, E.; Amory, J.K.; Walsh, T.J.; Muller, C.H.; Theberge, A.B.# Open-channel droplet 

microfluidic platform for passive generation of human sperm microdroplets. ACS Biomaterials 

Science and Engineering, 2025, 11(3), 1373–1378. 
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 Section D1. Experimental 

a. Device design and fabrication 

The open-platform generator used in this study was developed from Khor et al. [ref]. The device 

with a 0.2 mm wide constriction region was chosen as the target device since the expected droplet 

volumes were less than or equal to 1 microliter.  

Edits to the open droplet generator and the design of the droplet holder were done in a computer-

aided design program (SolidWorks 2023, Waltham, MA). The device design was converted to a 

computer-aided machining (CAM) “G” code file (.simpl) and post-processed using Autodesk 

Fusion360 (San Francisco, California). The device and droplet holders were micromilled using a 

Datron Neo computer-numerical control (CNC) mill. The open droplet generators were milled from 

3/16” PTFE sheets (#9266K15, McMaster-Carr, Elmhurst, Illinois). The droplet holders were 

milled from 4 mm thick polystyrene sheets (#ST31-SH-000200, Goodfellow, Pittsburgh, PA).  

Prior to use, the milled devices and droplet holders were cleaned of debris using a soft brush. 

The parts were then cleaned of any residues by ultrasonication in 70% (v/v) aqueous ethanol for 

30 minutes and then sprayed with fresh 70% (v/v) aqueous ethanol. Following the ethanol 

cleaning steps, the parts were rinsed with deionized (DI) water. Parts were then left to dry in a 

bioassay dish in the fume hood overnight. Prior to device operation, devices and droplet holders 

were cleaned of any lint and debris by spraying compressed air for thirty seconds. Devices were 

then set at a 3-degree incline inside of a bioassay dish using a plastic wedge. 
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To sterilize the carrier fluid, the solution was syringe filtered using a 0.22 um cellulose acetate 

syringe filter tip (Whatman, Cytiva, Marlborough, Massachusetts) and a plastic luer-lock syringe 

(#302995, Becton, Dickson and Company, Franklin Lakes, New Jersey). 

b. Experimental Observation and analysis of droplet size 

Videos of droplet generation were recorded using a Nikon D5300 digital single-lens reflex (DSLR) 

camera positioned to obtain a top-down view of the device. Videos were recorded at 60 frames 

per second (FPS). 

c. Sperm sample preparation and sperm microdroplet generation 

Under an approved Institutional Review Board protocol, healthy subjects provided informed 

consent and semen samples. After 2-5 days of abstinence, samples were obtained by 

masturbation into a sterile, labeled polypropylene specimen container. All semen samples were 

incubated at 37°C for 30 minutes prior to analysis. A portion of the semen sample was analyzed 

for standard semen quality parameters (including concentration and motility) according to World 

Health Organization protocols (cite WHO Manual of Sperm). All sperm motility assessments were 

performed using the Hamilton Thorne Research (Beverly, MA) Integrated Visual Optical System 

(IVOS). A direct swim out procedure was performed by layering 0.5 mL of neat semen underneath 

3 mL of Human Tubal Fluid with Human Serum Albumin media (HTF-HSA), and incubation of this 

preparation for at least 60 minutes at a 30-degree angle at 37°C. The medium containing motile 

sperm was carefully aspirated and centrifuged at 250 RCF for 7 minutes twice in 3 mL sperm 

wash media. The final pellet was resuspended in 1-2 mL sperm wash medium and sperm motility 

was assessed with the IVOS. Experiments with sperm were conducted in the biosafety hood with 

microchannel placed inside of bioassay dish which was closed when not in use to minimize 

evaporation. A 1:500 dilution of red food coloring (McCormick) and purified sperm was created 

and 180 µL of purified motile sperm preparation with 1:500 red food coloring was pipetted into the 

inlet chamber of the microfluidic channel. 1-2 mL of carrier fluid was pipetted into the inlet and 

droplet formation was observed. After passage through the microchannel, sperm microdroplets 
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were aspirated and combined into a 7 µL volume for motility analysis with the IVOS. IVOS was 

also used to assess motility of prepared sperm that were not exposed to red food coloring or the 

microchannel and red food coloring exposed sperm that were not exposed to the microchannel. 

 

Section D2. Sperm in microdroplet under microscope 

 

Figure D1. Image of microdroplet containing sperm after droplet generation in the open-channel 
device taken with a Olympus IX71 inverted phase-contrast microscope (Tokyo, Japan). 
Microdroplet is dyed red at the same 1:500 concentration (red FC to sperm media) used in the 
manuscript for visualization and contains approximately 6000 sperm per droplet based on purified 
sperm sample and median droplet size. 
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Section D3. Image for droplet volume calculation 

 

Figure D2. Droplet volume was calculated using the diameters of the droplets and the equation 
V = (1/6)(π)(d3). Droplet diameter was measured using the line tool in ImageJ with three 
measurements taken per droplet and an average diameter was used for the volume 
measurement. Volume for each droplet was calculated and averaged to obtain an average volume 
(± standard deviation) of 0.874 µL (± 0.3 µL). All the droplets generated from one device were 
used to calculate the average volume.
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Section D4. Droplet stability images 

 

Figure D3. Droplets are stable for 42 minutes after droplet generation. Images of dyed sperm 
media droplets generated at 4 minutes (a), 22 minutes (b), and 42 minutes (c) after the generation 
of the last droplet. No merging or fusion of droplets was observed during the experiment.  
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Section D5. Participant 1 and 2 sperm kinematic data 

 

Figure D4. Extended sperm %motility, velocities, and kinematic data were collected with the 
IVOS. Amplitude lateral height (ALH), beat/cross frequency (BCF), straightness (STR) and 
linearity (LIN) measurements, and number of rapid and linear, spiral, and hyperactivating sperm 
were collected for participant 1 (A) and 2 (B). The X axis denotes the measurement with the 
respective Y-axis units shown in parentheses. Two individual experiments were conducted with 
the same devices, and the semen samples were from two different participants. Data form a third 
participant are shown in Figure 4. Each data point represents an individual device; the bar graph 
represents the mean ± SD of n = 2 or 3 devices. 
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