
Rochester Institute of Technology Rochester Institute of Technology 

RIT Digital Institutional Repository RIT Digital Institutional Repository 

Theses 

12-14-2023 

Characterizing the Evaporating Droplets over Heterogeneous Characterizing the Evaporating Droplets over Heterogeneous 

Wettability Surfaces Wettability Surfaces 

Xi Li 
xl1832@rit.edu 

Follow this and additional works at: https://repository.rit.edu/theses 

Recommended Citation Recommended Citation 
Li, Xi, "Characterizing the Evaporating Droplets over Heterogeneous Wettability Surfaces" (2023). Thesis. 
Rochester Institute of Technology. Accessed from 

This Dissertation is brought to you for free and open access by the RIT Libraries. For more information, please 
contact repository@rit.edu. 

https://repository.rit.edu/
https://repository.rit.edu/theses
https://repository.rit.edu/theses?utm_source=repository.rit.edu%2Ftheses%2F11616&utm_medium=PDF&utm_campaign=PDFCoverPages
https://repository.rit.edu/theses/11616?utm_source=repository.rit.edu%2Ftheses%2F11616&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:repository@rit.edu


RIT 

Title of My Dissertation 

Characterizing the Evaporating Droplets 

over Heterogeneous Wettability Surfaces   
 

by 

Xi Li 

 

A Dissertation Submitted in Partial Fulfillment of the 

Requirements for the Degree of Doctor of Philosophy in 

Engineering 

 

Kate Gleason College of Engineering 

 

Rochester Institute of Technology 

Rochester, NY 

December 14, 2023 

 

 

  



ii 
 

Characterizing the Evaporating Droplets 

over Heterogeneous Wettability Surfaces   
 

 

 

Xi Li 

 

 

 

Advisor 

Dr. Michael Schertzer 

 

 

 

Committee 

Dr. Blanca Lapizco-Encinas  

Dr. Kara Maki 

Dr. Kathleen Lamkin-Kennard  



iii 
 

Abstract 

 

This work investigates deposition patterns left by evaporating particle-laden 

droplets on heterogeneous surfaces with spatially varying wettability. Spatial differences 

in receding contact angles give rise to scalloped-shaped contact lines. During evaporation, 

the contact line recedes in one location and remains pinned in another. This non-uniform 

contact line recession results in particle self-assembly above areas where the contact line 

remains pinned, but not where it recedes. This behavior is fairly robust across a variety of 

particle sizes, concentrations, and device geometries.  We hypothesize that particle self-

assembly in these cases is due to the competition between particle diffusion and the 

evaporative-driven advective flow. Diffusion appears to be more pronounced in regions 

where the contact line recedes while advection appears to be more pronounced near the 

pinned portion of the contact line. As such, particles appear to diffuse away from receding 

areas and toward pinned areas where advection transports them to the contact line. The 

distribution of particle deposition above the pinned regions is influenced by the particle 

size and concentration of particles in the droplet. Similar to homogeneous surfaces, 

deposition is more prevalent at the pinned portion of the contact line for smaller particles 

and lower concentrations, and more uniformly distributed across the entire pinned region 

for larger particles and higher concentrations. A better understanding of this process may 

be beneficial in a wide variety of particle separation applications like printing, cell 

patterning, biosensing, and anti-icing. 
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Nomenclature 

Symbol                           Meaning 

𝐷 diffusion constant 
𝐸 electric field  
𝐹𝑒 force of the particles from the electric field 
𝐹𝑆 strokes-type viscous force 
𝐻0 initial height of the droplet 
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𝐼�̅�,𝑘 average grayscale value 

𝐼�̅�     average grayscale value for the 𝑘𝑡ℎ section 
𝐼𝐵 average background intensity 
𝐼𝑚𝑎𝑥 maximum intensity 
𝑘𝐵 Boltzmann’s constant 
𝐿𝑔 gap width 

𝐿𝑝 printed width 

𝐼𝐺̅̅ ̅ average grayscale intensity across the  

entire gap region 

𝐼𝑃̅̅ ̅ average grayscale intensity across the 
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1 Introduction 

1.1 Surface wettability 
 

 

Surface wettability is a critical parameter for a wide range of applications including: 

heat transfer enhancement[1], water harvesting from fog[2], [3], design of anti-microbial 

surfaces[4], separation of oil and water[5], [6], printing[7], and fabricating antibacterial 

surfaces in medical and dental implants[8], [9]. Wettability is usually characterized by 

static measurements of the contact angle of a fluid interface on a surface at the three phase 

contact line shown in Figure 1.1. From Figure 1.1, there are three phases: the gas phase, 

the liquid phase, and the solid phase. The contact line is at the connection of these three 

phases. The contact angle θ, between the liquid phase and the solid phase, is shown from 

the side view in Figure 1.1. However, dynamic measurements of advancing and receding 

contact angles, adhesive strength, and pinning forces can also differ on surfaces with 

similar initial contact angles. Surface wettability is generally a function of chemical 

interactions between the fluid and the surface[10], and of the physical properties (i.e., 

roughness) of the surface[7]. Chemical properties of a surface can be controlled by a 

number of means including: UV irradiation[11], plasma treatment[12]–[14], molecular 

grafting[15], [16], and direct printing of functional materials[7], [17]. Physical changes on 

a surface are generally achieved through deliberate patterning of micro- and nano-scale 

roughness using multiple techniques including: 3D printing[18], [19], reactive ion beam 

etching[20], [21], and laser ablation[22], [23]. The apparent wettability of a surface can 

also be dynamically altered through the creative application of thermal gradients[24], 

surface acoustic waves[25], and electric fields[26]. Creative use of non-uniform chemical 

and physical techniques has led to functional surfaces with heterogeneous wettability for a 
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wide range of applications including: printing[17], cell patterning[27], bio sensing[28], fog 

harvesting[29], and preventing ice formation or anti-icing[30]. 

 

  

 

 

Figure 1.1: Contact angle and contact line description. The blue sphere cap is 

the liquid phase. The black box under the liquid is the solid phase. Outside the 

liquid phase is the gas phase. θ is the contact angle which between the liquid 

phase and the solid phase from the side view.  
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1.1.1 The effect of physical and chemical changes on surfaces 

 

The physical properties of the surfaces could be manipulated in many different 

ways. The surface roughness is usually different over different kinds of surfaces. The study 

of changing the morphology of the surface and the media of the surface has been very 

popular recently.  In one example of physical alteration of surface wettability, Mohammad 

Karim et al. created rough hydrophobic Teflon plates to examine the spreading dynamics 

of polyethylene glycol (PEG)[31]. They saw an increase in the receding contact angle for 

a 20% PEG solution as the roughness height increased from 38 𝜇𝑚 (53.3°) to 86 𝜇𝑚 

(59.6°), and then 305 𝜇𝑚  (64.9°)[31]. Recent investigations examining inkjet-printed 

microfluidic devices reported that printing conductive elements and coating them with thin 

dielectric layers (~5 𝜇𝑚) increased the roughness on the upper surface even after polymer 

coating[32]–[34]. In particular, Bernetski et al. reported that inkjet printed features had a 

root mean square (RMS) roughness on the order of 400 𝑛𝑚 and 200 𝑛𝑚 before and after 

spin coating 4.5 𝜇𝑚  to 6.5 𝜇𝑚 of the photoresist SU-8, respectively. The after-coating 

roughness observed here is of a similar order to the change in roughness reported by 

Mohammad Karim et al. This suggests that this technique may offer a mechanism to locally 

control surface wettability. 

 

Chemical properties of the surface can be manipulated by UV irradiation, plasma 

treatment, printing, and so on. Surfaces with heterogeneous wettability exhibit spatial 

variations in their interactions with fluid interfaces based on local differences in 

wettability[10]. These local differences in wettability can promote the self-assembly of 

functional materials, like hydrophobic molecules, held in suspension in carrier fluids as 
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they evaporate on these heterogeneous surfaces[35]–[37]. For example, Liu et al. are able 

to create conductive features on the order of 1 𝜇𝑚 by evaporating a gold nanoink on a 

polymer surface with heterogeneous wettability prepared using a parallel vacuum 

ultraviolet technique[11]. The techniques of changing the physical and chemical properties 

of the surface to make a functional surfaces are widely used in the microfluidic field. 
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1.2 Evaporation of microdroplets 

 

Functional surfaces are defined as surfaces that can provide new properties for new 

applications[38]. The functional surfaces are very important to the wettability of how the 

liquids behave on a surface. The differences in components and the roughness are both key 

factors in the functional surfaces[39]. The study of particles over functional surfaces has 

drawn great attention in the biomedical, mechanical, and industrial fields[40]. Since 1980, 

people have found that it is costly in materials, fluids, and devices when downsizing to the 

micro or nano size[41]. At the same time, downsizing can also increase the sensitivity and 

convenience when testing multiple samples. This trend to downscale the droplets and 

devices is also called microdroplets in microfluidics. 

 

Microfluidics is a relatively new field of study that emerged in the early 90’s [1][2], 

sparking scientific interest in the development of devices for fluid flow at the microscale 

[2][3]. Previously, thermodynamic processes usually taking up hours or days, such as 

chemical and biological reactions, including isolation and separation, are now accelerated 

to a few minutes when reduced to the micron scale as the total demand of the materials 

reduces drastically in the microfluidics [44]. Indeed, microdevices are very useful since 

they employ and control small volumes of fluid and response fast at a smaller scale [5][6]. 

Microfluidics has been used to “shrink” other known devices for various applications: 

valves, sensors, mixers, etc. [47]. It is described as an enabling technology in the biological 

science field, that may open doors to the application of microfluidics to single-cell assays, 

phenotypic screens, and gene-expression profiling, as well as improving the performance 

of bioanalytical detection devices. 
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1.2.1 Particle transport and deposition in evaporating droplets 

 

There has been significant interest in the transport and deposition of particles in 

evaporating droplets in recent years[49], [51], [52]. An understanding of this complex 

physical phenomenon has drawn considerable attention in a variety of fields including 

industrial, chemical, and biomedical fields, especially in applications including medical 

diagnostics, health monitoring, and cell biology [42]–[44]. Specific examples of particle 

transport and/or deposition in evaporating droplets include inkjet printing. When ink 

droplets dry, the ink particles deposit and form patterns completing the printing process[33]. 

For polymer depositions, the transport of the molecules inside the droplet is related to the 

contact line wettability[53]. In medical diagnostics, the blood strain has been studied to 

provide disease signals[54].   

 

For particle transport and deposition in evaporating droplets, the dynamics of the droplet 

on the substrate during evaporation have been studied for decades in an effort to avoid the 

coffee-ring effect, an enhance the edge effect, notably in the inkjet printing industrial [9], 

[11], [12]. This kind of coffee-ring pattern is the result of the contact line pinning and the 

interplay of surface tension and the evaporation flux [56]–[59].  
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During evaporation, there are various competing effects inside the droplet to form 

the deposition patterns, and some of them are shown in Figure 1.2. The radial flow shown 

in figure 1.2A could bring particles to the liquid-solid contact line during evaporation. This 

flow is caused by the different evaporation rates along the surface. The scale of radial flow 

can be predicted as 𝑉𝑟𝑎𝑑~𝐽/𝜌 , in which 𝐽 is the evaporation flux and 𝜌 is the fluid density, 

from Larson et al.[60]. The Marangoni recirculation, shown in Figure 1B, could either 

bring the particles to the contact line or carry them back to the center of the droplet. The 

magnitude of the Marangoni recirculation velocity is determined by the surface tension 

gradient [60]. The DLVO force, named after Boris Derjaguin and Lev Landau, Evert 

Verwey, and Theodoor Overbeek, is between the particles and the substrate. This force is 

the combination of the electrostatic force and the Van der Waals force. Depending on the 

particles and the surface charge, the DLVO force could either attract the particles to the 

substrate or push them away from the substrate[61]. Sometimes, the liquid-gas interface 

 

Figure 1.2 : Four different convective mechanisms compete during evporation  

(A) the radial flow which is driven by evaporation gradient, (B) the Marangoni recirculation 

which is driven by the surface tension gradient, (C) the DLVO force which is between the 

substrate and the particles, and (D) the surface caputure effect which is related to the top 

surface movement. 

A B 

C D 
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could capture the particles during evaporation shown in Figure 1.2D. If the interface moves 

down faster than the diffusion of the particles, many particles would be captured by the 

interface during evaporation to form a more uniform deposition pattern[62]. Moreover, 

many other factors could influence the movement of the particles during evaporation. For 

example, the size and the concentration of the particles, the temperature and the humidity 

of the environment, the pH of the solution, and so on[63]. In conclusion, there are vast 

competing factors that may influence the movement of the particles during evaporation 

worthy of studying.    

 

Previous investigations have demonstrated that deposition patterns can be altered 

through the application of an electric field or “electrowetting”, consisting of applying direct 

or alternating voltages to a surface [64], [65]. Improved deposition uniformity is observed 

when a DC field is applied to evaporating droplets carrying TiO2 particles [64]. With the 

AC field, the oscillation of the water droplet due to the sliding transition is considered to 

change the hysteresis [66]. Also, the coffee-ring effect could be suppressed with high 

frequency as the thermal mixing effect happened at the liquid-gas interface [65]. Moreover, 

the dielectrophoresis (DEP) under the AC has been shown to have the ability to separate 

particles in a close microfluidic environment [67].  

 

1.2.2 Modes of evaporation 

 

Although so many properties we can change and so much competition inside the 

droplet during evaporation, some common phenomena can be predicted. The contact line 
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mobility and the contact angle change can be predicted during evaporation. In general, 

particle assembly within evaporative droplets is determined by heat, momentum, and mass 

transport processes; contact line dynamics; and interactions of the particles with themselves, 

the interface, and the substrate[24], [68]. Comprehensive review articles on this topic have 

been written by Larson[24], Sefiane[69], and Patile and Bhardwaj[70]. This work considers 

microliter-sized particle-laden droplets evaporated in stagnant, ambient air with no 

additional thermal effects.  In these drying conditions, a typical evaporating droplet on a 

homogeneous substrate will move through three modes (shown in Figure 1.3) during 

evaporation: (i) constant contact diameter (CCD), where contact angle decreases and the 

contact line remains pinned (also referred to as constant contact radius[71], or constant 

contact line[72]); (ii) constant contact angle (CCA), where contact diameter decreases; and 

(iii) mixed mode, where both the contact diameter and contact angle decrease[50], [73].  

 

 

 

Figure 1.3: Modes from top-view during evaporation (A) constant contact diameter 

(CCD), where contact angle decreases and the contact line remains pinned; ( B) 

constant contact angle (CCA), where contact diameter decreases . θ𝑟 is the receding 

contact angle.  
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How the droplet moves between different modes of evaporation is influenced by 

several factors including, but not limited to: surface wettability[74]; surface defects and 

non-homogeneities that cause local differences in the receding contact angle[75]; and the 

presence[76], concentration[77], and physical properties of particles in the droplet[78].  

During evaporation, the droplet can also enter a stick-slip regime where the contact line 

periodically pins (sticks) and depins (slips). This stick-slip behavior is often attributed to 

surface defects[77], heterogeneities[74], or the presence and physical properties of 

particles at the contact line[78]. 

 

The contact line dynamics determine the fluid flow within the evaporative droplet. 

In the simple case, where a millimeter-sized droplet of water evaporates slowly in ambient 

air with a pinned contact line (CCD mode), there is a competition between an evaporation-

driven radially outward flow and a recirculating Marangoni flow[50]. When the outward 

radial flow dominates, particles are collected at the contact line. When the Marangoni flow 

dominates particles can collect in the center of the droplet if the thermal conductivity ratio 

between the substrate and the fluid is greater than two[50], [79], [80]. Deegan et al. 

observed a stagnation point beyond which the inward, recirculation flow near the center of 

the droplet is an outward flow[50]. This stagnation point has been observed by other 

researchers[81]. But when the contact line is receding, the fluid in the droplet tends to 

recirculate at a reduced velocity compared to the pinned contact line case[82]. Overall, 

advection from evaporative-driven flows is a critical variable governing how particles 

collect and deposit on the substrate during drying[83].  
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1.2.3 Particle transport related to evaporation modes 

 

Particle transport in evaporating droplets can be affected by the particles themselves. 

Prior works have varied particle shape[84], [85], type[86], charge[87], size[51], and 

concentration[69], [88] and all can play a role in transport and deposition. For example, 

particle shape can be used to affect particle transport and deposition by altering how 

particles arrange themselves on the air-water interface during evaporation[89], [90]; 

particle transport can be affected by surface and particle charges results in Derjaguin, 

Landau, Verwey, and Overbeek effects that combine van der Waals’ and electrostatic 

forces between particles and surfaces[87], [91]; and particles that are denser than the liquid 

they are suspended in are likely to sink to the substrate before being carried to the contact 

line by advection[63], [90], [92]. The present study focuses on particle concentration and 

size. Increased particle concentration has been shown to increase contact line pinning, 

which can delay or prevent the transition from the CCD evaporative mode to the CCA 

mode[3], [69], [88], [93]. Many works have also shown that smaller particles (< 1 𝜇𝑚) are 

more likely to increase the pinning force at the contact line[10], [50], [78]. This also delays 

transition from the CCD to CCA modes. 

 

Particle size has also been shown to alter deposition patterns left by particles in 

evaporating droplets by altering the interplay between particle diffusion and advection to 

a pinned contact line when outward radial flow dominates[62], [93]. These works suggest 

that particles are more likely to be captured on the descending interface when the 

characteristic particle diffusion rate is less than the average interface velocity.  But when 
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the diffusion rate is larger than the interface velocity, the radially outward flow in the 

droplet is more likely to bring particles to the contact line where they form a ring-like 

deposition pattern. Here, the characteristic diffusion rate (�̇�𝑝) is estimated by first defining 

a characteristic diffusion distance (𝑥𝑝 ) traveled in a given amount of time (𝑡 ). This 

estimation is given by 

𝑥𝑝 = 2 (
𝐷𝑡

𝜋
)

1/2

                                                                                      (1) 

where the diffusion constant (𝐷) is estimated from the Stokes-Einstein relation (𝐷 =

𝑘𝐵𝑇/6𝜋𝜂𝑟𝑝 , 𝑘𝐵  is Boltzmann’s constant, 𝑇 is the temperature, 𝜂 is the viscosity of the 

solvent, and 𝑟𝑝  is the radius of the particle), and 𝑡  is the characteristic time[94]. A 

characteristic diffusion rate (�̇�𝑝) is determined by setting 𝑡 = 1 in eq 1 to estimate the 

characteristic distance a particle is expected to travel in one second. The characteristic 

interface velocity (𝑢𝑖) can be estimated as  

𝑢𝑖 = 𝐻0/𝑡𝑒𝑣𝑎𝑝                                                                                           (2) 

where 𝐻0 is the initial height of the droplet and 𝑡𝑒𝑣𝑎𝑝 is the evaporation time. As particle 

size decreases, 𝐷 in eq 1 increases. This leads to an increase in �̇�𝑝. If particle effects do not 

appreciably alter drying time, then 𝑢𝑖  would remain approximately constant and the 

smaller particles would be expected to more easily diffuse away from the descending 

interface and carried to the contact line to form a ring pattern[62], [93]. Conversely, larger 

particles would diffuse more slowly and be more likely to be trapped on the descending 

interface to form a more uniform pattern[62], [93]. 
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1.3 Heterogeneous wettability 

 

A functional surface with heterogeneous wettability is also called heterogeneous 

surfaces[74]. Compared with homogeneous surfaces, heterogeneous surfaces have unique 

nonuniformity wettability influencing the contact line motion. Heterogeneous wettability 

may result in multiple different patterns. With desired geometries, for example, the 

heterogeneous wettability may result in the incorporation of hydrophilic regions, 

hydrophobic regions, and gradient regions[74].  Both chemical and physical methods to 

change the surface properties could make heterogeneous wettability surfaces.  Recently, 

there has been used in a variety of wide applications including: cell patterning, printing, 

and biosensing[7], [16], [28].  

 

Heterogeneous dewetting of the contact line during evaporation is likely to alter the 

interplay between the effects typically governing particle transport and deposition in 

evaporating droplets. In particular, particle advection on these types of surfaces is likely to 

be heterogeneous as the flow pattern in the droplet changes depending on whether the 

contact line is pinned or receding[26], [66], [77], [95]. The change in these advective 

effects may also change the relative importance of particle-related effects under particular 

evaporation conditions.  

 

The design of a heterogeneous surface can result in the preferential recession of the 

contact line on more hydrophobic areas of the device. For example, Jansen et al. observed 

non-uniform contact line recession when elongated droplets are evaporating on chemically 
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striped surfaces. They found that contact line recession occurred more easily parallel to the 

strips than perpendicular to them[96]. Liu et al. demonstrated particle self-assembly from 

evaporating droplets of gold nano ink onto a heterogeneous surface with lined features, 

characterized their electrical performance, and created design rules for device design based 

on device geometry[11]. He et al. examined the used of heterogeneous wettability to 

promote particle self-assembly on devices with rectangular hydrophilic patches on a 

hydrophobic substrate[14]. They observed that the evolution of evaporative modes during 

diffusion-limited evaporation is different than on heterogeneous surfaces[14]. They 

reported droplets passing through four different modes of evaporation: constant contact 

radius, constant contact angle, pattern-pinning, and moving contact line[14]. These 

differences in droplet evaporation likely lead to the promotion of particle self-assembly on 

the more hydrophilic areas of the devices that exhibit heterogeneous dewetting[11], [17]. 

These works[11], [14] also demonstrate that creative patterning of surfaces with 

heterogeneous wettability can be used to control particle self-assembly in evaporating 

droplets.  

 

A deeper understanding of particle transport and deposition during diffusion-

limited evaporation of droplets on heterogeneous surfaces is needed to improve the design 

of functional surfaces that leverage heterogeneous dewetting. This investigation tests the 

hypothesis that heterogeneous dewetting can be achieved on low-cost inkjet printed devices 

coated by a thin polymer film. In doing so, it aims to deepen the understanding of particle 

self-assembly in diffusion-limited evaporating droplets on heterogeneous wettability 

surfaces that use striped patterns of differing wettability. It seeks to understand how the 
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droplet passes through relevant modes of evaporation and how those modes affect particle 

transport and deposition as the droplet evaporates. To do so, it will examine evaporating 

droplets on surfaces with heterogeneous wettability over a range of particle sizes, surface 

geometries, and particle concentrations. 
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2 Experimental methodology 

The experimental setup for this investigation consisted of a device with 

heterogeneous wettability, a particle-laden droplet, and two imaging systems. The 

manufacturing of the device is first explained followed by the setup and implementation of 

the experiments. 

 

2.1 Heterogeneous devices 

 

The heterogeneous devices consisted of a 50 𝑚𝑚 × 75 𝑚𝑚 piece of inkjet-printed 

media fixed to a glass slide of the same dimensions (Figure 2.1A). The features (Figure 

2.1B) are printed onto flexible polyethylene terephthalate (PET) media (Novacentrix 

Novele) by an Epson Stylus C88+ printer loaded with silver nano ink (Novacentrix JS-

B25P) as in Bernetski et al[34]. The media is then carefully attached to the glass substrate 

(Corning, 50 𝑚𝑚  × 75 𝑚𝑚) with double side tape. A 6  𝜇𝑚  layer of PDMS (Gelest, 

sPDMS: spin coatable reprographic silicone with mix ratio 100:1) is then spun onto the 

device. The spin coater (Laurell WS-650MZ-23NPPB) is set at 1000 𝑟𝑝𝑚 for 10 𝑚𝑖𝑛. 

After spincoating, the device is baked on a hot plate at 80°C for four hours.  
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2.2 Inkjet printing methods 

 

The low-cost inkjet printing devices are fabricated based on the methods from 

Dixon and Burkhart et al[33], [34]. The printer is a commercially available desktop inkjet 

printer Epson Stylus C88+ shown in Figure 2.2. The printer is about $120 USD and is 

considerably low compared with the cleanroom process. The ink cartridges are replaceable 

with silver nano ink (Novacentrix JS-B25P) for printing the patterns. The printing media 

 

 

Figure 2.1: Isometric view of the layers of the device. (A) isometric exploded 

view of the layers of the device: i) PDMS coating; ii) prints on the PET film; 

iii) double side tape; iv) glass slide.  (B) top view of the device surface with 

printed patterns. (C) side view of the droplet during evaporation.  
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are transparent sheets with flexible polyethylene terephthalate (PET) from Novacentrix 

Novele. The sheets are loaded into the paper feed of the printer just like normal white paper.   

 

The printed patterns are designed in Adobe Illustrator with actual size. The inkjet-

printed patterns in this investigation are all rectangles with printed widths (𝐿𝑝) of sizes 

100 𝜇𝑚,  200 𝜇𝑚, or  300 𝜇𝑚 separated by gap widths (𝐿𝑔) of sizes 100 𝜇𝑚,  200 𝜇𝑚, or 

 300 𝜇𝑚 (Figure 2.1B). In all cases, the experimental area is a square region on the order 

of 2000 𝜇𝑚 x 2000 𝜇𝑚 shown in Figure 2.1B. The printing settings are listed in Table 2.1. 

As the grayscale mode is used for printing, the black cartridge is filled with silver ink while 

other cartridges are empty. Nozzles are checked each time before printing to keep good 

printing status. After printing, the black cartridge is replaced with a cleaning solution. For 

the cleaning process, the printer kept printing black squares on A4 white paper until no 

silver ink is left in the nozzles.   
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Figure 2.2: The whole view of the inkjet-printer. The red boxes are the ink, 

printed patterns, and the printer cartridges.  
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Table 2.1 : Parameters used during printing.  
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2.3 Droplets and environment 

 

The droplets used in this investigation contained fluorescent polystyrene (PS) 

particles (0.002 𝑤𝑡%, 0.02 𝑤𝑡%, and 0.2 𝑤𝑡%) from 0.02 𝜇𝑚, 0.1 𝜇𝑚, 1 𝜇𝑚  to 6 𝜇𝑚  

diameter (FluoSpheres carboxylate-modified microspheres) in deionized (DI) water 

(MAXTITE typ I, 1.237 𝜇𝑆/𝑐𝑚). A stock particle solution is mixed in a sonicator (Branson 

2800) for five minutes and then drawn by pipette before each test to ensure good dispersion. 

The particle-laden droplet (3 𝜇𝐿) is then deposited onto the PDMS coated inkjet-printed 

device. Evaporation conditions are similar to the 24 ± 1.2 °C  and 47% ± 12% (the error 

bars are calculated from several days with 95% confidence) relative humidity reported by 

Burkhart et al.[62] measured with Inkbird THC-4 data logger.  
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2.4 Imaging systems 

 

Experiments are performed to observe and analyze (i) the evolution of the droplet 

interface during evaporation and (ii) the resulting deposition pattern.  Top and side-view 

images are captured using three separate optical systems: a fluorescent microscope, a 

goniometer, and a scanning electron microscope (SEM). The top-view time-series, bright 

field, and fluorescent images are recorded with a camera (QIClick-R-F-M-12 1392x1040 

pixels) mounted on a Zeiss Stereo Discovery v12 microscope. Side-view images during 

evaporation are captured using a Ramé-Hart 250 goniometer (Figure 2.3) with a camera 

(BASLER acA640-90 𝜇𝑚 659x494 pixels). Contact angles are measured from transient 

images (one frame per second) captured using a Ramé-Hart Goniometer (250-U1) 

equipped with DROPimage Advanced software (version 2.8.02). SEM images of 

deposition patterns are taken using a JEOL IT100LA scanning electron microscope.  
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Figure 2.3: Rame-Hart imaging system with actual slide on the stage. The red 

box refers to the light source, devices and stage, and side-view cameras 

respectively 
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2.5 Imaging analysis 

 

Fluorescent eight-bit images of deposition patterns are analyzed in ImageJ to 

characterize pixel intensity over both gap and printed regions on the device. The 

normalized grayscale intensity at a given pixel (𝐼𝑖,𝑗) is defined as 

𝐼𝑖,𝑗 = max (
𝐼𝑖,𝑗−𝐼𝐵

𝐼𝑚𝑎𝑥−𝐼𝐵
, 0)                                                                      (3) 

where 𝐼𝑖,𝑗 is the measured intensity at the (𝑖, 𝑗) pixel, 𝐼𝐵 is the average background intensity, 

and 𝐼𝑚𝑎𝑥  is the maximum intensity measured at a given pixel ( 255 ). The average 

background intensity (𝐼𝐵) is calculated by averaging the grayscale value of several areas of 

interest outside the deposition pattern. 

 

Two different measurements of the intensity of the gap regions are analyzed. First, 

the droplet’s gap regions are segmented into rectangles (Ω
𝑝
) as shown in Figure 2.4A. 

Each rectangular strip (Ω
𝑝
 for 𝑝 = 1, . . , 𝑁)  is then subdivided into 40 sections (Ω

𝑝,𝑘
 for 

𝑘 = 1, . . ,40), or sections of 2.5% of the total length, as shown in Figure 2.4B. The average 

grayscale value (𝐼�̅�,𝑘) in each of these sections is then calculated as 

𝐼�̅�,𝒌 =
∑ �̂�𝒊,𝒋(𝒊,𝒋)∈𝜴𝒑,𝒌

𝒏𝒑,𝒌
                                                                                      (4) 
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where Ω𝑝,𝑘 is the set of pixels in the 𝑘𝑡ℎ section of the 𝑝𝑡ℎ rectangular region and 𝑛𝑝,𝑘 is 

the total number of pixels in Ω𝑝,𝑘. Then the average grayscale value for the 𝑘𝑡ℎ section 

across all gap regions (𝐼�̅�) is calculated as 

𝐼�̅� =
∑ 𝐼�̅�,𝑘𝑝

𝑁
 .                                                                                                  (5) 

In summary, 𝐼�̅� quantifies the average particle concentration in the gap regions as a 

function of spatial location relative to the contact line. The second statistic created 

 

 

Figure 2.4: A sample fluorescent image of a deposition pattern with 0.02 𝜇𝑚 PS 

particles. (A) Deposition image with 5 yellow rectangular gap regions. (B) The 

subdivision of one of the rectangular gap regions into 40 sections each 2.5% of 

the total length. 
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quantifies the percentage of particles deposited in the gap regions.  The average grayscale 

intensity across the entire gap region (𝐼𝐺̅̅ ̅) is calculated as 

𝐼𝐺̅̅ ̅ =
∑ 𝐼𝑖,𝑗(𝑖,𝑗)∈Ω𝑔

∑ 𝐼𝑖,𝑗(𝑖,𝑗)∈Ω𝑑

                                                                                          (6) 

where Ω𝑔 = ⋃ Ω
𝑝𝑝  is the set of pixels in the rectangular gap regions and Ω𝑑 is the 

set of pixels in the deposition pattern (see Figure 4A). Intensity fraction over the printed 

region (𝐼𝑃̅̅ ̅) can be defined in a similar manner, using the set of pixels over the printed 

region in place of those over the gap, 𝐼𝐺̅̅ ̅ + 𝐼𝑃̅̅ ̅ ≈ 1. 
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3 Surface characterization 

 

Spatial differences in wettability can arise from chemical or physical differences 

on the terminal surface. Since the entirety of the device is coated in PDMS, it is assumed 

that the chemical makeup of the terminal surface is homogeneous. Physical heterogeneity 

is characterized by measuring surface roughness using an NANOVEA ST400 profilometer. 

The root mean square (RMS) roughness is 0.326 ± 0.012 𝜇𝑚 and 0.193 ± 0.011 𝜇𝑚 

(the error bars are calculated from 3 different trials with 95% confidence) above the printed 

and non-printed regions, respectively. The difference in roughness on these surfaces is 

similar to that seen in previous works, such as Mohammad Karim et al[31].  

 

Surface wettability is first characterized by examining the initial and receding 

contact angles on (i) a device consisting of a large printed region (Figure 3.1A) and (ii) a 

device with no printed regions (Figure 3.1B). The initial contact angle of a particle-free 

droplet on the printed surface is approximately 131.7°  over the printed region and 

113.4° over the gap region (Figure 3.1C). The difference in receding contact angles is 

larger, with a value of 77.3 ± 2.5° above the printed areas (𝜃𝑝,𝑟), but only 45.0 ± 1.4° on 

the unprinted areas (𝜃𝑔,𝑟) (Figure 3.1C, the error bars are calculated from 3 different trials 

with 95% confidence). This significant difference in receding contact angles in the absence 

of particles in the droplet is hypothesized to be related to the differences in roughness in 

different regions. This is consistent with previous works that also saw significant 

reductions in receding contact angles at similar changes in roughness[31], [97].  
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Since receding contact angles can be impacted by the presence and properties of 

particles[84], experiments are performed to examine whether differences in wettability 

persisted in particle laden droplets on these surfaces. 

 

 

 
Figure 3.1: The top view of the control surfaces with a spin coated PDMS top 

layer on PET films (A) with and (B) without the printed layer. (C) The measured 

initial contact angle (left columns) and receding contact angles (right columns) 

for both control conditions are shown in (A) and (B). (D and E) Deposition 

patterns left by the evaporation of 0.02 𝑤𝑡% 1 𝜇𝑚 PS on PDMS coated control 

surfaces with and without printed layers.  
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The influence of the presence of particles on the contact line mobility on printed 

and non-printed devices is further characterized by examining deposition patterns left by 

evaporating particle-laden droplets (0.02 𝑤𝑡%  of 1 𝜇𝑚  PS particles) on homogeneous 

printed and non-printed surfaces (Figures 3.1A and 3.1B). A large ring-like pattern is 

observed on the non-printed device (Figure 3.1E). This is consistent with a deposition from 

a droplet with a low receding contact angle where droplet evaporation occurs mostly in the 

CCD mode. A smaller, more uniform pattern is observed on the printed device (Figure 

3.1D). This is consistent with the expected deposition pattern for droplets that transition 

into the CCA mode due to relatively high receding contact angles.   

 

The differences in both the receding contact angles and the resultant deposition 

patterns on printed and non-printed surfaces suggest hybrid dewetting may be possible on 

a surface with printed and non-printed regions. The hypothesis that heterogeneous 

dewetting can be achieved on these devices is tested by examining the effects of particle 

size, device geometry, and particle concentration on the transport and deposition of 

particles in evaporating droplets on these surfaces. 
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4 Understanding modes of evaporation on heterogeneous wettability surfaces 

 

The goal of this chapter is to understand the deposition patterns on heterogeneous 

wettability surfaces. To do so, it is important to find out the contact line movement on 

heterogeneous wettability surfaces. By studying the fluorescent images, the scanning 

electron microscopy images, and the time-series images, differences in contact line 

mobility over the heterogeneous wettability surfaces are examined. After that, we proposed 

several evaporative modes to analyze the contact line movement over the heterogeneous 

wettability surfaces. 
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4.1 Fluorescent and SEM images 

 

Our hypothesis is first tested by evaporating 3 𝜇𝐿 droplets containing 0.02 𝑤𝑡% 6 

𝜇𝑚 PS particles on a device where 𝐿𝑝 = 𝐿𝑔 = 100 𝜇𝑚. A relatively large particle diameter 

is chosen for these initial tests because previous investigations suggest that larger particles 

are less likely to affect contact line motion[24], [51]. Initial fluorescent images of 

deposition patterns suggest that particles self-assemble in the gaps between the printed 

regions (Figure 4.1). Here, the majority of the fluorescence intensity ( 𝐼𝐺̅̅ ̅ = 0.90 ) is 

observed above gap regions on the device, while a fraction of the fluorescence intensity 

(𝐼𝑃̅̅ ̅ = 0.097)  is observed over printed regions. 

 

Scanning electron microscopy (SEM) images of the same deposition pattern 

(Figure 4.2) confirm that particles are generally deposited above the gap regions, with very 

 

 
Figure 4.1: Fluorescent image of a deposition pattern with particle size 6 

µm (0.2 𝑤𝑡%). i) Printed region; ii) gap region. 
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little deposition on the printed regions. Higher magnification images (Figures 4.2C and 

4.2D) showed that the edge of the printed regions creates a clear demarcation where particle 

deposition begins. While particle self-assembly is generally observed in the gap regions, 

particles do span the printed regions in one portion of the deposition pattern (see Figure 

4.2B). This appears to be the result of mixed-mode deposition that occurs at the end of 

droplet evaporation where particles could not be transported away from the printed region 

prior to complete evaporation of the droplet.  

 

 

 

 

Figure 4.2: SEM images of a deposition pattern from a droplet seeded with 6 

µm particles (0.02 𝑤𝑡%). The top left image (A) shows the whole deposition 

pattern and the remaining images (B-D) show zoomed in areas  
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4.2 Time-series images 

To further understand the non-uniform deposition patterns observed in Figures 4.1 

and 4.2, top-view time-series images of the droplet during evaporation are examined 

(Figure 4.3). Images in Figure 4.3 are from a case with 1 𝜇𝑚 PS particles at 0.02 𝑤𝑡% 

concentration, but videos of all particle sizes and device geometries are available in the 

supplemental information (a list of supplemental videos can be found in the supporting 

information). Initially, the contact line of the droplet is approximately circular and 

evaporation appeared to proceed in the CCD mode (Figures 4.3A and 4.3B). Non-uniform 

contact line recession began between 1500 s (Figure 4.3C) and 1800 s (Figure 4.3D). Here, 

the contact line receded above printed regions but remained pinned over gap regions 

 

 
Figure 4.3: The time-series deposition patterns of the droplet containing 1 

µm PS particles during evaporation on the PDMS devices (+50% contrast 

correction). The image is captured at the time 𝑡 = 0𝑠 to 𝑡 = 1000𝑠 for (A-F). 

The scale bar for all the images is the same and is shown at the bottom for 

(A-F).
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(Figures 4.3D and 4.3E). This non-uniform recession of the contact line continued for the 

rest of the evaporation (Figure 8F). 
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4.3 Scalloped modes 

 

Top-down videos of droplet evaporation in these experiments show that the 

advection of particles to the pinned portions of the contact line is an important mechanism 

for the transport of particles from above the printed regions to above the gap regions 

(supplemental videos). It seems as though this transport phenomenon is more prevalent 

above the gap regions where the contact line is pinned than above the printed region where 

the contact line is receding.  Sketches depicting the evolution of the interface shape and 

observed modes of evaporation are presented in Figure 4.4. 

 

A general conceptual model for the transition between these two modes can be 

provided by considering the difference between the local transient and receding contact 

 

 
Figure 4.4: Top view illustration of the droplet during evaporation. The 

contact line may pin or move depending on the relationship between the local 

contact angles over the printed ( 𝜃𝑝(𝑡)) and gap ( 𝜃𝑔(𝑡)) regions and their 

associated receding contact angles ( 𝜃𝑝,𝑟 and 𝜃𝑝,𝑟): (A) CCD, the contact line is 

pinned everywhere, 𝜃𝑝(𝑡) > 𝜃𝑝,𝑟  and 𝜃𝑔(𝑡) > 𝜃𝑔,𝑟 ; (B) scalloped-CCD, the 

contact line only recedes over the printed region, 𝜃𝑝(𝑡) ≤ 𝜃𝑝,𝑟 and 𝜃𝑔(𝑡) > 𝜃𝑔,𝑟; 

and (C) scalloped-CCA, the contact line receded over both printed and gap 

regions 𝜃𝑝(𝑡) ≤ 𝜃𝑝,𝑟  and 𝜃𝑝(𝑡) ≤ 𝜃𝑝,𝑟.  
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angles. When the local contact angle above the printed regions (𝜃𝑝(𝑡)) decreases to the 

receding contact angel above the printed regions (𝜃𝑝,𝑟), the portion of the contact line over 

these regions would be expected to recede. Similarly, the contact line above the gap regions 

would be expected to remain pinned while the local contact angle above those regions 

(𝜃𝑔(𝑡)) is above the receding angle for the gap regions (𝜃𝑔,𝑟). This model hypotheses that  

the non-uniform recession of the contact line led to a different series of evaporation modes 

such that: (1) CCD (Figure 9A) occurs when 𝜃𝑔(𝑡) > 𝜃𝑔,𝑟  and 𝜃𝑝(𝑡) > 𝜃𝑝,𝑟 ; (2) 

“scalloped-CCD” (Figure 9B) occurs where the contact line recedes over the printed 

regions (which are locally experiencing CCA), but not over the gap regions (CCD locally) 

(𝜃𝑔(𝑡) > 𝜃𝑔,𝑟 and 𝜃𝑝(𝑡) ≤ 𝜃𝑝,𝑟); and (3) “scalloped-CCA” (Figure 9C), where the entire 

contact line is receding but the scalloped shape is retained because the droplet passed 

through the scalloped-CCD mode ( 𝜃𝑔(𝑡) ≤ 𝜃𝑔,𝑟  and 𝜃𝑝(𝑡) ≤ 𝜃𝑝,𝑟 ).  Note that the 

scalloped-CCD and scalloped-CCA modes could include consistent or stick-slip recession 

of the contact line and the complexity of this model could be increased by including the 

contributions of effects of surface defects and particle effects on the local receding contact 

angles.  

 

When the droplet is evaporating in the scalloped-CCD mode, advection to the 

contact line is expected to be strongest near the pinned portion of the contact line and 

particle diffusion should be more important away from the contact line, particularly above 

the printed region where advective velocities are expected to be lower[89]. As such, the 

local Péclet number (advection/diffusion) is expected to be higher near the pinned portion 

of the contact line and lower away from the pinned contact line (toward the apex of the 
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droplet and above the printed regions see supplemental videos). It is also expected that 

advective transport would act more strongly in the direction of the pinned portions of the 

contact line, and not radially outward as it would in an axisymmetric droplet on a 

homogeneous surface[50].  
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5-7 Effects on transport and deposition in evaporation droplets on surfaces with 

heterogeneous wettability 

 

In these chapters, the influences of the heterogeneous wettability will be tested by 

examining deposition patterns left by particle-laden droplets evaporated on heterogeneous 

surfaces. In particular, we will examine the effects of particle size, device geometry 

(relative widths of 𝐿𝑔 and 𝐿𝑝), and particle concentration.  

 

For these chapters, we will examine the effects of particle size, device geometry, 

and particle concentration on the transport and deposition of particles in evaporating 

droplets on surfaces with heterogeneous wettability similar to that examined in Figures 4.1-

4.4. A summary of the deposition patterns observed over the range of these parameters is 

shown in Figure 5.4. 

 

The materials presented in this chapter have been published in Langmuir[98]. 

Reprinted with the permission from Xi Li, Kara L. Maki, and Michael J. Schertzer, 

Characterization of Particle Transport and Deposition Due to Heterogeneous Dewetting on 

Low-Cost Inkjet-Printed Devices. Langmuir 2023, Nov 14, https://doi-

org.ezproxy.rit.edu/10.1021/acs.langmuir.3c02224. Copyright 2020 American Chemical 

Society. 
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Figure 5.1: Deposition patterns left by evaporating 3 𝜇𝐿 droplet on a variety 

of surfaces with heterogeneous wettability. (A) effect of particle size 0.02 

to 6 𝜇𝑚 ; (B) effect of device geometry 𝐿𝑝  and 𝐿g  between 100 𝜇𝑚  and 

300 𝜇𝑚; and (C) effect of particle concentration between 0.002 wt% to 0.2 

wt%. The experimental case with particle size of 1 𝜇𝑚, 𝐿𝑝 = 𝐿𝑔 = 100 𝜇𝑚,  

and particle concentration of 0.02% is consistent throughout each set of 

experiments and identified by the dashed border.  
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5 Effect of particle size on transport and deposition in evaporation droplets on 

surfaces with heterogeneous wettability 

 

The goal of this chapter is to understand the interactions of particle size and 

heterogeneous wettability on the particle deposition. The hypothesis that the heterogeneous 

wettability could be influenced by the particle size is tested by changing the particle size 

between 0.02 µm and 6 µm. It is found that smaller particles trend to aggregate at the 

contact line while larger particles have some segments in the middle. 

 

The effect of particle size on deposition patterns left by evaporating droplets is 

tested by examining deposition patterns left by droplets containing particles with diameters 

between 0.02 µm and 6 µm (Figure 5.2). Particle concentration in all cases is held constant 

at 0.02 𝑤𝑡% , and 𝐿𝑔  and 𝐿𝑝  are both held constant at 100 𝜇𝑚 . The vast majority of 

particle deposition is observed to be over the gap regions for all particle sizes examined 

here. The average grayscale intensity (𝐼𝐺̅̅ ̅, eq 6) across the entire gap region is greater than 

0.76 for all particle sizes (Figure 5.2E, the error bars are calculated from 3 different trials 

with 95% confidence). Fluorescence intensity above the gap region increased from 0.77 to 

0.98 as particle size increased from 0.02 𝜇𝑚 to 1.0 𝜇𝑚. It then falls to 0.90 as the particle 

size is further increased to 6 𝜇𝑚. The reduction in fluorescence intensity above the gap 

region in the 6 𝜇𝑚 case is due to a circular deposition near the center of the pattern that 

appears to have been deposited as the receding contact lines on multiple printed regions 

met and particles are unable to migrate to the adjacent printed region prior to deposition 

(Figure 5.2D). 
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Figure 5.2: Colloidal deposition patterns of 3 𝜇𝐿 droplet with different PS 

particles size from 0.02 to 6 𝜇𝑚. (A-D) The raw images in the fluorescent 

field. (E) The average distribution of intensity fraction in eq 6 analysis data 

with different PS particles size: 0.02𝜇𝑚 (solid dark), 0.1𝜇𝑚 (solid grey), 1𝜇𝑚 

(dots), and6 𝜇𝑚 (stripped). 
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While the vast majority of the fluorescence intensity is observed above the gap 

regions for the deposition patterns for all particle sizes examined here (Figure 5.2E), the 

distribution of the fluorescence intensity within the gap regions changed with particle size 

(Figure 5.2). Deposition patterns from the smallest particles examined here (0.02 𝜇𝑚 and 

0.1 𝜇𝑚) left segmented ring deposition patterns where most of the fluorescence intensity, 

𝐼�̅� for 𝑘 ∈ {1, 2, 3, 4, 37, 38, 39, 40} in eq 5, is observed at the position of the initial contact 

line (Figure 5.3). As particle size increased to 1 𝜇𝑚 and then 6 𝜇𝑚, deposition mainly 

occurred on the gap region, but fluorescence intensity in the center of the deposition pattern, 

𝐼�̅� for 𝑘 = 5, … , 35 in eq 5, increased with particle size (Figures 5.3). 

 

 

 Table 5.1: Interface velocity (𝑢𝑖), and diffusion rate ( �̇�𝑝) as a function of 

particle diameter. 
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The change in the spatial distribution of fluorescence intensity above the gap 

regions as a function of particle size is consistent with expectations for the transition 

between the importance of the descending interface velocity (𝑢𝑖) and particle diffusion rate 

(�̇�𝑝) (Figure 5.4, Table 5.1). As described in previous works[62], [94], when 𝑢𝑖 > �̇�𝑝,  

particles tend to be captured on the descending interface and deposited uniformly and not 

in a ring at the contact line. This case is observed for the 6 𝜇𝑚 diameter particle, which 

had the slowest particle diffusion rate examined here. As particle size is reduced to 1 𝜇𝑚, 

�̇�𝑝 and 𝑢𝑖 are of similar magnitude and a transitional pattern is observed. As particle size 

is reduced below 1 𝜇𝑚 , �̇�𝑝 is appreciably larger than 𝑢𝑖  and particles escape the 

descending interface to be advected to the contact line and deposited as a segmented ring. 

While the behaviors of interface capture are present here, the mechanisms that transport 

particles from above the printed regions to above the gap regions appeared to remain robust. 

 

 

Figure 5.3: Averaged horizontal distribution of intensity fraction eq 5 of 

colloidal deposition patterns of 3 µl droplet with different PS particles si ze from 

0.02 to 6 𝜇𝑚. The intensity is split into 40 sections based on the whole strips:  

0.02 𝜇𝑚  (orange diamond), 0.1 𝜇𝑚 (blue triangle), 1 𝜇𝑚  (grey rectangle), and  

6 𝜇𝑚 (yellow circle). 
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Summary 

 

The investigation tests the heterogeneous wettability by the particle size between 

0.02 µm and 6 µm. It demonstrates that more particles would be deposited over the gap 

region when the particle size increased from 0.02 µm, 0.1 µm to 1 µm. Moreover, more 

particles are deposited towards the center when the particle size increased. By comparing 

the descending interface velocity and particle diffusion rate, the particle size would be the 

key factor in influencing the deposition regions over the heterogeneous wettability surfaces. 

This point is also close to the previous studies[77].   
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Figure 5.4: Phase diagram for particle deposition as a function of the velocity 

of the descending interface (𝑢𝑖) and the particle diffusion rate ( �̇�𝑝). Images 

of the resulting deposition for each particle size are shown inset: i) 0.02 𝜇𝑚, 

ii) 0.1 𝜇𝑚, iii) 1 𝜇𝑚,  iv) 6 𝜇𝑚. Dash line indicates that 𝑢𝑖 is equal to �̇�𝑝. 
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6 Effect of printed geometry on transport and deposition in evaporation droplets on 

surfaces with heterogeneous wettability 

 

The goal of this chapter is to test the heterogeneous wettability under the influences 

of printed geometry. The hypothesis is that the heterogeneous wettability could be 

influenced by changing the width of the striped patterns and gaps. It is found that the 

particle concentration gradient between the gap and printed regions could influence the 

heterogeneous wettability during evaporation. 

 

The effect of device geometry on patterns left by evaporating droplets is examined 

by varying 𝐿𝑝  and 𝐿𝑔  widths between 100 𝜇𝑚  and 300 𝜇𝑚  (Figure 6.1). These 

experiments are performed using 3 𝜇𝐿  droplets with 0.02 𝑤𝑡%  of 1 𝜇𝑚  PS particles 

where interface capture and particle diffusion are approximately equal. The fraction of 

fluorescence intensity observed over the gap regions (𝐼𝐺̅̅ ̅) is measured in each case (Table 

6.1, the error bars are calculated from 3 different trials with 95% confidence). 
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The 𝐼𝐺̅̅ ̅ data in Table 6.1 suggest that radial transport to the contact line is important 

for the separation of particles between the gap and printed regions. For all values of 𝐿𝑔, 𝐼𝐺̅̅ ̅ 

increased as 𝐿𝑝 decreased. As 𝐿𝑝 decreased, less of the contact line is receding and more 

of the contact line is pinned. In this case, advection seems more likely to carry any given 

particle to the pinned parts of the contact line. A reduction in 𝐿𝑝 would also reduce the 

distance required for a particle to be transported out of a printed region and into a gap 

region where advection to the contact line is likely stronger. 

 

 

 

Table 6.1: The intensity fraction distributions over the gap regions ( 𝐼𝐺̅̅ ̅) as a 

function of device geometry.  
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The direct relationship between 𝐿𝑔 and 𝐼𝐺̅̅ ̅ for a given value of 𝐿𝑝 is less clear. For the larger 

values of 𝐿𝑝 (200 𝜇𝑚 and 300 𝜇𝑚), 𝐼𝐺̅̅ ̅ increased with 𝐿𝑔. But at the smallest value of 𝐿𝑝 

(100 𝜇𝑚), the trend is non-monotonic with 𝐼𝐺̅̅ ̅ first falling as 𝐿𝑔 is increased from 100 𝜇𝑚 

to 200 𝜇𝑚 , before increasing as 𝐿𝑔  is increased from 300 𝜇𝑚 . This suggests that the 

interplay between these variables may be more complex. 

 

 
Figure 6.1: Fluorescent field deposition images of the 3 𝜇𝐿  droplet with 

0.02 𝑤𝑡% 1 𝜇𝑚 PS particles after evaporation. From left to right, the gap width 

(𝐿𝑔) increases from 100 𝜇𝑚 to 300 𝜇𝑚. From bottom to top, the printed width 

(𝐿𝑝) increases from 100 𝜇𝑚 to 300 𝜇𝑚. 



49 
 

 

To better understand particle transport from above a printed region to adjacent gap 

regions, the effects of the ratio of evaporation time to a characteristic diffusion time for 

particles to cross the printed region (𝑡𝑑𝑖𝑓 = �̇�𝑝/𝐿𝑝) on 𝐼𝐺̅̅ ̅ is studied (Figure 6.2A). This 

provided a reasonable collapse of the data, with a linear coefficient of determination (𝑟2) 

of 0.84 and a slope of 0.037 ± 0.012 (95% confidence interval). Physically, this suggests 

 

 
Figure 6.2: Fraction of fluorescence intensity observed over the gap region as a 

function of the ratio of characteristic times for advection to the pinned contact line 

and diffusion across the printed region for cases examining (A) device geometry 

with particle diameter of 1 𝜇𝑚 (open square) and (B) device geometry (open square) 

and those where 𝐿𝑝 = 𝐿𝑔 = 100 𝜇𝑚  with particles sizes of 6 𝜇𝑚  (open diamond), 

0.1 𝜇𝑚 (hashed diamond) and 0.02 𝜇𝑚 (filled diamond).  
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that the effectiveness of particle transport from the above printed regions to above the gap 

regions improved when particles above the printed regions had more time to diffuse toward 

the gap regions where they are transported to the pinned portion of the contact line by 

advection. 

 

While the trials used to specifically examine device geometry collapsed fairly well 

in Figure 6.2A open squared, the collapse of the data is not complete when trials used to 

examine the effects of particle size are included (Figure 6.2B the squares and diamonds). 

The 6 𝑢𝑚 particle data fit the trend observed in Figure 6.2B, but the smaller particles 

(0.1 𝜇𝑚  and 0.02 𝜇𝑚 ) did not. Interestingly, the deposition pattern left by the 6 𝑢𝑚 

particles also more closely resembled those seen for the 1 𝜇𝑚 cases than do those left by 

the 0.1 𝜇𝑚 and 0.02 𝜇𝑚 particles (see Figures 5.1-5.3). One potential reason for the lack 

of collapse at small particle sizes could be that the recession of the contact line appeared 

to begin later in the small particle cases. This may be due to the ability of smaller particles 

to get closer to the contact line and delay depinning[24]. The delayed recession of the 

contact line above the printed region would promote a more uniform advection to the 

contact line. This would keep particle concentration above the gap and printed regions 

relatively equal so the net diffusion of particles from above the printed regions to above 

the gap regions would be slowed despite the higher characteristic diffusion speed expected 

from the smaller particles. 
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Summary 

 

The investigation tests the heterogeneous wettability based on the printed geometry. 

Different widths of the gap and printed regions have been studied from 100 𝜇𝑚 to 300 𝜇𝑚. 

It demonstrates that more particles would be deposited over the gap region when the 𝐿𝑔 

increased or 𝐿𝑝  decreased. More advection to the contact line would be expected to 

influence the deposition patterns in these cases. Moreover, the different physical distance 

for the particles to move between the gap region and the printed region may be another key 

point. Last, the instant particle concentration gradient between the gap region and the 

printed region may lead to the differences. 
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7 Effect of particle concentration on transport and deposition in evaporation 

droplets on surfaces with heterogeneous wettability 

 

The goal of this chapter is to test the heterogeneous wettability under the influences 

of the particle concentrations. The hypothesis is that the heterogeneous wettability could 

be influenced by changing the concentration of the particles. It is found that the uniformity 

of the depositions increased with the concentration. 

 

The effect of particle concentration on the transport and deposition of particles in 

droplets evaporated on heterogeneous surfaces is tested by examining the concentration 

(𝑔/𝑚𝑙) of 1 𝜇𝑚 PS particles at 0.002 𝑤𝑡%, 0.02 𝑤𝑡%, and 0.2 𝑤𝑡%. These experiments 

are performed on devices where 𝐿𝑝 = 𝐿𝑔 = 100 𝜇𝑚 . Fluorescence intensity is again 

predominantly located over the gap regions with approximately 𝐼𝐺̅̅ ̅ ≈0.95, 0.98, and 0.92 

for 0.002 𝑤𝑡%, 0.02 𝑤𝑡%, and 0.2 𝑤𝑡%, respectively (Figure 7.1D, the error bars are 

calculated from 3 different trials with 95% confidence). The decreased fluorescence 

intensity above the gap regions in the 0.2 𝑤𝑡% case suggests that there may be some limit 

to the capacity for the deposition of particles in the gap regions. After this capacity is 

reached, particles appear to be deposited above the printed regions. The shape of the 

deposition above the printed regions in Figure 7.1C suggests that deposition occurs as 

opposing receding contact lines above the same printed region meet and particles are 

unable to migrate to a gap region before being deposited. Recall a similar trend is observed 

in Figure 5.3 when comparing the percentage of particles deposited in the gap regions for 

larger sized particles to smaller sized particles. 
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Figure 7.1: Colloidal deposition patterns of 3 𝜇𝐿  droplet with 1 𝜇𝑚  PS 

particles with different concentrations of (A) 0.002 wt%, (B)  0.02 wt%, and 

(C)  0.2 wt%. (D) The average distribution of intensity fraction in eq 5 

analysis data with different concentrations: 0.002 wt%  (solid dark), 

0.02 wt% (solid grey), and  0.2 wt% (stripped). 
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As particle concentration increased, fluorescence intensity over the gap regions, 𝐼�̅� 

for 𝑘 = 1, … ,40  in eq 5, became more uniformly distributed (Figure 7.2). Segmented-ring 

depositions are observed at the smallest concentration 0.002 𝑤𝑡%, (Figure 7.2). But as 

particle concentration increased to 0.02 𝑤𝑡%  and 0.2 𝑤𝑡% , the fluorescence intensity 

toward the center of the gap regions increased, until it is relatively uniform in the 0.2 𝑤𝑡% 

cases (Figure 7.2).  The transition from ring-like to more uniform deposition patterns 

observed here is similar to that seen on homogeneous surfaces[50], [69], [70], [99], [100]. 

The transition from ring-like depositions to more uniform depositions with increasing 

concentration has often been attributed to an increase in slip-stick behavior at higher 

concentrations that leads to the deposition of a large number of concentric rings during 

evaporation[24], [50], [77], [83].  

 

 

Figure 7.2: The gray fraction percentage of colloidal deposition 

patterns of 3 µl droplet with different PS particles concentration 

from 0.002 wt% to 0.2 wt%. The intensity is split into 40 sections 

based on the whole strips: 0.002 wt% (blue triangle), 0.02 wt% (grey 

rectangle), and 0.2 wt% (orange circle).   
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Summary 

 

The investigation tests the heterogeneous wettability with different particle 

concentrations. Different particle concentrations have been studied from 0.002 𝑤𝑡% , 

0.02 𝑤𝑡%, to 0.2 𝑤𝑡%. More particles would be expected to deposit over the gap region 

with higher concentrations. This phenomenon is similar to the cases over homogeneous 

surfaces. However, when the concentration is too high like 0.2 𝑤𝑡%, some particles may 

be pushed to the printed region as too tiny spaces. 
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8 Future works 

 

The goal of this chapter is to generate some new ideas and preliminary tests over 

the heterogeneous wettability surfaces. The first idea is to test multiple other shapes or 

geometry fabricated surfaces. The studies in the previous chapters mostly focus on the 

contact line hysteresis over horizontal and vertical directions. We would like to find out 

whether the radial and other directions follow similar rules as previous studies. Moreover, 

with the electrowetting method, the contact line would be easier to move. So, it would be 

interesting to study the heterogeneous wettability behavior with the electrowetting method. 

 

8.1 Effect of Pie shape geometry on transport and deposition in evaporation droplets 

on surfaces with heterogeneous wettability  

 

From the previous experiments, the design of the patterns is mostly based on the 

strip patterns which are parallel rectangles. If the droplets had sphere caps over the 

homogeneous surfaces in the ideal situation, they would recede homogenous in the radial 

direction. Previous experiments showed the contact line has different receding behaviors 

over the strip patterns. However, within the rectangle strips, the contact line might also 

recede differently in horizontal or vertical directions due to the different lengths and widths 

of the rectangles. So, the studies of the heterogeneous dewetting in radial direction would 

be interesting as future works. 

 

  The patterns are designed in Figure 8.1. The two printed regions are both quarter 

circles and the same as the gap regions.  The same processes are used to fabricate the 
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quarter pi devices as strip pattern devices. The same droplet and particle concentration 

(contained 1 𝜇𝑚  and 6 𝜇𝑚  diameter fluorescent polystyrene particles  0.02 𝑤𝑡%  in 

deionized (DI) water) are used as previous experiments for deposition in Figure 8.1.  

 

In Figure 8.1, the deposition patterns of 1 𝜇𝑚 and 6 𝜇𝑚 PS particles could be seen 

in the Pie shape devices. In both cases, the contact line is pinned over the gap region with 

most particles left. This kind of contact line hysteresis is the same as we proposed in the 

strip patterns. For 1 𝜇𝑚 particles, there are still some left in the gap region while there are 

very few for 6 𝜇𝑚 particles. This is also similar to the trip pattern depositions. Interestingly, 

the 1 𝜇𝑚 particle deposition pattern in Figure 8.1 shows some particles left in the vertical 

direction over the printed region. This vertical direction is also the direction the contact 

line receded over the printed region. We then zoomed in with the printed patterns in Figure 

8.2. In the red box, we could see the printer printed in the vertical direction. In this case, 

the contact line receded along the printed direction over the printed region rather than the 

radial direction. As a low-cost technique, the limitation of the printer may lead to the 

receding direction along the printing direction over the printed region.  For future works, 

rotating the printed patterns at 45º or other degrees to test the influences of the printed 

direction on the heterogeneous surfaces.   

  



58 
 

  

 

Figure 8.2: The zoom image of the Pie shape devices. The red box shows the 

printed direction.  

 Figure 8.1: 1 𝜇𝑚 and 6 𝜇𝑚 deposition patterns on the Pie shape devices.  
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8.2 Electrowetting 

 

The electrowetting (EW) with electrophoresis (EP) technique has drawn significant 

attention in recent years[101]. With an applied voltage, this method provides an 

opportunity to control or modify the droplet and particles[102]. Different EW techniques 

have been studied to explain the motion of the particles with the DC field[103], [104].   

 

In a DC field, the electro kinetic force will drive the charged particles toward the 

opposite charged electrodes[26]. The force that influences the charged particles under the 

uniform electric field is called the EP force is shown in figure 9A. EP effect has been 

studied for colloidal deposition for years. Jason et al. tried to separate TiO2 particles with 

EP force for solar cell applications[105]. Other studies have shown the deposition can be 

controlled by the time and size of the partten column[106], [107]. EP effect has contributed 

to many rapidly growing fields, such as liquid lenses, biomedical diagnostics, and lab-on-

a-chip systems, and become the most popular in microfluidics[108]–[111]. All the previous 

studies show the EP force is important for colloidal deposition.  

 

Orejon et al. hypothesized EP manipulation could dominate the capillary flows, 

hydrothermal flows, and oscillatory movement of the contact line[26]. They found that 

deposition patterns left by TiO2 in evaporating water droplets on amorphous fluoropolymer 

substrates are more uniform. In the hypothesis, the EP force would govern the contact line 

motion and internal flow during evaporation by influencing the particles. Therefore, it 

would be possible to predict the deposition of the particles after drying.   
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Orejon et al. also established a model to predict the terminal EP velocity during 

evaporation. In the vertical direction, the force of the particles from the electric field  𝐹𝑒 =

𝑞 ∗ 𝐸 , where q is the charge of the particle and E is the electric field inside the droplet, 

will be balanced with Strokes-type viscous force, 𝐹𝑆 = 6𝜋𝜂𝑟𝑝𝑣𝑒𝑝 , where η is the viscosity 

of the liquid, and 𝑟𝑝 is the radius of the particle[26]. The electric field can be approximated 

by  𝐸 ≈ 𝑉/ℎ , where V is the applied DC voltage and h is the height of the droplet. So we 

can derive the electrophoresis velocity from the balance: 

𝑣𝑒𝑝 =
𝑞𝑉

6𝜋ℎ𝜂𝑟
                                                                                                (7) 

Therefore, the electrophoresis force could be predicted and compared with different 

velocities during evaporation. 

 

The hypothesis generated by Orejon et al[64] requires that charged particles within 

a droplet actuated with a DC potential experience attraction from the EP effect. 

Unfortunately, multiphysics models that simulate the electric field in DC actuated droplets 

in EW platforms suggest that no electric field could penetrate the dielectric layer under the 

DC voltage. In an effort to test the hypothesis generated by Orejon et al., we set out to 

repeat the previous numerical and experimental works. In addition to the experimental 

work done by Orejon et al., we also included the experimental case where both attractive 

and repulsive EP force could apply. We believe that this additional case tests the hypothesis 

of EP manipulation of particles in evaporating droplets under DC EW. 
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8.2.1 Numerical simulation 

 

It could be doubted that the DC source Orejon et al. use may not be enough to 

penetrate the dielectric layer and the droplet. It indicates that there may be almost no 

electric field inside the droplet to provide the EP force. With the ground needle inside the 

droplet, the electrokinetic force may only influence the needle area and not the substrate. 

Lee et al. showed almost no electrical penetration inside the droplet with DC voltage[112]. 

Hong et al. simulated the electrical filed contour plot with different frequencies [113]. The 

plots suggest that no penetration even at 1 kHz frequency. The electric field did not 

penetrate the dielectric layer under the droplet at low frequency. While in the DC field, it 

is even harder to penetrate compared to the AC field. In this case, it is almost impossible 

to move particles with EP force. Studied need to continue on deposition under EP force as 

many aspects are still poorly understood.  

 

From the hypothesis, no electric field could penetrate the dielectric layer under the 

DC voltage. If there is no electric field during evaporation, there should also be no EP 

forces. The droplets with particles will be set directly over the electrodes shown in figure 

8.3A. A 2D symmetric COMSOL model has been set up to study the voltage penetration 

inside the droplet shown in figure 8.3. The input voltage is 18 V which is the same as 

Orejon’s work. The voltage contour plot shows minimal penetrations inside the droplet. 

Therefore, EP force is expected to play an essential role during the evaporation. Those 

experiments without the dielectric layer would test the hypothesis of the EP force.   
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Figure 8.3: COMSOL simulation of the electric field around the droplets.  The 

setup of the simulation are the same following Lee et al and Hong et al . The 

input voltage for all cases are 18 V with a needle inserted into the droplet in 

the center. The frequencies are (A) 10 kHz, (B) 100 kHz, and (C) 1 MHz.  
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8.2.2 Experiment results of electrowetting 

 

Orejon et al proposed that the attractive EP force could pull the particles down to 

the surfaces faster than other forces during evaporation. They did observe more uniform 

deposition under the DC voltage compared with no voltage. However, if their hypothesis 

could predict the attractive cases, what would happen when we flip the electrodes and keep 

the rest setup the same? From their hypothesis, the repulsive particles would be pushed 

away from the surfaces to reduce the contact line pinning forces. Therefore, the final 

deposition pattern would be a much smaller ring compared to attractive cases. Orejon et al 

did not test the reversed polarity of the electrode case. Also, from the simulation in Figure 

8.3, we predict there is no EP forces in the DC cases. It would be worthy to repeat the 

Orejon et al’s works with both attractive and repulsive cases to determine which hypothesis 

is not correct.  

 

With the help of Akshay Pratap Singh, we did repeat the Orejon’s work with the 

same setup. We also reversed the polarity of the electrodes and kept the rest of the setup 

the same to test their hypothesis. The deposition patterns of the attractive, repulsive, and 

control cases are shown in Figure 8.4. Compared with the control case at the top, we did 

see larger and more uniform patterns. However, there are no significant differences 

between the attractive and repulsive cases (middle and bottom). They are both bigger and 

uniform circles compared with the control case. This kind of similarity did not support the 

Orejon’s hypothesis. From their hypothesis, the attractive and repulsive cases should be 

different as the particles are manipulated by the reverse EP forces. The repulsive particles 
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would be pushed away to form smaller deposition patterns while the attractive case should 

be larger patterns. Therefore, with both simulation and experiment data, there should be no 

EP forces during evaporation in the DC field.  

  

 

Figure 8.4: Deposition patterns of 0.05 wt% TiO 2 particles on SU-8 devices.  

Unactuated case(top), attractive DC (middle), and repulsive DC (bottom). Co-

worked with Akshay Pratap Singh.  
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9 Conclusions 

 

This investigation experimentally demonstrates robust particle self-assembly of 

polystyrene particles on surfaces with heterogeneous wettability created using relatively 

low-cost inkjet-printed fabrication techniques. Self-assembly is observed across a variety 

of particle sizes, concentrations, and device geometries.  

 

Devices with heterogeneous wettability are fabricated by inkjet printing patterns on 

a flexible substrate prior to coating with a thin layer of PDMS. While initial contact angles 

on these surfaces are similar, the receding contact angles above the printed regions are 

significantly higher than those over non-printed or gap regions. This difference in receding 

contact angles gave rise to a “scalloped” contact line shape during evaporation as the 

contact line receded over the printed areas, but remained pinned over the gaps.  

 

While the heterogeneous wettability of the surfaces examined here provided a fairly 

robust separation of particles between printed and gap regions, mechanisms that governed 

particle distribution within the deposition are similar to those seen in evaporating droplets 

on homogeneous surfaces. Experiments examining the effects of particle size on 

depositions on these surfaces showed that smaller particles are more likely to deposit near 

the contact line in the gap regions where larger particles are more uniformly distributed. 

This is consistent with the competition between the advective flow to the contact line and 

interface trapping that has been observed on homogeneous surfaces.  
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In general, particle separation between the printed and gap regions on the 

heterogeneous surface is improved when gap regions are larger and printed regions are 

smaller. We hypothesized that (i) advection to the contact line governs transport near the 

pinned contact line of the gap regions and (ii) particle diffusion governs transport over the 

gap regions. When a larger fraction of the contact line is pinned, the advective flow to the 

contact line is more effective at bringing particles to the pinned portion of the contact line. 

But as the width of the printed regions increased, particles in that region took more time to 

diffuse to the gap regions where the advective flow would bring them to the pinned portion 

of the contact line. 

 

Experiments here also observed that increasing particle concentration tended to 

result in more uniform depositions on the gap regions of the device. This has also been 

previously seen on homogeneous surfaces that the transition from ring-like depositions to 

more uniform depositions with increasing concentration due to an increase in slip-stick 

behavior at higher concentrations.   
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