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Figure 7.8: (a) Schematic illustration of the formation mechanism of aligned AgNWs and 

FIB-SEM cross-sectional image of an AgNW line printed with a single pass. (b) and (c) 

are SEM images of AgNW lines printed with one and five passes, respectively. ...................... 173 
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passes. The line length is ~25 mm with initial resistance (R0) of 0.88 kΩ. The bending 

radius is ~7 mm. (b) Resistance change of embedded AgNW lines during the first 100 

stretching/releasing cycles, tested at 10% strain, and (c) is resistance change between 100 
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Inkjet printing has attracted much attention in recent years as a versatile manufacturing tool, 

suitable for printing functional materials. This facile, low-cost printing technique with high 

throughput and accuracy is considered promising for a wide range of applications including but 

not limited to optical and electronic devices, sensors, solar cells, biochips, and displays. The 

performance of such functional devices is significantly influenced by the deposit morphology and 

printing resolution. Therefore, fabrication functional devices with precise footprints by inkjet 

printing requires deep understanding of ink properties, material interactions, and material self-

assembly.  

In conventional inkjet printing process, where sessile droplets are directly printed on substrates, 

particle depositions are usually associated with the well-known, undesirable coffee-ring effect due 

to the high solvent evaporation rate at the edges of the printed droplets. Such particle accumulation 

phenomenon in vicinity of the three-phase contact lines of sessile droplets is considered 

detrimental to inkjet printing applications. This study investigates the material interactions and 
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self-assembly of colloidal inks in inkjet printing applications at different length scales. The 

potential of inkjet printing has been exploited through employing the dual-droplet inkjet printing 

of colloidal particles to investigate the self-assembly of colloidal nanoparticles at the air-liquid 

interface and at the three-phase contact line of sessile droplets, which provide better understanding 

of the particle deposition morphologies after solvent evaporation. Different from conventional 

inkjet printing, the dual-droplet printing involves jetting wetting droplets, containing colloidal 

nanoparticles dispersed in solvents with high vapor pressure, over supporting droplets composed 

of water only. By tuning the surface tensions and controlling the jetting parameters of the jetted 

droplets, monolayers with closely-packed deposition of colloidal nanoparticles are demonstrated. 

Various solutions are proposed to totally suppress or mitigate the coffee-ring effect in inkjet 

printing applications through tuning the pH value of the supporting droplets in the dual-droplet 

inkjet printing to control the multibody interactions (i.e., particle-particle, particle-interface, and 

particle-substrate interactions) or by applying magnetic field to direct the self-assembly of 

colloidal particles in conventional inkjet printing. In addition, the influence of various forces such 

as drag force, van der Waals force, electrotactic force, and capillary force on the particle deposition 

and assembly in vicinity of the three-phase contact line area were investigated for both the 

conventional and dual-droplet inkjet printing techniques. 

Finally, fabrication of functional devices such as stretchable conductors have also been 

demonstrated by inkjet printing of silver nanowires into elastomer substrate, where the viscous 

liquid elastomer layer shaped the printed silver wire lines into tens of micrometers in dimeter. The 

silver nanowires align along the printing direction during solvent evaporation, resulting in wires 

with good mechanical stability and electrical performance. The printing techniques and the 

outcomes presented in this study can be harnessed in engineering and manufacturing a wide range 
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of technological applications ranging from high-performance optical and electronic devices to 

stretchable conductors and sensors. 
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CHAPTER 1   Introduction 

1.1   Introduction 

The potential of inkjet printing technology is widely recognized as a personal printing tool and 

commonly utilized for commercial applications, mainly in graphics and other conventional 

printing applications.1 The inkjet is a direct printing technique that utilizes liquid phase materials, 

where small droplets could be jetted through a small orifice on designated areas with high 

precision.2 Recently, there has been an immense interest in employing the inkjet printing in 

fabricating functional devices such as electronic displays,3 sensors,4 solar cells,5 thin-film 

transistors,6 organic semiconductors,7 etc. Unlike the conventional printing and patterning 

processes (e.g., photolithography, screen printing, imprinting, etc.), where time consumption and 

multistep printing approach are inevitable, inkjet printing is simple, non-contact printing 

technique, where the printhead doesn’t come in contact with the substrate.8 The significance of 

inkjet printing stems from its low material waste, few printing steps, low temperature working 

environment, scalability, and compatibility with various inks and substrates.9 As the revolution of 

the high-resolution patterns generation continues to rise, it is expected that such printing process 

will become a standard fabrication tool that can be harnessed in wide range of technological 

applications.10 

There are number of physical processes and constrains involved in this printing technique. These 

are: i) droplet formation, ii) ink requirements, iii) droplet-droplet and droplet-substrate 

interactions, iv) solvent drying mechanism. When the jetted colloidal droplets impinge on 

substrates, their final deposition morphologies are dictated by many factors such as substrate 

temperature and wettability,11,12 surface roughness,13,14 humidity,15 particle size and 

concentration,16,17 etc. Such factors could significantly influence the resolution and performance 
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of the printed patterns. A plethora of research effort have been diligently dedicated to improve our 

understanding of droplet formatting, impact, and droplet evaporation in inkjet printing process and 

their effect on the printing resolution and device functionality. However, a little is known about 

the potential of the dual-droplet inkjet printing of particle-laden droplets to fabricate functional 

devices. The influence of the self-assembly of colloidal particles at air-liquid interface, multibody 

interactions (i.e., particle-particle, particle-substrate, and particle-interface interactions), and 

deposition and assembly of colloidal particles near the three-phase contact line (TCL) on 

producing functional devices will be the focal point of this study. In addition, fabrication functional 

devices such as stretchable sensors through direct embedment and alignment of silver nanowires 

into elastomer substrates is also demonstrated. 

 

1.2   Physics of Inkjet Printing 

1.2.1   Droplet Formation 

There are two different droplet formation mechanisms in the inkjet printing process, these are 

continuous and drop-on-demand inkjet printing as illustrated in Figure 1.1. In continuous inkjet 

printing, droplets are generated by virtue of Rayleigh instability of the liquid column, ejected from 

a small nozzle via piezoelectric membrane. The directionality of the jetted droplets is controlled 

by applying electrical potential to the nozzle, where these droplets could be steered by charged 

deflectors. The generated droplets are slightly larger than the diameter of the jetting nozzle. When 

no jet is needed, the charged droplets could be guided to the gutter by the charged deflectors to 

recycle the unused ink. This printing method is mainly used for high-speed graphical applications 
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and labeling, where the drop generation rate is in range of 20-60 kHz and the droplet velocity is 

typically > 10 m/s.1 However, this raises a concern about ink contamination since the ink is 

exposed the environment during the recirculation process. 

On the other hand, in drop-on-demand inkjet printing, the droplet is generated by a pulse either 

thermally or piezoelectrically. Droplet positioning is achieved by locating the printhead over the 

desired printing spot before ejecting the ink droplet. The ink is driven by pressure propagation in 

the fluid chamber or by gravity. When the exerted pressure exceeds the threshold of surface tension 

force and the applied backpressure, which is usually used in gravity driven inkjet devices to hold 

the meniscus at the nozzle’s tip, an ink droplet can be ejected. In a thermal drop-on-demand inkjet 

printing, mainly used by Canon and Hewlett-Packard,18 the ink is in direct contact with the heating 

element, where a bubble is generated once the ink temperature reaches the boiling point. This 

bubble collapses when the heating element is turned off, generating a strong pressure pulse to push 

the ink out of the nozzle. Therefore, the thermal drop-on-demand inkjet printing imposes 

restrictions on a number of polymers and inks contain volatile solvents if printed using this 

Figure 1.1: Illustration of (a) continuous inkjet printing and (b) drop-on-demand inkjet printing. 
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approach.10 The piezoelectric drop-on-demand printing, on the other hand, relays on pressure 

pulses generated by an actuator, made of a piezoelectric material. In this case, droplet size and 

velocity could be readily tuned by controlling the actuation pulse (i.e., shape and magnitude of the 

pulse). For this reason, the piezoelectric drop-on-demand inkjet printing is heavily used in research 

and industrial applications. 

In this study, two piezoelectric printheads driven by sine and trapezoidal waveforms are utilized 

to jet picoletter particle-laden droplets. Each nozzle consists of a micro-glass dispenser on which 

a piezoelectric actuator is attached. The capillary glass is connected to fluid supply tube at one end 

and to an orifice, in the range of 30 µm to 80 µm, at the other end. By applying a voltage to the 

actuator, the inner diameter of the capillary glass tube increases/decreases accordingly, producing 

pressure variation responsible for ejecting ink droplets. Based on the ink requirements, the 

waveform and other jetting parameters were tuned to optimize the jetting performance. 

 

1.2.2   Ink Requirements 

Droplet generation in inkjet printing requires specific ink physical properties based on the jetting 

mechanism and the diameter of the nozzle. These are: surface tension, viscosity, and density.19 

Such parameters are not only crucial for droplet formation but also critical to droplet spreading 

and deposit morphology after solvent drying. Grouping of the abovementioned ink properties into 

dimensionless formulas such as Reynolds (Re),20 Weber (We),20 and Ohnesorge (Oh)20 provides a 

useful tool for understanding the ink behavior.21  

𝑅𝑒 =
𝜌𝑢𝑎

𝜂
,                                                                         1.1 

𝑊𝑒 =
𝜌𝑢2𝑎

𝜎
,                                                                       1.2 
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𝑂ℎ =
√𝑊𝑒

𝑅𝑒
=

𝜂

(𝜎𝜌𝑎)1/2
,                                                            1.3 

where 𝜌 is the fluid density, 𝑢 is droplet velocity, 𝑎 is a characteristic length, 𝜎 is the surface 

tension of the ink, and 𝜂 is the dynamic viscosity of the ink.  

In inkjet printing, the ink viscosity is typically lower than 20 mPa.s.10 Otherwise, the viscous 

dissipation of the ink is high, and thus, no droplet could be formed. Therefore, liquids with lower 

viscosities are preferred in inkjet printing. Usually, the ejected droplet emerges with a long tail or 

a ligament that is still connect to the ink at the nozzle tip. At the final rupture of the ligament, some 

of the ink returns to nozzle and the rest will either catch up and emerge with the ejected droplet in 

flight or break up to smaller satellites that adversely affect the printing resolution (Figure 1.2).22 

Satellite formation is undesirable in printing applications and could be controlled by tuning the Z 

number, 𝑍 = 1 𝑂ℎ⁄ . Even though the range of the Z number is not well defined,23,24 the general 

consensus is that (1 < Z < 14).21  

Figure 1.2: Dynamics of the jetted droplets.22 
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Additionally, the nozzle diameter with respect to colloidal particle size should be considered to 

prevent jetting instability and nozzle clogging.25 The rule of thumb is to keep the particle size to 

nozzle diameter ratio close to 1/50. However, different particle to nozzle ratios have been 

demonstrated (i.e., larger than 50% of the nozzle diameter) by printing large graphene oxide 

flakes.26  

 

1.2.3   Droplet-Droplet and Droplet-Substrate Interactions 

1.2.3.1   Droplet Impact and Spreading 

Inertial forces, capillary forces, and gravitational forces have a great influence on droplet impact 

and spreading on substrates. The dimensionless numbers used to predict and analyze the impact 

and spreading of colloidal droplets on surfaces are Reynolds (Re), Weber (𝑊𝑒′), Capillary (Ca), 

and bond (Bo) numbers. The capillary and bond numbers are expressed in eq. 1.4 and eq. 1.5 

below. 

𝐶𝑎 =
𝜂𝑢

𝜎
                                                                               1.4 

𝐵𝑜 =
𝜌𝑔𝑎2

𝜎
                                                                            1.5 

where g is the gravitational acceleration. From the definition of Weber number (𝑊𝑒′), the increase 

in droplet’s inertia with respect to surface tension leads to splashing phenomenon upon the droplet 

impact on a substrate. Similarly, high Reynolds number (Re) suggests that such increase in droplet 

inertia enhances the spreading on substrates, where the spreading velocity is governed by the 

Capillary number (Ca). Droplet spreading on smooth surfaces have been intensively investigated 

by many research groups both theoretical and experimentally. In a moment when the jetted droplet 

first touches the substrate, its dynamic contact angle is assumed at its maximum value (180°). The 
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liquid then starts to wet and spread over the surface with a certain advancing contact line velocity 

at a dynamic contact angle. Both the advancing contact line velocity and the dynamic contact angle 

decrease gradually as the kinetic energy dissipates as a result of the friction between the liquid and 

the surface in addition to the liquid viscosity.27,28 The final static contact angle is attained if all the 

kinetic energy is dissipated and the TCL become pinned.28 It should be noted that the pinning 

effect of the TCL is not only dependent on the kinetic energy of the jetted droplet and the energy 

of the solid, liquid, and solid-liquid interfaces but also on the surface roughness of the substrate.29 

Finally, in inkjet printing process, Bond number (Bo) must be considered to evaluate the effect of 

gravitational force on the jetted droplets. Depending on the ink physical properties and the jetting 

parameters, the influence of the gravitational force on the jetted droplets could be neglected and 

the shape of the jetted droplets on substrates is assumed to be spherical cap if the Bo << 1. This 

assumption doesn’t hold if the TCL is not pinned. 

 

 1.2.3.2   Droplet Coalescence 

Graphics printing necessitates deposition of isolated drops to generate pixelated images. However, 

printing continuous features such as lines for different applications requires droplet overlapping. 

Therefore, the key parameters for forming continuous patterns are the droplet spreading and 

substrate wettability, where uniform lines can be printed if there are significant low advancing and 

receding contact angles.30 Figure 1.3 illustrates the effect of droplet spacings, delay periods, and 

substrate temperatures on the morphology of the printed lines.31 Large droplet spacing, more than 

twice the droplet’s radius, results in isolated footprints after solvent drying. If the droplet spacing 

is decreased, then the isolated droplets could overlap and merge to form a scalloped pattern. The 
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scalloped lines are usually narrower than isolated printed droplets as fluid expansion is partially 

arrested. Further decrease in droplet spacing may eliminate the scalloping effect and lead to a 

smooth, straight uniform and narrow printed line. Printing droplets even closer could result in 

discrete bulging along the printed line, separated by regions of uniform narrow lines. These bulges 

tend to form periodically in the middle and at the leading edges of the printed lines. The dynamic 

Figure 1.3: Droplet spacing effect on the coalescence behavior, (a) individual drops, (b) scalloped, (c) uniform, (d) 

bulging, and (e) stacked coins. Drop spacing decreases from left to right.31 

Figure 1.4: Droplet coalescence scenarios, induced by different dynamic wettabilities of ink droplets on substrates. 

The difference among (A1, B1, and C1) is the surface tension and nanoparticle concentration, which resulted in 

different dynamic wettabilities of ink droplets on the substrates. This, in turn, have led to (A2, A3) spherical cap 

deposition, (B2, B3) continuous line deposition, and (C2, C3) dumbbell structure after coalescing and drying.32 
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wettability on substrates via controlling the surface tension of the printed droplets have been 

reported to influence the coalescence of sessile droplets. Figure 1.4 displays different droplet 

coalescence scenarios, which resulted in spherical, straight line and dumbbell particle 

depositions.32 The surface tension of the printed droplets could be manipulated by varying the 

delay time introduced between the consecutive printed droplets that affected the nanoparticle 

concentration and solvent composition. 

 

1.2.4   Solvent Evaporation 

Solvent evaporation is of great importance in a number of technological applications such as inkjet 

printing, where the deposit morphology is significantly influenced by the solute distribution after 

solvent drying. Commonly, when a particle-laden droplet is deposited on a solid surface, its solute 

tends to aggregate at the TCL region. Two decades ago, Deegan et al. were the pioneers in 

explaining the phenomenon of the coffee-ring effect (CRE), where they observed that the solvent 

evaporation rate is the highest near the edge of the droplet.33,34 If the droplet has pinned contact 

lines, the excess solvent loss through the edge must be replenished by a fluid from the bulk so that 

the droplet retains its equilibrium state. This, in turn, initiates a lateral evaporative-induced 

convective flow that drives the suspended colloidal particles to the TCL region, forming a ring-

like deposit. The CRE is considered detrimental in printing applications. Recently, significant 

research efforts have been devoted to suppress or mitigate the coffee-ring formation by means of, 

controlling the drying conditions of solvents (e.g., substrate temperature,11 relative humidity,15 and 

volatile solvents35), modifying particle shapes,36,37 adjusting substrate wettability,12,38 and 

intentionally inducing Marangoni flow due to surface tension gradient that is generated by 

temperature difference across the interface, surfactant, or cosolvent,39–43 etc. Therefore, 
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understanding these different mechanisms is of significant importance for controlling the particle 

depositions, which is proven to be advantageous in a wide range of technological applications such 

as inkjet printing of electronic,10,44–48 optical,49,50 and biomedical devices,51–53 to name a few. More 

details are presented in the following chapters to provide a solid understanding of the drying 

mechanism and pattern formation upon the evaporation of particle-laden sessile droplets. 

 

1.3   Motivation and Objectives 

Undoubtedly, inkjet printing will become an indispensable tool for fabricating functional devices 

in the near future. So far, it has been demonstrated that such printing process is a viable method 

for fabricating optic/electro devices, sensors, biochips, displays, and other devices. The potential 

that the inkjet printing has such as low-cost, speediness, convenience, flexibility made it a strong 

rival for other conventional printing processes (i.e., photolithography, screen printing, etc.). 

However, as briefly mentioned in the previous section, inkjet printing of functional materials is 

usually associated with the so-called coffee-ring effect (CRE), especially when the solute migrates 

to the contact line region by virtue of the evaporative-induced convective flow. Even though, the 

feasibility of exploiting the CRE in some applications has been demonstrated, it is considered 

detrimental in inkjet printing applications, where the performance of the printed patterns is 

significantly affected by the deposit morphology and printing resolution. Therefore, deep 

understanding of ink properties, material interactions, and material self-assembly is crucial for 

fabrication functional devices with precise footprints.  

To date, a plethora of research have been dedicated to provide a better understanding of solvent 

evaporation and particle migration to the edge of the sessile droplets in addition to ways to mitigate 

or totally suppress the coffee-ring formation. Yet, a little is known about the self-assembly and the 
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multibody interactions of colloidal particles at the air-liquid interface of sessile droplets and their 

contribution to the TCL pinning and the CRE suppression.  

In conventional inkjet printing, sessile droplets are directly printed on substrates. Upon solvent 

evaporation, the particle deposition maybe either ring-like or uniform with no closely-packed, 

monolayer of particles. Different techniques were examined in this study in order to provide 

preventative solutions to the coffee-ring formation. We employed the dual-droplet inkjet printing 

to investigate the self-assembly of colloidal particles in sessile droplets and its impact on particle 

deposition. The dual-droplet printing method is used to transform the Langmuir–Blodgett (LB) 

concept to picoliter droplets, generated by inkjet. Deposition of monolayer nanoparticle films is 

achieved by consecutive dual-droplet printing of supporting droplets and wetting droplets. The 

supporting droplet acts as the LB trough, and the wetting droplet contains colloidal nanoparticles. 

The colloidal particles spread and assemble over the air-liquid interface of the supporting droplet 

as the solvent dries to produce a uniform, nearly monolayer, closely-packed deposition of 

nanoparticles with no particle accumulation at the TCL. Additionally, the self-assembly of 

colloidal particles in sessile droplets printed on porous substrates through exerting external 

magnetic field to tune the magnetic anisotropic properties and suppress the CRE was also 

investigated. 

The second goal of this study is to emphasize and further elucidate the potential of inkjet printing 

in fabricating functional devices such as stretchable conductors. Stretchable conductors have 

attracted great attention owing to their potential applications as electrodes for wearable electronic 

devices. However, conventional stretchable conductors, made by depositing conductive materials 

on the surface of stretchable substrates, often show mechanical instability between the substrate 

and the conductive materials, posing a significant hurdle for stretchable electronics. Recently, 
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silver nanowire based stretchable conductors have been demonstrated by different approaches. 

Yet, direct embedment of silver nanowires into a liquid elastomer remains a critical challenge. In 

this study, we developed one-step inkjet printing and embedment of silver nanowires in elastomer 

substrates for stretchable conductors, which significantly enhanced the mechanical stability and 

electrical performance of the printed patterns. This study uncovers facile techniques to control the 

assembly and deposition of colloidal inks through liquid process, which is of huge interest in 

enormous industrial and research applications, especially for inkjet printing of functional devices. 

 

1.4   Outline 

The material interactions and self-assembly of colloidal inks in inkjet printing applications at 

different length scales were investigated in this study. The potential of inkjet printing has been 

harnessed through employing different printing techniques such as the dual-droplet inkjet printing 

of colloidal particles to investigate the self-assembly of colloidal nanoparticles at the air-liquid 

interface of sessile droplets, and direct printing of functional materials on various types of 

substrates (i.e., porous substrates and elastomer substrates) to provide better understanding of the 

deposition morphologies and their functionalities after solvent evaporation. The chapters of this 

dissertation are organized as follows: Chapter 2 is a literature review of the recent advances in the 

self-assembly of colloidal inks affected by the multibody interactions (i.e., particle-particle, 

particle-substrate, particle-interface interactions) of colloidal nanoparticles in sessile droplets. 

Chapter 3 introduces the dual-droplet inkjet printing mechanism for generating monolayers, 

closely-packed deposition of colloidal nanoparticles, where nanoparticle networks were generated 

by jetting multiple wetting droplets with different particle sizes. Chapter 4 investigates the pH 

modulating in dual-droplet inkjet printing and its effect on the multibody interactions to suppress 
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the CRE. Chapter 5 is probing of the colloidal particle dynamics in evaporating sessile droplets, 

where the particle assembly and deposition in vicinity of the TCL in both the conventional and 

dual-droplet inkjet printing were examined. Chapter 6 studies the effect of applying external 

magnetic field on the magnetic particle assembly on porous substrates. The printed features 

exhibited one-dimensional (1D) patterns with anisotropic magnetic properties, which mitigated 

coffee-ring formation. Chapter 7 explores the ability to utilize the inkjet to fabricate stretchable 

conductors by embedding colloidal droplets of silver nanowires into elastomer layer. The last 

chapter is overall conclusions and recommendations for future work. 
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CHAPTER 2   Literature Review 

The importance of inkjet printing and the associated printing physics were introduced in chapter 

one. The present chapter provides an overview of the literature concerning controlling the 

deposition morphologies of inkjet printing, including suppressing the CRE by means of 

manipulating the flow field and adjusting the multibody interactions (i.e., particle-particle, 

particle-interface, and particle-substrate interactions). 

  

2.1   Motivation for Investigating the Coffee-Ring Effect 

Drying of particle-laden droplets on a substrate usually leaves ring-like deposits that is known as 

the coffee-ring effect (CRE).54–56 This ubiquitous phenomenon is familiar to everyone who has 

observed drying of coffee spills. Deegan et al. were the pioneers who first investigated this 

remarkable observation two decades ago.33,34,57 The driving force behind such an omnipresent 

process is the non-uniform evaporation flux taking place at the air-liquid interface of the sessile 

droplet, where it is found to be higher in vicinity of the TCL.9,34 The greater liquid loss at the edges 

must be replenished from the bulk liquid of the sessile droplet. This, in turn, initiates an outward 

flow referred to as evaporation-induced flow that drives the particles to the contact line.34,58 As a 

result, a ring-like shape pattern is evolved as the solvent completely evaporates. Figure 2.1 

illustrates the colloidal particle migration to the TCL during solvent evaporation process. 

Following the seminal work of Deegan and coworkers, particle deposition and assembly structure, 

obtained from evaporating particle-laden droplets, have been subjected to a plethora of theoretical 

and experimental studies for scientific and industrial applications. The research endeavors to 
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understand the drying mechanisms of colloidal droplets revealed some crucial factors affecting the 

coffee-ring formation, particularly, surface wettability and contact line dynamics, solvent 

evaporation, and properties of the colloidal particles (e.g., particle size and shape, functional 

groups, hydrophobicity, charge density of the particles, etc.).59 To date, considerable efforts have 

been devoted to counteract the colloidal particles’ migration to the contact lines by means of, 

controlling the drying conditions of solvents (e.g., substrate temperature,11 relative humidity,15 and 

volatile solvents35), modifying particle shapes,36,37 changing solvent density and viscosity,60 

adjusting substrate wettability,12,38 initiating acoustic field,61 and exerting electrowetting.62 

Although the CRE has been demonstrated as a potential tool to be implemented in some disciplines 

such as particle separation63–65 and disease detection.66,67 This phenomenon is deemed detrimental 

and must be avoided in many technological applications such as producing coatings and 

patterns,31,68,69 fabricating functional microarrays,70–72 and detecting biomolecules by various 

spectroscopy techniques.73,74 Therefore, understanding these different mechanisms of suppressing 

or mitigating the CRE is of significant importance for controlling the particle depositions, which 

has proven to be advantageous in a wide range of inkjet-printed functional devices such as 

electronic,10,44–48 optical,49,50 and biomedical devices,51–53 to name a few.  

  

Figure 2.1: Illustration of the coffee-ring formation. 
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2.2   Multibody Interactions in an Evaporating Particle-Laden Droplet 

In an evaporating particle-laden droplet on a solid substrate, multiple bodies (e.g., colloidal 

particles with various functional groups and charge levels, solvent(s), substrates with different 

surface chemistry and heterogeneities, and ambient gas phase) interact with each other during 

solvent evaporation. Such intricate interactions affect droplet wetting and contact line pinning 

behavior (solvent-substrate interaction), evaporation-induced flow (air-liquid interaction), and 

ultimately particle deposition that is influenced by particle-particle, particle-flow, particle-

substrate, and particle-interface interactions. It is beneficial to introduce how the multibody 

interactions affect and direct the particle assembly and deposition, because similar interactions 

could be utilized to enable particle assembly at the air-liquid interface.  

Yan et al. studied the assembly of charged colloidal particles on charged glass substrates near the 

contact line of an evaporating sessile droplet.75 The colloidal particle mobility and ordering in 

vicinity of the contact line were highly impacted by the particle-substrate interactions. For 

colloidal particles possessing the same surface charge as the substrate, they were readily 

transported to the edge of the sessile droplet by virtue of the convective flow resulting in ordered, 

self-assembled ring-like depositions. Conversely, opposite charges of colloidal particles and 

substrates led to a decrease in particle mobility and poor particle packing at the contact line region. 

The lack of particle orderliness was attributed to the strong Coulombic attraction forces between 

the spherical particles and the substrate, whereas no such Coulombic adhesion was present in 

systems with alike surface charges of particles and substrates (Figure 2.2a and 2.2b). Similar 

particle-substrate interactions were observed when ionic and nonionic surfactants were introduced 

to the system, affecting the final particle deposition. The authors also commented on the role of 
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hydrophobic interactions between surfactant coated particles and substrate, causing the particles 

to strongly adhere to the substrate. 

(a)

f

(b) (c)

(d) (e)

(f)

(g)

Figure 2.2: (a) Assembly of negatively charged colloidal particles and (b) positively charged colloidal particles at the 

edge of the sessile droplet on a negatively charged glass substrate, which demonstrated the order to disorder assembly 

structures at the contact line.75 (c) Schematic illustration of the impact of DLVO force on the particle deposition, 

where a system lacking the DLVO interaction results in a ring formation, while having such attractive DLVO force 

renders more uniform particle depositions and (d) particles deposition change with respect to pH value.76 (e) 

Illustration of the influence of protein adsorption on the particle deposition. Manipulating the surface charge of the 

colloidal particles resulted in different particle-particle and particle-substrate electrostatic and hydrophobic 

interactions as indicated by the four routes.77 (f) Flow field pattern representations observed in a drying Whisky 

droplet, and (g) schematics of solutal and surfactant Marangoni flows. The ethanol/water and surfactant mixtures do 

not produce uniform particle deposition unless they are combined with a polymer to enhance the particle adhesion to 

the substrate.43 
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Bhardwaj et al. examined the particle deposition obtained from drying nanoliter droplets 

containing titania nanoparticles on glass substrates.76 Changing the pH of the suspension resulted 

in different particle depositions ranging from ring-like to uniform deposition structures. This 

transition in deposit patterns was explained by the Derjaguin-Landau-Verwey-Overbeek (DLVO) 

interactions (i.e., electrostatic and van der Waals forces) between the particles and the substrate. 

The zeta potential of the particles changed from positive to negative when the pH level of the 

suspension increased from low (acidic) to high (basic) conditions, whereas the glass substrate 

retained negative zeta potentials for most of the pH conditions. The deposition of titania 

nanoparticles at different pH values is presented in Figures 2.2c and 2.2d. At an extreme acidic 

environment, the particle deposition had a thin uniform film of particles with a thick ring of 

particles at the TCL. The particles close to the substrate were attracted toward the substrate under 

the attractive DLVO force as a result of the particle-substrate interaction, forming a uniform thin 

layer of nanoparticles. However, since the Debye length was much less than the droplet height, the 

rest of the suspended particles were carried by the capillary flow to the contact line, resulting in a 

thicker ring at the periphery. The titania nanoparticles were observed to agglomerate and randomly 

scatter throughout the deposits at intermediate pH values. At this point, the titania nanoparticles 

became nearly neutral leading to a weaker particle-substrate DLVO interaction than the van der 

Waals forces among the particles. Extremely basic environments, on the other hand, enhanced the 

repulsive particle-particle and particle-substrate DLVO interactions preventing the nanoparticles 

from depositing onto the substrate. As a result, most of the particles followed the outward radial 

flow and accumulated at the contact line. 

Devineau et al. investigated how the adsorption of charged proteins on colloidal particles can alter 

the particle deposition on a glass substrate.77 The amount of the adsorbed protein and the charge 
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on the original colloidal particles affect the electrostatic interactions between the particles and the 

substrate in a similar way as described above, and correspondingly alter the final deposition 

structures (Figure 2.2e).  

Anyfantakis and coworkers studied the influence of the particles’ hydrophobicity on the deposit 

morphology.78 The surface wettability of silica nanoparticles were controlled by the reaction of 

silanol group with dichlorodimethylsilane. Based on the hydrophobicity and concentration of 

nanoparticles in the suspension, the particle deposition varied from ring to dome-like shape.  While 

most hydrophilic particles always tend to deposit along the droplet periphery, the hydrophobic 

particles tend to lump in the center of the droplet. The variation in deposit morphology is attributed 

to the particle-particle interactions determined by the surface chemistry of the colloidal particles. 

The interparticle interactions were repulsive due to the negative charges on the non-modified 

nanoparticles (100% SiOH). However, decreasing the SiOH groups has weakened the particle-

particle electrostatic repulsion that generated dome-like morphologies as a result of the 

hydrophobic particle-particle interactions. The authors also pointed out that the gel transition 

played an important role in their system, which contributed to the dome-like deposition of 

hydrophobic particles under high solid concentrations. A similar gelation strategy has been utilized 

in limiting the evaporation-induced flow to change the particle deposition.41  

Kim et al. investigated the influence of binary solvent mixture, surface-active surfactant, and 

surface-adsorbed polymer on the final deposition pattern.43 The motivation behind this study was 

to identify the mechanism of the uniform particle deposition left after drying Whisky droplets and 

to replicate its uniform deposition using controlled sessile droplets. The Whisky is an 

ethanol/water mixture with diverse dissolved molecules. Different flow behaviors were recorded 

as the Whisky droplet evaporated and organized as follows: i) chaotic mixing, ii) radially outward 
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flow along the air-liquid interface and radially inward flow along the substrate, iii) radially outward 

flow along the substrate and radially inward flow along the air-liquid interface, and iv) outward 

capillary flow at the final stages of solvent evaporation (Figure 2.2f). In order to mimic the flow 

patterns of a drying Whisky droplet, an ethanol/water mixture (35:65 wt%) was used as a solvent. 

The flow patterns of i) and ii) were obtained due to the solutal Marangoni flow, however, the 

absence of the last two flow patterns resulted in failure in the formation of uniform particle 

depositions. The notion behind the uniform particle deposition obtained from drying Whisky 

droplets is the natural phospholipids (natural surfactant) and natural polymers (i.e., lignin and 

polysaccharides). Introducing sodium dodecyl sulfate (SDS) to the ethanol/water mixture helped 

to replicate the same flow patterns observed in evaporating Whisky droplets. Solutal and surfactant 

Marangoni flows were observed during the drying process because of the higher ethanol 

evaporation rate followed by the SDS accumulation at the edge of the sessile droplet. Although 

the flow patterns of evaporating Whisky droplets were mimicked by introducing SDS surfactant 

to the ethanol/water binary mixture, the particle deposition was not uniformly distributed on the 

substrate. This issue was addressed by adding polyethylene oxide (PEO) polymer that resembled 

the natural polymers in Whisky droplets, which assisted the adherence of the suspended particles 

to the substrate (Figure 2.2g). 

 

2.3   Particles Assembly at the Air-Liquid Interface 

Self-assembled monolayer films of colloidal particles are excellent candidates for fabrication of 

functional coatings and devices.79,80 The recent advances in colloidal particle deposition from the 

air-liquid interface have mitigated or suppressed the CRE and demonstrated highly ordered 

monolayer assembly of the deposition structures. This provides an excellent opportunity in the 
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fabrication of functional coatings and devices through liquid processing. This self-assembly 

process does not involve particle-substrate interactions until the last stage of evaporation since the 

particles are adsorbed and assembled at the interface. Therefore, it is suitable for a wide variety of 

substrates, which reduces the dependence on the chemical and physical homogeneity of the 

substrates.  

Several factors contribute to the self-assembly process of colloidal particles adsorbed at the air-

liquid interface such as capillary, Van der Waals, and electrostatic forces.81 The latter two 

interactions are included in the DLVO forces. Perhaps the most important particle-particle 

interaction at the interface is the lateral capillary force initiated by interfacial deformation.82–85 The 

basic concept behind this interaction is minimizing the interfacial deformation energy that is 

greatly affected by the particle’s size, shape, and wetting property. Floatation forces (originated 

by gravity and buoyancy) and immersion forces (due to the wetting properties of the particles) 

induce interfacial deformation around the particles. The capillary interaction between these 

particles can be attractive or repulsive, depending on whether the overlapping interfacial 

deformation around the two particles are analogous.82–85 Monodisperse particles with similar 

wetting properties result in attractive capillary interactions at the air-liquid interface. Similarly, 

strong and long-ranged capillary attractions have been reported for ellipsoidal particles at an oil-

water interface,86 which can be approximately two orders of magnitude stronger than their 

spherical counterparts.87 In addition, surface curvature also plays a critical role in the capillary 

assembly.88   

When the particles adsorb at the interface, they experience the capillary attraction (in most cases) 

along with the DLVO forces to form self-assembled structures at the interface. In this section, I 

will review different routes of delivering colloidal particles to the air-liquid interface.  
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2.3.1   Particles Pushed to and Adsorbed at the Interface 

Bigioni and coworkers formed monolayer depositions of dodecanethiol-ligated gold nanoparticles 

in toluene by pushing them to the air-liquid interface of the sessile droplets.89 Direct, real-time and 

real-space observations of the self-assembly of colloidal particles have been observed on the air-

liquid interface during the solvent evaporation process. The nucleation and growth of the 

monolayer islands of gold nanoparticles were controlled via evaporation kinetics and particle-

interface interactions. The mechanism of such self-assembly process requires two key steps: i) 

rapid solvent evaporation that segregates the colloidal particles near the air-liquid interface, where 

the interface descending velocity must be higher than the diffusion velocity of the colloidal 

particles; ii) Once the colloidal particles reach the interface, the attractive particle-particle capillary 

interactions facilitate the network formation with exceptional long-range ordering (Figure 2.3a). 

The monolayer formation at the air-liquid interface was found highly dependent on the excess 

amount of dodecanethiol ligand in the system, where no nucleation and growth of gold islands 

were observed when the system was cleaned of excess dodecanethiol and vice versa. Although the 

details of the underlying mechanism have not been unveiled in the original paper, it is hypothesized 

that the hydrophobic dodecanethiol-functionalized gold particles play a critical role in pushing the 

particles to the interface and forming the floating islands through self-assembly. Boley and 

coworkers demonstrated a hybrid self-assembly of thiol-capped Ga-In  particles using a cosolvent 

system (a mixture of ethanol/water).90 The cosolvent in the sessile droplet segregated during the 

solvent evaporation, resulting in a concentrated shell of the solvent with high vapor pressure 

(ethanol) near the droplet interface and a water enriched core. Consequently, the suspended 

particles, being hydrophobic and more stable in ethanol, favored to transport toward the air-liquid 
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interface. Once the particles were carried to the surface of the droplet, they self-assembled into 

orderly monolayer films due to the particle-interface interactions (Figure 2.3b).  

Anyfantakis et al. studied the influence of surfactant-mediated interactions on the particle 

deposition morphology.91 Introducing surfactant to the system affected the particle-particle, 

Time

(a)

(b)

(c)

Figure 2.3: (a) Illustration of the particle self-assembly at the air-liquid interface during solvent evaporation (the top 

row). The second row is the optical images showing monolayer islands formation of dodecanethiol-passivated gold 

nanocrystals at the interface during the evaporation process. Scale bars are 50 µm.89 (b) Optical images showing the 

self-assembly of thiol-capped Ga−In nanoparticles at the air-liquid interface in a cosolvent system (water/ethanol 

mixture), presented at different stages of solvent evaporation.90 (c) Schematic illustration of the surfactant-mediated 

electrostatic and hydrophobic interactions among the particles, the air-liquid, and liquid−substrate interfaces. For a 

system with like-charged particle/surfactant mixtures, a ring-like particle deposition was obtained after solvent 

evaporation. However, uniform particle deposits were obtained when utilizing oppositely charged systems.91 
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particle-interface, and particle-substrate electrostatic and hydrophobic interactions, which dictated 

the final deposit morphology. Such interactions were modulated based on surfactant type and 

concentration, charges on the particles, and the substrate. When the colloidal particles possessed 

surface charges similar to the polarity of the surfactant available in the system, a ring-like particle 

deposition was always the case. However, introducing surfactants with opposite charges of the 

colloidal particles generated different outcomes, where different particle deposit morphologies 

have been reported, ranging from ring-like to disk-like deposits. In this case, intermediate 

surfactant concentrations resulted in lower absolute zeta potential values and higher particle 

hydrophobicity, leading to homogeneous particle depositions. In addition, some of the colloidal 

particles were noticed to adsorb at the air-liquid interface, forming a skin of colloidal particles 

during the evaporation process (Figure 2.3c). In contrast, higher surfactant concentrations resulted 

in charge reversal of the colloidal particles by which the ring-like deposits were retrieved. Similar 

ring-like particle depositions were observed at low surfactant concentrations. 

Zhang et al. examined the self-assembly of thiolated single-stranded DNA-functionalized Au 

nanoparticles (ssDNA-AuNPs) at the vapor-solution interface by manipulating salt 

concentrations.92 Although the interfacial assembly did not occur in an evaporating droplet, this 

work introduced some interesting mechanisms driving the colloidal particles to the interface. A 

trough containing the colloidal suspension with various salt concentrations was placed inside a 

sealed chamber to monitor the self-assembly process, using liquid surface X-ray scattering. While 

the hydrophobic nature of the nanoparticles facilitated the particle transport to the interface, the 

assembly and crystallization process was influenced by the critical salt concentration as a result of 

charge screening of the DNA. A similar observation has been reported when manipulating pH and 
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salt concentration of colloidal suspensions containing AuNPs functionalized with alkylthiol-

terminated poly(acrylic acid) (PAA).93 

Anyfantakis et al. also reported the possibility of colloidal particle adsorption and network 

formation at the air-liquid interface. Surfactant concentrations below the critical micelle 

concentration (CMC) enhanced the particle adsorption and assembly, without significantly 

affecting their surface charge and wetting properties.94 The particle adsorption was attributed to 

the preferential adsorption of the surfactant to the interface, which reduced the energy barrier 

between the interface and the like-charged particles. This facilitated the adsorption of particles at 

the interface. The author also commented on the degree of the packing and arrangement of particles 

at the interface influenced by particle and surfactant concentrations. However, since the assembly 

process is much slower compared to typical droplet evaporation, it was not applied to evaporating 

droplets in this work. Interested readers can refer to the article for more details. 

 

2.3.2   Particles Captured by the Descending Air-Liquid Interface 

Li and coworkers proposed a different mechanism to suppress the CRE through capturing and self-

assembling the colloidal particles onto the rapidly descending air-liquid interface.95 Evaporation 

of the colloidal droplet was performed in an environmental chamber with a constant temperature 

and humidity. Elevating the evaporation temperature reduced the number of particles deposited at 

the periphery of the evaporative sessile droplet, producing more uniform particle deposition 

(Figure 2.4a). On the contrary, if the same colloidal droplets were left to dry under normal 

conditions, a ring-like structure could evolve, especially when the contact lines remain pinned. 

This behavior was explained by the particle adsorption and assembly at the descending interface. 
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At a sufficiently high evaporation temperature, the descending rate of the air-liquid interface is 

faster than the diffusion rate of the colloidal particles returning to the bulk, which facilitates 

capturing the neighboring particles by the interface. In this case, the particle jam at the interface 

increases the surface viscosity much higher than that of the bulk to resist the outward capillary 

flow, leading to more uniform particle deposition. The author also reported that transitional particle 

deposition composed of the particles accumulated at the edge of the deposit along with the particles 

adsorbed at the interface could be obtained at moderate evaporation temperatures. 

Changing the particle shape is another approach proposed for eliminating the CRE, where 

elongated particles have been observed to adsorb at the air-liquid interface during solvent 

evaporation process. Yunker and coworkers proved experimentally that the particle anisotropy is 

(a)

(b)

Figure 2.4: (a) Ring formation of colloidal droplets dried at room temperature versus uniform particle deposition of 

evaporating the same colloidal system in an environmental chamber at an elevated temperature. The colloidal particles 

were captured by the fast descending interface, forming uniform particle deposition. Scale bars are 0.5 mm.95 (b) 

Effect of particle shape on the particle deposition.37 The ellipsoidal particles tend to adsorb at the air-liquid interface 

during the evaporation, resulting in uniform depositions as opposed to the ring-like depositions of spherical particles. 

The confocal microscope images shown on the right demonstrate the adsorption of ellipsoidal particles at the air-

liquid interface and accumulation of the spherical particles at the contact line. 
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a crucial factor in determining the uniformity of particle depositions during the solvent evaporation 

process.37 Polystyrene particles were stretched asymmetrically to different aspect ratios and 

dispersed in water. Then, the colloidal droplets were left to dry on a glass slide. While spherical 

or slightly deformed (aspect ratio α = 1 – 1.1) colloidal particles were efficiently transported to the 

contact line by the evaporative-driven capillary flow, ellipsoidal particles with aspect ratio α > 1.1 

were deposited uniformly during solvent evaporation. In a similar fashion, as their spherical 

counterparts, the ellipsoidal particles were entrained to the edge of the sessile droplet by virtue of 

the outward capillary flow until they were caught by the descending air-liquid interface. Once the 

particles were captured by the interface, they experienced strong, long-range interparticle 

attraction forces, forming loosely-packed arrested structures at the interface (Figure 2.4b). 

Additionally, the adsorption of ellipsoidal particles to the interface increases the local viscosity, 

which resists the outward capillary flow. Spherical colloidal particles, however, were desorbed 

from the interface back to the bulk of the droplet due to much weaker interparticle attraction forces 

than that of ellipsoidal particles. The author also demonstrated that mixing ellipsoidal particles 

with spherical ones helped suppressing the ring formation, where the spherical particles joined the 

assembled structure, producing a uniform particle deposition. Kim et al. further elaborated on the 

interparticle capillary force and the hydrodynamic force exerted on the ellipsoidal particles using 

an analytical model.96 When the capillary force is greater than the hydrodynamic force, the 

ellipsoids form a stable network at the interface inhibiting their migration to the TCL. On the other 

hand, when the hydrodynamic force is greater than the capillary force, the particles could not 

remain at the interface, instead they are transported to the TCL under the dominating 

hydrodynamic force. The experiments agreed reasonably well with the analytical analysis. No such 

adsorption of ellipsoidal particles at the air-liquid interface were reported when surfactant was 
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introduced to the system due to the decrease in the surface tension of the droplet and lowering the 

interface deformation energy.37 

Dugyala and Basavaraj investigated the charge effect of colloidal hematite ellipsoids on the 

interfacial adsorption and final particle deposition. pH modulation and the DLVO interactions have 

been adopted to tune the charge and zeta potential of the ellipsoids.36 A similar general trend has 

been observed as in the work of Bhardwaj et al., i.e., ring formation occurred for extreme acidic 

and basic conditions while uniform deposition was observed for the intermediate pH levels (pH 

6.5 and 8).76 However, the Dugyala and Basavaraj attributed the uniform deposition to the 

adsorption of particles at the interface due to the weakened image charge effect in the low dielectric 

medium (air). This hypothesis was partially supported by the fact that the ellipsoidal hematite 

particles adsorbed to the surface of a pendant droplet in a decane medium under intermediate pH 

conditions, whereas no particle adsorption occurred in extreme acidic solutions. The colloidal 

droplet was suspended in the decane medium to avoid the solvent evaporation. This also showcases 

the complexity of the multibody interactions involved in the evaporation of colloidal particles on 

a solid substrate.  
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CHAPTER 3   Interfacial Self-Assembly of Colloidal Nanoparticles in Dual-Droplet Inkjet 

Printing 

3.1   Introduction 

When a particle-laden droplet evaporates on a substrate, very often the particles form a ring at the 

TCL when the solvent evaporates. This well-known CRE is a result of faster evaporation at the 

droplet TCL, driving the colloidal particles to convectively transport toward the droplet 

edges.33,34,97 For applications in printed electronics, this non-uniform deposition is particularly 

detrimental to the device performance. The complex multibody interactions, e.g., droplet–substrate 

interaction, particle–substrate interaction, and droplet-environment interaction, ultimately 

determine the final deposition and morphology of the printed patterns.17,32,41,98–100 Various 

approaches have been explored to modify these interactions in order to control the TCL dynamics 

and/or to induce Marangoni flow, driven by the surface tension gradient, at the air–droplet 

interface, including tuning substrate wettability,12,101 application of surfactant additives and 

cosolvent systems to the droplet,102,103 vapor absorption of low-surface tension solvents to the 

droplet,35 etc. In these techniques, the colloidal particles are carried back to the center of the droplet 

either by the depinned TCL or by Marangoni flow to suppress the CRE. In addition, stronger 

interactions between colloidal particles and substrates, e.g., electrostatic and van der Waals 

interactions,76 and increased adhesion through substrate treatment,43 etc. also facilitate a uniform 

deposition. Recently, attempts have been made to push the colloidal particles onto the droplet 

surface to facilitate the particle self-assembly at the air–droplet interface.89 Boley et al. have 

employed a cosolvent system for the colloidal particles.90 During evaporation, the colloidal 

particles which were well-dispersed in the solvent with a higher vapor pressure were carried to the 

droplet surface due to faster evaporation of this solvent component. Li et al. have accelerated the 
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solvent evaporation rate to trap the particles at the droplet interface by elevating the environment 

temperature.95 At a high environment temperature, the air–droplet interface shrinkage rate exceeds 

the particle diffusion rate such that the colloidal particles are captured by the descending surface, 

producing a particle jam, which prevents the particles from being transported to the droplet edge. 

The charges of surfactant-decorated particles have also been tuned to become nearly neutral,77,91 

which promotes particle trapping at the air–droplet interface to render a homogeneous deposition. 

In this work, we employ a dual-droplet configuration to transform the Langmuir–Blodgett (LB) 

concept to the picoliter droplets, generated by inkjet printing. Deposition of monolayer 

nanoparticle films is achieved by consecutive dual-droplet printing of a supporting droplet and a 

wetting droplet (Figure. 3.1).  

The supporting droplet acts as the LB trough, and the wetting droplet contains colloidal 

nanoparticles. The colloidal particles spread over the supporting droplet surface and assemble at 

Figure 3.1: Schematic of the dual-droplet printing process. Blue represents the supporting droplet; red is the wetting 

droplet; and gold represents the PS nanoparticles. 
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the interface as the solvent dries to produce a uniform, nearly monolayer deposition of the 

nanoparticles. Three main steps take place toward the monolayer self-assembly: (i) spreading of 

the wetting droplet and colloidal nanoparticles over the supporting droplet; (ii) packing and 

assembly of nanoparticles at the interface between the wetting droplet and supporting droplet; and 

(iii) settling of nanoparticle film layer onto the substrate upon evaporation of the supporting 

droplet. Figure 3.2 compares the assembly mechanism during the dual-droplet printing process 

with those in the conventional inkjet printing processes.  

In this study, the spreading of the wetting droplet is enabled by formulating a low-surface tension 

ink, containing colloidal particles and a high-surface tension solvent for the supporting droplet. 

Deionized (DI) water was used as a solvent for supporting droplets; a mixture of ethanol/water 

was used as a solvent for wetting droplets. Monodispersed polystyrene (PS) nanoparticles were 

Figure 3.2: Schematics of (a) dual-droplet printing (this work); and (b) conventional inkjet printing, causing either 

coffee-ring formation or not well controlled deposition morphology. 
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used as colloidal particles. Spreading of the wetting droplet and colloidal particles at the interface 

has been verified through high-speed imaging. The fate of the colloidal particles, however, differs 

during the solvent drying process, depending on solvent composition of the wetting droplets, 

functionalization, and the amount of PS nanoparticles deposited onto the supporting droplet. Some 

nanoparticles get trapped at the interface till the final deposition onto the substrate, while some 

may diffuse into the bulk of the supporting droplet. As a result, the final assembly exhibits 

morphologies ranging from a nearly closely-packed monolayer deposition to a fully covered but 

not closely-packed arrangement. PS nanoparticles with different sizes have been used to fabricate 

optical films, which exhibit different colors due to the varying optical resonance of the particles. 

The implication of this dual-droplet printing process in fabricating photonic crystals and devices 

applications is also discussed. 

 

3.2   Experimental section 

3.2.1   Materials 

Microscope glass slides (25 mm × 75 mm) were obtained from VWR. PET films (MELINEX 

ST505) with 125 μm thickness were supplied by TEKRA, a division of EIS, Inc. Aldehyde/Sulfate 

latex beads (4% w/v, 0.1 μm), Sulfate latex beads (8% w/v, 0.1, 0.2, and 0.3 μm), and Carboxyl 

latex beads (4% w/v, 0.1 μm) were purchased from Thermo Fisher Scientific. 

Tris(hydroxymethyl)aminomethane (tris) (99.8% purity), 2-(3,4-Dihydroxyphenyl)ethylamine 

hydrochloride (dopamine), and hydrochloric acid (37% purity) were purchased from Sigma-

Aldrich. DI water with a resistivity of 18.2 MΩ.cm was produced by Direct-Q water purification 

system (Millipore Sigma). KOPTEC ethanol (99.5% purity) was acquired from VWR. All 

chemicals were used as received without further purification. 
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3.2.2   Substrate Treatment 

All glass substrates were first cleaned with solvents following the order of hot soapy water, 

acetone, and isopropanol, then rinsed with DI water, and dried by a clean-compressed air. The 

cleaned substrates were further treated with plasma for 5 min (PDC-001-HP, 115 V from Harrick 

Plasma) to ensure that the substrates are thoroughly cleaned. To control the substrate wettability 

and enhance contact line pinning, the cleaned substrates were chemically treated with dopamine 

accordingly. The cleaned glass slides were immersed vertically in a freshly prepared dopamine 

aqueous solution (5 mg mL−1) with pH buffer of 8.5 (1.2 mg mL−1 tris) to initiate the oxidative 

self-polymerization reaction. After 24 h of reaction, the substrates were rinsed with ethanol and 

DI water to remove the unreacted dopamine particles and dried at 40 °C for 10 min using a vacuum 

oven (89508-426, 600 W from VWR). The dopamine-treated substrate was somewhat rough with 

some dopamine agglomerates. The static water contact angle on the dopamine-treated substrate 

was ≈ 50°, measured by a goniometer (OCA 15) from Dataphysics. 

3.2.3   Ink Preparation 

The as-received suspensions of PS particles were ultrasonicated for 10 min to re-disperse the 

particles. The suspensions were then diluted by a mixture of ethanol/water with weight fractions 

ranging from 50 wt%/50 wt% to 100% ethanol to obtain the printable inks with a particle 

concentration of 10 mg mL−1.  

3.2.4   Dual-Droplet Inkjet Printing Process 

The inkjet printing platform (Jetlab 4, MicroFab) consists of four printing stations, two of which 

were used in this study. Supporting droplets and wetting droplets were jetted from two 

piezoelectric nozzles with different orifice sizes of 30 μm (MJ-ATP- 01-30-8MX, MicroFab) and 

80 μm (MJ-ATP-01-80-8MX, MicroFab), driven by a waveform generator (Jetdriver III, 
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MicroFab). Firstly, a supporting droplet was generated by jetting multiple bursts of DI water (2000 

droplets with a total volume ≈110 nL) on the substrate at a frequency of 500 Hz. Then, wetting 

droplets containing PS nanoparticles were jetted at the center of the supporting droplet using the 

80 μm nozzle at a frequency of 1 Hz. This ensured a complete impact and spreading of the wetting 

droplet before subsequent droplets. Careful adjustment of the jetting parameters, such as droplet 

speed and volume, was required for a successful dual-droplet printing in which nearly monolayer, 

ordered depositions were produced. In this work, a jetting speed of ≈ 1.3 m s−1 and a droplet volume 

of ≈ 550 pL (diameter ≈ 100 μm) were used for the wetting droplet. 

3.2.5   In Situ Observation of Droplet Impact and Solvent Evaporation 

The wetting and spreading of wetting droplets on the interface of supporting droplets were 

investigated in situ by a high-speed camera (Phantom, MIRO-LAB3a10) at 5000 fps. The camera 

was connected to a high magnification zoom lens (Navitar 6000, 12×) and positioned at an angle 

of ≈ 50° from the side of the nozzle to capture the droplet impact dynamics. A regular CMOS 

camera (THORLABS, DCC1645C) was used to capture the solvent evaporation process at 25 fps.  

3.2.6   Morphology Characterization 

An ultrahigh-resolution scanning electron microscope (HITACHI SU-70 FE-SEM) with 5 kV and 

15 mm scanning distance was used for morphology characterization of the printed patterns. To 

minimize charging effect of the PS nanoparticles, the samples were coated with platinum using a 

platinum sputter (Denton Vacuum Desk V) for 60 s.  

3.2.7   Optical Spectrum Characterization 

A UV–vis spectrophotometer (Evolution 220, Thermo Fisher Scientific) was utilized to analyze 

the reflection spectrum of the printed films. The light spectrum range was set between 200 and 

800 nm with a scanning speed of 400 nm min−1.  
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3.2.8   Image Analysis 

All the image analyses were carried out in MATLAB 2015a. The RGB values for each pixel in the 

optical images were obtained. The blue color contrast (BCC) intensity was defined as 

√(𝐵 − 𝑅)2 + (𝐵 − 𝐺)2. The intensity profile of the deposit patterns was averaged along the 

angular direction, i.e., 

𝐼(𝑟) =
1

2𝜋
∫ 𝑖(𝑟, 𝜃)𝑑𝜃,                                                              

2𝜋

0

3.1 

where 𝑖(𝑟, 𝜃) is the local BCC intensity, and r and θ are the cylindrical coordinates on the circular 

deposition. The intensity profile was then normalized with the maximum intensity I(r), obtained 

from the printed patterns of Aldehyde/Sulfate-PS nanoparticles since they exhibited the highest 

color contrast. In addition, the radial distribution of the nanoparticles was normalized with the 

deposition radius. 

3.2.9   COMSOL Simulation 

Full-field simulations were conducted for spherical PS particles with diameters of 75 to 325 nm at 

a 5 nm resolution and wavelengths of 250 to 800 nm at a 10 nm resolution. One perfect unit cell, 

having one PS particle at the center and one quarter of a PS particle at each of the four corners, 

was simulated with periodic conditions to make a perfect hexagonal closely-packed surface. A port 

was used to excite the surface perpendicularly from the top, and a perfect layer was used beyond 

the substrate to limit reflection to that of the surface. The reflection intensity was calculated based 

on the perpendicular scattering from the port to itself. 
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3.3   Results and Discussion 

3.3.1   Dual-Droplet Inkjet Printing 

The first step for a controlled nanoparticle assembly in the dual-droplet printing is to realize the 

spreading of the wetting droplet onto the supporting droplet. Similar double-shot inkjet printing 

has been employed to print organic semiconductor films through anti-solvent crystallization,104,105 

where the wetting (or spreading), dewetting, and sinking regimes were identified when a 

microdroplet was added onto a chemically different sessile droplet. Surface tension of the wetting 

droplet needs to be lower than that of the supporting droplet to enable initial spreading, as shown 

in the spreading parameter S =  γSG −  (γSW +  γWG)  >  0, where γ is the interfacial surface 

tension; subscripts S, W, and G represent supporting droplet, wetting droplet, and gas phase, 

respectively. The interfacial surface tension between the miscible solvents is negligible in this 

system. We use DI water (surface tension of 72.5 mN m−1) to generate the supporting droplets and 

ethanol (surface tension of 21.8 mN m−1) or a mixture of ethanol/water for the wetting droplets. 

The highest surface tension used for the wetting droplets is 28.51 mN m−1 for 50 wt%/50 wt% 

ethanol/water mixture at 20 °C.106 The modified Weber number,105 

𝑊𝑒′ =
𝜌𝑤𝑣𝑤

2 𝑑𝑤
3

𝛾𝑠
(

𝑉𝑠

𝑓(𝜃)
)

2
3

,                                                             3.2 

compares the inertial energy of the wetting droplet to the deformation energy of the supporting 

droplet surface, where 𝜌𝑤 is the density of the wetting droplets, 𝑣𝑤 is the impact velocity of the 

wetting droplet, 𝑑𝑤 is the wetting droplet diameter, 𝑉𝑠 is the supporting droplet volume,  𝑓(𝜃) is 

eq. 3.3, 

𝑓(𝜃) = 𝜋
2 − 3𝑐𝑜𝑠𝜃 − 𝑐𝑜𝑠𝜃3

3(1 − 𝑐𝑜𝑠𝜃)3
,                                                           3.3 
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and 𝜃 is the contact angle of the supporting droplet on the substrate. A smaller We′ favors spreading 

of the wetting droplets, and a larger We′ tends to bring the wetting droplet into the supporting 

droplet and enhances chaotic mixing of the wetting and supporting droplets. Therefore, smaller 

wetting droplets with slower impact speeds and larger supporting droplets with higher contact 

angles facilitate the spreading of the wetting droplet. The derivation of We′ and the effect of impact 

speed of the wetting droplet are provided elsewhere.107 In this work, the supporting droplet is 

generated by multiple bursts of inkjet droplets, equivalent of a ≈ 110 nL water droplet. One wetting 

droplet with a volume of ≈ 550 pL is deposited onto the supporting droplet by a secondary 

printhead. The jetting configurations described in the Experimental Section were used in all the 

experiments unless noted otherwise. The dimensionless We′ was kept < 0.42 during all the 

experiments. High-speed photography was employed to capture the wetting droplet impact onto 

the supporting droplet, revealing the realtime impact dynamics. Upon the initial impact, as shown 

in Figure 3.3a, the wetting droplet creates a crater on the supporting droplet surface. In less than 

20 ms, however, the latter surface is totally recovered after a few oscillation and damping cycles. 

Only one oscillation is shown in Figure 3.3a. Immediately after the droplet impact, the PS 

nanoparticles on the supporting droplet surface move along with the Marangoni flow, created by 

Figure 3.3: (a) Wetting droplet impact onto a supporting droplet by high-speed imaging (time interval of 0.2 ms 

between each image). (b) Images of PS nanoparticle film floating on the interface during the evaporation process (t = 

0, 51.5, 69.9, 78.3, 80.3, and 80.6 s). The suspension of sulfate-functionalized PS nanoparticles prepared with 100% 

ethanol was used for the wetting droplets, three of which were deposited onto the supporting droplet. The PS 

nanoparticle size is 100 nm in diameter. 
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the ethanol/water surface tension gradient. A film of the colloidal PS nanoparticles can also be 

identified in Figure 3.3b.  

Individual PS nanoparticles collide and assemble into larger islands and monolayer networks at 

the interface by lateral capillary force (i.e., particle–interface interactions),108,109 which are trapped 

at the air–water interface in an energetically favorable state due to the interfacial deformation, 

caused by the fractal shape of the agglomerates compared to individual spherical nanoparticles.86 

In addition, the quick evaporation of ethanol solvent in the wetting droplet also contributes to the 

network formation on the supporting droplet surface. During evaporation of the supporting droplet, 

the PS particle film is maintained at the air–water interface, further being compressed by the 

reduced surface area. When the water solvent in the supporting droplet completely evaporates, a 

deposition of PS nanoparticles forms as shown in the last image in Figure 3.3b. The example in 

Figure 3.3b shows a nearly monolayer, closely-packed assembly of PS nanoparticles (more 

characterization is provided in the following sections), which is enabled by a successful wetting 

droplet spreading and a trapped nanoparticle film on the supporting droplet surface. However, 

some PS nanoparticles, which are originally located at the air–water interface, may diffuse into the 

bulk of the supporting droplet depending on the solvent composition of the wetting droplets, the 

functional groups on the PS particles, and the amount of nanoparticles deposited on the supporting 

droplet. The morphology of PS nanoparticle assembly and their forming mechanisms under 

various conditions are discussed in the following sections. 

3.3.2   Effect of Solvent Composition on the PS Nanoparticle Deposition 

In order to study the effect of solvent composition in the wetting droplet on the PS nanoparticle 

deposition, we have selected the aldehyde/sulfate-functionalized PS particles. The detailed 

information about the functionalized particles is provided in Table 3.1.  
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The as-received aqueous suspension of aldehyde/sulfate-functionalized PS particles was diluted in 

100% ethanol, 80 wt%/20 wt% ethanol/ water, and 50 wt%/50 wt% ethanol/water to formulate the 

inks for wetting droplets with a PS nanoparticle concentration of 10 mg mL−1. The amount of 

nanoparticles is controlled by the number of wetting droplets deposited onto the supporting 

droplet. The ink diluted with 100% ethanol gives the best nearly monolayer PS nanoparticle 

deposition, especially for a lower nanoparticle amount (e.g., one wetting droplet), indicated by the 

blue structural color as shown in Figure 3.4a.  

 Carboxyl latex, 4% w/v,  Sulfate latex, 8% w/v 
Aldehyde/Sulfate Latex, 
4% w/v 

Density of PS 
particles 

1.055 g/cm3 1.055 g/cm3 1.055 g/cm3 

PS particle size 0.1 µm 0.1 µm 0.1 µm 

Surface functional 
group 

 
 

 

 
Surface charge 
density 

2.9 µC/cm2 0.2 μC/cm2  N/a 

Charge titration data 17.2-18.5 µEq/g 1.5 μEq/g 

Aldehyde charge: 
104.4 μEq/g 
Sulfate charge: 
18.5 μEq/g 

Number of function 
groups per particle 

5.5-8.2 ×103 4.9×102 - 

COOH

COOH

COOH

COOH PS

R -

PS

H

R -

SO4
-SO4

-

SO4
-

SO4
-

PS

Table 3.1: Parameters of the functionalized PS nanoparticles used in this work (from the vendor). 
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This can be attributed to the scattering of resonant modes within the spherical nanoparticle cavities 

(see Section 3.3.6). The nearly monolayer PS nanoparticle deposition is confirmed by scanning 

electron microscopy (SEM) images (Figure 3.5). The incomplete coverage of the entire droplet 

footprint is due to the insufficient particle density in the single wetting droplet, as well as some 

nanoparticle deposition at the contact line edges.  

The gray “ring” at the periphery of the deposition is a result of reflective light scattering in the 

light microscopic image, indicating a different assembly mechanism. It is hypothesized that the 

surface modifier dopamine43 attracts and captures the PS particles at the edges through Derjaguin–

Landau–Verwey–Overbeek (DLVO) interactions.76 This likely occurs when the wetting droplet 

spreads on the supporting droplet upon impact. It is worth noting that we purposely do not use the 

Figure 3.4: Optical images of aldehyde/sulfate-functionalized PS nanoparticle deposition at (a) 100% ethanol; (b) 80 

wt%/20 wt% ethanol/water; and (c) 50 wt%/50 wt% ethanol/water-diluted inks in the wetting droplets. The four 

columns represent various nanoparticle amounts of one, three, five, and ten wetting droplets (WDs), respectively. The 

scale bar is 100 μm. A dopamine-treated substrate was used, and the PS nanoparticle size is 100 nm in diameter. 

(a) 

(b) 

(c) 
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term “coffee ring” because it has totally different forming mechanisms. The traditional “coffee 

ring” forms due to the evaporation-induced convective capillary flow carrying the colloidal 

particles toward the TCL, while the ring formed in this dual-drop printing process is attributed by 

the attractive interactions between the interface-trapped particles and the dopamine-coated 

substrate. Positively charged groups from protonation of amine groups of the dopamine surface110 

could attract the negatively charged PS particles at the droplet TCL. The ring formation consumes 

some of the PS particles; however, it does not change the self-assembly mechanism in the majority 

of the deposition with a nearly closely-packed monolayer. For high PS nanoparticle amounts (e.g., 

5–10 wetting droplets), the monolayer films are compressed during solvent evaporation, leading 

to formation of multilayers and/or buckled films. As a result, the structural color fades away 

(Figure 3.4a), because the order of arrangement decreases in the PS particle film which broadens 

1 WD 3 WDs 5 WDs 10 WDs
5

0
w

t%
/5

0
w

t%
 

1
0

0
w

t%
 

Figure 3.5: SEM images of Aldehyde/sulfate-functionalized PS nanoparticle deposition at (a) 100% ethanol; the scale 

bar is 5 μm; and (b) 50wt%/50wt% ethanol/water diluted inks in the wetting droplets; the scale bar is 10 μm. The four 

columns represent various nanoparticle amounts of one, three, five and ten wetting droplets (WDs), respectively. A 

dopamine-treated substrate was used. The PS nanoparticle size is 100 nm in diameter. 

(a) 

(b) 
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and weakens the resonance. The profiles of blue color contrast (BCC) along the deposition radius 

are plotted in Figure 3.6 for each of the optical microscope images.  

The BCC exhibits significant correspondence in monolayer deposition across the droplet footprint. 

The image analysis and postprocessing are described in detail in the Materials and Methods. For 

the optimum nanoparticle amount, the BCC is nearly constant over the entire droplet, 

corresponding to the one wetting droplet in Figure 3.6a. For a higher nanoparticle amount, the 

BCC is high in the center and gradually decreases toward the edge of the deposition. In those cases, 

the excess amount of nanoparticles at the air–droplet interface were pushed toward the edge of the 

supporting droplet and were captured by the dopamine-coated substrate at the TCL, which is 

shown by the wide rings at the periphery of the droplet deposition. For the same reason, less 

ordered multilayer deposition forms toward the TCL region, which reduces the BCC. Figure 3.5a 

shows SEM images of the PS nanoparticle deposition, printed with various particle amounts over 

the interface of the supporting droplet. The nearly monolayer depositions at lower particle amounts 

are compared with the multilayer agglomerates at higher particle amounts. As water was added to 

the wetting droplet solvent, e.g., 80 wt%/20 wt% ethanol/water, the structural color of the final 

deposition disappeared (Figure 3.4b), indicating the absence of the closely-packed monolayer PS 

Figure 3.6: Normalized BCC from the center to the periphery of the nanoparticle depositions shown in Figure 3.4 

using (a) 100% ethanol-diluted inks, (b) 80 wt%/20 wt% ethanol/water-diluted inks, and (c) 50 wt%/50 wt% 

ethanol/water-diluted inks for the wetting droplets. WD: wetting droplet. 
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deposition. Fragments of blue color films is observed in the middle of deposits at high particle 

amounts. We hypothesize that during the supporting droplet evaporation, some hydrophilic 

aldehyde/sulfate-functionalized PS particles diffuse and mix into the supporting droplet due to the 

addition of water solvent. In addition, electrostatic repulsion between the particles also facilitates 

the nanoparticles diffusion into the supporting droplet. Different from the assembly driven by the 

dominant particle–interface interactions (Figure 3.2a), the particles experience an intricate 

combination of particle–interface, particle–substrate, and particle–flow field interactions as 

illustrated in Figure 3.7.  

The evaporation-driven capillary flow inside the supporting droplet carries those particles toward 

the edges. When they touch the dopamine-coated substrate, the PS particles likely are captured 

and immobilized on the substrate. The final deposition morphology is attributed to the particles 

residing at the interface (self-assembled with blue color PS fragments) and the particles in the bulk 

of the supporting droplet. When more water was added into the wetting droplet solvent, e.g., 50 

wt%/50 wt% ethanol/water, as shown in Figure 3.4c, none of the depositions demonstrateed any 

blue color. Please refer to Figure 3.5b for the SEM images of the deposits. It is worth pointing out 

Figure 3.7: Schematics of two regimes of self-assembly through (a) particle-interface interaction; and (b) combination 

of particle-interface, particle-substrate, and particle-flow field interactions. 
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that adding water to the wetting droplet solvent does not change the spreading of the wetting 

droplet.105 The surface tension of the 50 wt%/50 wt% ethanol/water is still much lower than that 

of water. The wetting droplet spreads on the supporting droplet upon impact as verified by the 

high-speed imaging. However, majority of the PS nanoparticles diffuse into the supporting droplet 

during the evaporation. At the same time, the gray “ring” at the periphery of the deposition does 

not grow much as the nanoparticle amount increases, which also supports that only a small fraction 

of the PS nanoparticles remained at the interface. Figure 3.6b and 3.6c clearly correlates the 

orderliness of the assembly to the BCC intensity. 

3.3.3   Effect of Functional Groups on the PS Nanoparticle Deposition 

Three different kinds of functionalized PS nanoparticles, i.e., carboxyl-, sulfate-, and 

aldehyde/sulfate-functionalized PS nanoparticles, diluted in 100% ethanol are used to generate the 

wetting droplets. The detailed information about the functionalized nanoparticles is provided in 

Table 3.1. The nanoparticle concentration in the wetting droplets is kept the same as 10 mg mL−1. 

Sulfate functional groups are the most hydrophilic in nature due to its acidity. However, the sulfate-

PS particles have a surface charge density about ≈ 1/12th of that on the aldehyde/sulfate- and 

carboxyl-PS particles. Fewer functional groups and weaker electrostatic interactions among the 

particles facilitate the formation of a particle “skin” on the air–droplet interface, which consists of 

a monolayer of nanoparticles and multilayers of agglomerates. The SEM images of the 

nanoparticle deposition for one and five wetting droplets are shown in Figure 3.8.  

Compared to the aldehyde/sulfate-PS particles, a relative uniform blue color across the deposition, 

yet not as bright, is obtained for the sulfate-PS particles for various amounts of nanoparticles 

deposited onto the supporting droplet (Figure 3.9a). Sulfate-PS nanoparticles demonstrate more 
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robustness in achieving the closely-packed deposition against addition of water into the wetting 

droplet solvent.  

When water was added to the wetting droplet solvent, e.g., 80 wt%/20 wt% ethanol/ water, a 

monolayer of sulfate-PS particles as well as their agglomerates were trapped at the interface, 

Figure 3.8: SEM images of sulfate-functionalized PS nanoparticles deposition at various locations of the circular 

depositions of (a) one wetting droplet and (b) five wetting droplets. The wetting droplet ink is prepared with 100% 

ethanol and the PS nanoparticle size is 100 nm in diameter. 
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indicated by the bluish-brown islands on the final deposition, as shown in Figure 3.9b for the one 

and three wetting droplets. An incomplete coverage of the deposition with the three wetting 

droplets supports the hypothesis of agglomeration formation, as compared to the full coverage and 

higher BCC intensity with 100% ethanol. The deposition still shows a certain degree of orderly 

structure for higher nanoparticle amounts. Aldehyde/sulfate and carboxyl-PS particles, on the other 

hand, exhibit stronger hydrophilicity and repel each other due to their higher surface charge 

densities. Some particles diffuse into the bulk of the supporting droplet as a result of stronger 

hydrophilicity and electrostatic interactions. The final deposition shows a nonuniform irregular 

morphology contributed by particles residing at the air–droplet interface and in the bulk of the 

supporting droplet. Compared to the aldehyde/sulfate- and the sulfate-PS particles, carboxyl-PS 

Figure 3.9: Optical images of sulfate-functionalized PS nanoparticle deposition at (a) 100% ethanol; (b) 80 wt%/20 

wt% ethanol/water; and (c) 50 wt%/50 wt% ethanol/water-diluted inks of the wetting droplets. The four columns 

represent various nanoparticle amounts of one, three, five, and ten wetting droplets, respectively. The scale bar is 100 

µm. A dopamine-treated substrate was used, and the PS nanoparticle size is 100 nm in diameter. 
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particles did not produce decent orderly structures even with 100% ethanol. The deposition 

morphologies are shown in Figure 3.10. Carboxyl groups are strongly hydrophilic, which can lose 

a proton to form a negatively charged carboxylate ion (COO—). Although carboxyl groups are 

less hydrophilic than sulfate groups in nature, the number of carboxyl groups per particle is more 

than 10 times larger than that of sulfate groups on a sulfate-PS particle (Table 3.1), providing more 

affinity toward water. For the aldehyde/sulfate-PS particles, a large number of aldehyde functional 

groups alternate with fewer sulfate groups on the PS particle surface, which reduces the 

hydrophilicity of these PS nanoparticles. Therefore, with comparable charge densities of carboxyl 

and sulfate groups on the PS nanoparticle surfaces, the carboxyl-PS particles experience stronger 

affinity to water than the aldehyde/sulfate-PS particles. As a result, the carboxyl-PS particles 

Figure 3.10: Optical images of carboxyl-functionalized PS nanoparticle deposition at (a) 100% ethanol; (b) 

80wt%/20wt% ethanol/water; and (c) 50wt%/50wt% ethanol/water diluted inks of the wetting droplets. The four 

columns represent various nanoparticle amounts of one, three, five and ten wetting droplets (WDs), respectively. The 

scale bar is 100 μm. A dopamine-treated substrate was used, and the PS nanoparticle size is 100 nm in diameter. 
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readily diffuse into the supporting droplet during solvent evaporation, and the final deposition 

exhibits absence of orderly arrangement. 

3.3.4   Effect of Substrate on the PS Nanoparticle Deposition 

In this dual-droplet printing process, the colloidal particles are spread and trapped at the air-droplet 

interface, eliminating the particle–fluid and particle–substrate interactions. Theoretically, the 

closely-packed nanoparticle deposition should be transferrable to other substrates. In this study, 

an isopropyl alcohol cleaned polyethylene terephthalate (PET) substrate is compared to the 

dopamine-coated glass slide to investigate the effect of substrate on the deposition morphology. 

The static water contact angle on the PET substrate is about 70°. The printing parameters, e.g., 

100% ethanol dilution as the wetting droplet solvent, sulfate-PS nanoparticles, and wetting 

droplets of one, three, five, and ten, were applied. As expected, a blue-colored nanoparticle 

deposition on the PET substrate indicates the well-ordered nanoparticle assembly as shown in 

Figure 3.11a. For the deposition with only one wetting droplet, a broken gray ring forms along 

circumference of the deposition, probably due to the local contact line receding. For higher 

nanoparticle amounts, the excess nanoparticles assist the contact line pinning, resulting in 

continuous gray rings. Different from dopamine-coated substrates, the rings on the periphery of 

the deposition on PET substrates are less severe than their counterparts, indicating weaker 

interaction between the interface trapped nanoparticles and the PET substrate. Since fewer 

nanoparticles are consumed at the contact line and the supporting droplet possesses a smaller 

footprint (due to larger contact angles), more wrinkling and folding occur on the deposition with 

five and ten wetting droplets. When a wetting droplet with 50 wt%/50 wt% ethanol/water was 

deposited onto the supporting droplet, obvious coffee-ring formation has been demonstrated on 

the PET substrate. For lower nanoparticle amounts (e.g., one and three wetting droplets), as shown 
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in Figure 3.11b, the contact line depined during the supporting droplet evaporation, pushing the 

particles to a pinned spot (e.g., a local defective site) on the contact line. For higher nanoparticle 

amounts (e.g., five and ten wetting droplets), the contact line was pinned, assisted by the particle 

deposition from the interface. The majority of the nanoparticles were diffused into the supporting 

droplet and carried to the TCL by the evaporation-induced capillary flow. On the other hand, the 

not-so-obvious coffee-ring formation on the dopamine-coated substrate is probably due to DLVO 

interactions and possible surface roughness effect. Particles inside the supporting droplet were 

attracted and deposited onto the dopamine-coated substrate during their transport to the edges. 

Therefore, when the particles were successfully trapped and maintained at the air–droplet 

interface, the particle–interface interaction dominated, and a monolayer deposition of the colloidal 

particles was obtained. The self-assembly process is insensitive to substrates. When some particles 

diffuse and migrate into the bulk of the supporting droplet, however, the final particle deposition 

does not possess the close packing any more due to the introduced particle–flow field and particle–

Figure 3.11: Optical images of sulfate-functionalized PS nanoparticle deposition on a PET substrate at (a) 100% 

ethanol and (b) 50 wt%/50 wt% ethanol/ water-diluted inks in the wetting droplets. The four columns represent the 

four conditions of one, three, five, and ten wetting droplets, respectively. The scale bar is 100 μm and the PS 

nanoparticle size is 100 nm in diameter. 
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substrate interactions. They may produce a coffee-ring if the substrate is relatively smooth (e.g., 

PET) and the particles deposit in the proximity of the contact line; or they may still produce a 

“uniform” deposition, but not closely-packed one, if the substrate is coated with absorbing 

polymers or treated with oppositely charged surfactants to capture those particles. 

 

3.3.5   Discussion 

In all the previous studies, including the ones of manipulating capillary flows inside colloidal 

droplets and those of pushing the particles to the air–droplet interface, the particle depositions are 

more uniform compared to coffee-ring deposition, but they usually do not exhibit closely-packed, 

ordered assembly. Different from these previous studies, this dual-droplet printing directly 

deposits and spreads the particles on the interface following the quick spreading and evaporation 

of wetting droplets. Under the right conditions of functional groups on the particles and solvent 

composition of the wetting droplet, these colloidal particles can self-assemble into a particle film 

layer on the surfaces of the supporting droplets. Eventually, a nearly monolayer, closely-packed 

particle assembly is obtained on the substrate. Compared to other self-assembly of nanoparticle 

and nanowires at the air–water interface,111,112 our approach combines the nanoparticle self-

assembly and drop-on-demand into one printing process. During the dual-droplet printing, the 

wetting droplet spreading is controlled by surface tensions and volume ratio of the wetting droplet 

and supporting droplet, as well as the impact speed of the wetting droplet. The spreading of the 

wetting droplet carries the particles to spread on the supporting droplet surface, forming small or 

big islands of nearly closely-packed particles depending on the amount of particles deposited onto 

the supporting droplet. The key to a perfect monolayer deposition is to keep these particles on the 

supporting droplet surface during solvent evaporation. The solvent composition in the wetting 
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droplet and functionalization of the colloidal particles determine if those particles are kept on the 

surface or diffused into the bulk of the supporting droplet. This nanoparticle self-assembly 

mechanism is superior to the mechanisms of pushing the nanoparticles from the bulk to the droplet 

surface, since in the latter configurations, there are always a small amount of particles in the bulk 

following the capillary flow toward the droplet edges. In addition, when the particles are gradually 

transported to the droplet surface, overlapping and particle agglomeration could occur. As a result, 

absence of ordered arrangement of the nanoparticles (yet relatively uniform deposition) is usually 

obtained in the final deposition morphology. On the other hand, the self-assembly mechanism 

during the dual-droplet printing process enables not only a uniform, but also nearly monolayer 

closely-packed assembly structure, which can bring potential applications in printed electrical and 

optical functional devices. 

 

3.3.6   Implication in Printed Optical Devices 

The capability to fabricate and control the assembly and periodic arrangement of colloidal particles 

is significant, especially when they work as photonic crystals80 in fast-response sensors,113,114 

displays and color filters,115–117 and anticounterfeiting features.118 Various approaches, e.g., 

photolithography templating,119 combination of additive pattering and self-assembly,32 and inverse 

opal photonic crystals,120 have been employed for patterning colloidal particles. Among those, 

inkjet printing provides an efficient way to pattern the colloidal particles into functional devices.121 

In this study, we have fabricated optical films with the self-assembled PS nanoparticles by the 

dual-droplet printing process. As shown in Figure 3.12a–c, these self-assembled PS particles 

display structural colors that strongly depend on the assembly morphology and diameter of the PS 

particles. Figure 3.12d–f shows the SEM images of those assembly structures. Larger nanoparticle 
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sizes result in more ordered assembly, while smaller ones have exhibited some overlapping or 

multilayers of deposition locally. Figure 3.12g presents the measured reflection spectra with 

different PS nanoparticles of 100, 200, and 300 nm, which exhibit one single peak, double peaks, 

and triple peaks, respectively. The first-order peaks red-shift from 316 to 548 and ≈ 690 nm as the 

particle size increases from 100 to 300 nm, and the reflection peaks become broader in wavelength. 

The average offset in the reflection spectra (12%–13%) is likely attributed to the dopamine layer, 

whose spectrum is provided elsewhere.107 To understand the origin of the film’s reflection spectra, 

full field simulations of the PS nanoparticle assembly with particle diameters ranging from 75 to 

325 nm were conducted using the finite element method (COMSOL Multiphysics). The reflection 

normal to the surface is calculated for a closely-packed hexagonal monolayer of PS nanoparticles 

on a silicon dioxide substrate, where the wavelength-dependent refractive index of PS was 

assumed to be of bulk PS in the material database of an ellipsometer from J. A. Woollam. The 

results are shown in Figure 3.12h, and the reflection peaks observed in experiment are marked as 

circles. In general, we achieved a good agreement in the peak locations between the simulation 

and the experiment, while the discrepancies at short wavelengths (e.g., <300 nm) can be attributed 

to variations in the refractive index of the PS nanoparticles as compared to the bulk PS. The good 

agreement between the simulated and the experimental reflection spectra indicates the good quality 

of the printed PS nanoparticle assembly for engineering applications in optics. Due to the size of 

the particles being on the order of the wavelength of light, the optical response is most likely 

attributed to Mie resonances. In this case, we also plotted the resonance peak spectral position as 

determined from analytical Mie theory122 (black dotted lines in Figure 3.12h) for spherical particles 

on a substrate and obtained excellent agreement between the simulation and experimental results. 
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However, Mie theory can be difficult to calculate for many cases, and a simpler approach that 

provides guidance would be useful. In this case, the periodic assembly of the monolayer is treated 

as a diffractive surface, which occurs due to the far-field interference of the many sources of 

scattered light (e.g., nanoparticles). As a result, we can approximate the position of the reflection 

peaks using Bragg’s formalism eq. 3.4.123 

Figure 3.12: Optical images of PS nanoparticle assembly with diameters of (a) 100 nm, (b) 200 nm, and (c) 300 nm. 

The scale bar is 50 μm. (d–f) SEM images of these assembly of (a–c). The scale bar is 2 μm. g) UV–vis reflection 

spectra; (h) comparison of the full-field simulation, the Braggs calculations (pink solid line), the Mie calculations 

(black dotted line), and the measured reflection peak locations (circles). 
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𝜆𝑟,𝑝𝑒𝑎𝑘 =
𝑛𝑒𝑓𝑓𝑑(𝑠𝑖𝑛𝜃𝑖 + 𝑠𝑖𝑛𝜃𝑚)

𝑚
                                                     3.4 

where 𝜆𝑟,𝑝𝑒𝑎𝑘 is the peak reflection wavelength, m is the order of diffraction, neff is the refractive 

index adjusted by the packing fraction and the surrounding medium, d is the particle diameter, and 

θi and θm are the angles of incidence and observation from the normal direction, respectively. The 

reflection peak determined from Bragg formalism is shown in comparison to the prior methods in 

Figure 3.12h. Although this approach leads to some additional error in the predicted resonance 

position, the ease of the formula makes it a useful method to obtain an estimate for the optical 

response for a particular film without the need for expensive numerical software or complex 

analytical calculations. 

 

3.4   Conclusion 

In summary, we have demonstrated the ability to produce nearly monolayer, closely-packed 

depositions of PS nanoparticles through a novel dual-droplet inkjet printing process. Acting as a 

LB trough, a supporting droplet is deposited on the substrate followed by a wetting droplet, which 

contains colloidal particles. The nanoparticles spread at the supporting droplet surface as a result 

of the wetting droplet spreading. A particle network forms among the colloidal particles when the 

nanoparticles are trapped and maintained at the interface during the solvent evaporation. Well-

ordered monolayer deposition is obtained, where the colloidal nanoparticle–interface interaction 

is the main driving force. When some particles diffuse and mix into the supporting droplet, due to 

addition of water into the wetting droplet, higher nanoparticle amounts, more surface charge 

density on the nanoparticles, etc., the well-ordered structure disappears in the particle assembly. 

The final deposition morphology is a result of particles trapped at the air–droplet interface and 
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particles diffused into the bulk of supporting droplet, which follows the capillary flow inside the 

supporting droplet. The nearly monolayer, closely-packed structure brings unique structural colors 

to the printed features. We fabricated optical films exhibiting different colors depending on the 

nanoparticle sizes. This study suggests a new printing strategy to control the colloidal particle 

deposition with well-ordered monolayer structures. This printing process is not limited to PS 

nanoparticles and also insensitive to substrates, which holds enormous potentials to assemble 

functional colloidal particulates for applications in printed optical and electrical devices. 
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CHAPTER 4    pH-Modulated Self-Assembly of Colloidal Nanoparticles in a Dual-Droplet 

Inkjet Printing Process 

 

4.1   Introduction 

Deposits acquired by evaporation of particle-laden droplets and films with controlled assembly are 

of considerable importance in fundamental science and engineering that influence a variety of 

technologies ranging from thin film coatings to printing functional devices.60,111,124 Recently, the 

evaporation-induced self-assembly process has received much attention as a technique that enables 

control over deposits to produce high-quality planar colloidal crystal films.125,126 However, the 

formation of ring-shaped deposits during solvent evaporation process, especially when the TCLs 

of the particle-laden sessile droplets are pinned, makes this phenomenon rather complicated.56 The 

evaporation of sessile droplets is a non-equilibrium process. The complex fluid dynamics of a 

droplet stems from the non-uniform evaporation flux of the solvent over its liquid-vapor 

interface.9,33 As a result, the suspended particles are driven to the droplet’s edge by the action of 

evaporation-induced flow forming this ubiquitous ring-like pattern, known as the coffee-ring effect 

(CRE).34,58 Significant research efforts have been devoted to mitigate or suppress the coffee-ring 

formation by means of, controlling the drying conditions of solvents (e.g., substrate temperature,11 

relative humidity,15 and volatile solvents35), modifying particle shapes,36,37 adjusting substrate 

wettability,12,38 and intentionally inducing Marangoni flow due to surface tension gradient that is 

generated by temperature difference across the interface, surfactant, or cosolvent,39–43 etc. It is 

worth noting that the CRE is considered as a detrimental defect in printing and coating 

technologies; nonetheless, this stain phenomenon has been harnessed in a number of technological 

applications.127–129 Among the research endeavors in tuning deposits of colloidal sessile droplets, 
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Bharadwaj et al. experimentally investigated the role of Derjanguin-Landau-Verwey-Overbeek 

(DLVO) interactions on deposits left by evaporating sessile droplets containing titania 

nanoparticles on a glass substrate.76 As the pH of the solution changes, the morphology of 

nanoparticle deposits varies accordingly from rings to uniform disks. Devineau et al. analyzed the 

deposit morphology of drying droplets containing protein functionalized polystyrene (PS) particles 

with different surface properties.77 Protein adsorption on the surface of the suspended particles 

alters the surface charge of the PS particles. The authors assert that the CRE can be suppressed 

when the particles are neutralized by the protein adsorption. Even though an immense 

experimental and theoretical work have been diligently undertaken to improve the understanding 

of drying mechanism and pattern formation upon evaporation of particle-laden sessile droplets,130 

not much attention has been given to creating uniform depositions with nearly a monolayer of self-

assembled colloidal particles. Very recently, we have demonstrated the ability to produce a well-

ordered assembly of a nearly monolayer of PS nanoparticles by employing a dual-droplet inkjet 

printing process.107 By tuning the surface tension, droplet size, and droplet speed, a wetting droplet 

that contains PS nanoparticles successfully spreads on the surface of a supporting droplet.  

In this study, we investigate the effect of pH modulation of the supporting droplet on the 

nanoparticle depositions as a result of particle-particle interactions, particle-interface interactions, 

and particle-substrate interactions. Negatively charged PS particles with different surface 

functionalization groups were utilized and the electrostatic interactions were tuned via the pH 

value of the supporting droplet. This study uncovers a facile technique to control the colloidal 

assembly upon solvent evaporation in enormous industrial and research applications, especially 

for inkjet printing, coating processes, and fabricating functional devices involving liquid 

processing of colloidal inks. 
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4.2   Materials and Methods 

4.2.1   Materials 

Microscope glass slides (25 mm × 75 mm), sodium hydroxide solution (10.0 N), and KOPTEC 

ethanol (99.5% purity) were obtained from VWR. Sulfate latex beads (8% w/v, 0.1 mm) and 

carboxyl latex beads (4% w/v, 0.1 mm) were purchased from Thermo Fisher Scientific. 

Tris(hydroxymethyl)aminomethane (Tris) 99.8% purity, 2-(3,4-Dihydroxyphenyl)ethylamine 

hydrochloride (dopamine), and hydrochloric acid (37% purity) were acquired from Sigma-Aldrich. 

Deionized (DI) water with a resistivity of 18.2 MΩ.cm was produced by Direct-Q water 

purification system (Millipore Sigma). All chemicals were used as received without further 

purification. 

4.2.2   Substrate Treatment 

All glass substrates were first cleaned with solvents following the order of hot soapy water, 

acetone, and Isopropanol, then rinsed with DI water and dried by clean compressed air. The 

cleaned substrates were further treated with plasma for 5 min (PDC-001- HP–115 V from Harrick 

Plasma) to ensure that the substrates are thoroughly cleaned. The cleaned substrates were 

chemically treated with dopamine to enhance the TCL pinning of the jetted droplets by the 

following procedure: the cleaned glass slides were vertically immersed in a freshly prepared 

dopamine aqueous solution (5 mg/mL) with pH buffer of 8.5 (1.2 mg/mL tris) to initiate the 

oxidative self-polymerization reaction; after 24 h reaction, the substrates were rinsed with ethanol 

and DI water successively to remove the physically unattached dopamine particles and dried at 40 

℃ for 10 min using a vacuum oven (89508–426, 600W from VWR). 
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4.2.3   Ink Preparation 

The as-received suspensions of polystyrene particles were ultra-sonicated for 5 min to ensure a 

homogeneous suspension of the nanoparticles. Then, the suspensions were diluted by ethanol to 

obtain the inks for wetting droplets with a particle concentration of 10 mg/mL. The suspension 

was ultra-sonicated for another 5 min before printing. The solvent for supporting droplets is DI 

water, where its pH value was adjusted either by adding HCL or NaOH with known concentrations. 

4.2.4   Dual-Droplet Inkjet Printing Process 

The inkjet printing platform (Jetlab 4, MicroFab) consists of four printing stations, two of which 

were used in this study. Supporting droplets and wetting droplets were jetted from two 

piezoelectric nozzles with different orifice sizes of 30 mm (MJ-ATP-01-30-8MX, MicroFab) and 

80 mm (MJ-ATP-01-80-8MX, MicroFab), driven by a waveform generator (Jetdriver III, 

MicroFab). In brief, a supporting droplet was generated by jetting multiple bursts of DI water with 

a total volume of ~110 nL on the substrate at a jetting frequency of 500 Hz. Then, wetting droplets 

containing PS nanoparticles were jetted to the center of the supporting droplet using the 80 mm 

nozzle at a frequency of 1 Hz. This ensures a complete impact and spreading of the wetting droplet 

before subsequent droplets. In this work, we have used a jetting speed of ~1.3 m/s and a droplet 

volume of ~ 550 pL (diameter ~100 mm) for the wetting droplets. 

4.2.5   Morphology Characterization 

An ultra-high-resolution scanning electron microscope (HITACHI SU-70 FE-SEM) with 5 kV and 

15 mm scanning distance was used for morphology characterization of the printed patterns. To 

minimize charging effect of the PS nanoparticles, the samples were coated with platinum using a 

platinum sputter (Denton Vacuum Desk V) for 60 s. 
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4.2.6   Surface Profilometry 

Height profiles of the nanoparticle deposits were characterized using a stylus profilometer (Dektak 

150, Veeco) with a stylus diameter of 12.5 mm. The measurements were recorded using a stylus 

force of 2 mg, scanning resolution of 0.1 mm, and scanning length of 2 mm. 

4.2.7   Zeta Potential Characterization of Colloidal Nanoparticles and Dopamine-Coated 

Substrates 

The PS particles were dispersed in water with different pH values, which were adjusted either by 

adding HCL or NaOH with known concentrations. Zeta potential measurements were conducted 

using Malvern zetasizer (ZS). The pH value of the suspensions was measured by a benchtop pH 

meter (sensION + MM374, HACH, USA) with accuracy of ± 0.1 pH. The zeta potential of the 

dopamine-coated glass slide was determined by an electrokinetic analyzer (SurPASS 3, Anton 

Paar, USA). Streaming current measurements were performed in asymmetric mode using a 

clamping cell. 1 mM KCL solution was used as the measuring electrolyte where 0.05 M of HCL 

and 0.05 M of NaOH were utilized to adjust the pH range accordingly. Three repetitions of zeta 

potential measurements were performed at each pH value for each tested sample. 

 

4.3   Results and Discussion 

4.3.1   Self-Assembly of Nanoparticles at Different pH Values 

Very recently, we have successfully demonstrated a nearly monolayer, closely-packed deposition 

of colloidal nanoparticles through a dual-droplet inkjet printing process. Nanoparticle-laden 

wetting droplets were jetted over a supporting droplet, which was firstly deposited. Regulating 

surface tensions, droplet speeds, and droplet volumes resulted in effective particle spreading over 

the interface of the supporting droplet. The dynamics of wetting droplet impacting the supporting 
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droplet, spreading of nanoparticles, and drying of solvents were discussed in detail in our earlier 

report.107 In this study, we conducted a systematic investigation of particle-particle, particle-

interface, and particle-substrate interactions initiated by the pH change of the supporting droplet 

in the dual-droplet inkjet printing. The supporting droplet was generated by multiple bursts of 

inkjet droplets that is equivalent to ~110 nL of water. One and three wetting droplets with a single 

droplet volume of ~550 pL were deposited onto the supporting droplet by a secondary printhead. 

In all the experiments, the modified Weber number (𝑊𝑒′) is controlled below 0.42 to ensure the 

spreading of the wetting droplet on the surface of the supporting droplet.105,107 Figure 4.1 illustrates 

the complex multibody interactions, presented by the negatively charged PS particles accompanied 

with pH variation in the supporting droplet. Upon the wetting droplet impact on the supporting 

droplet, the PS particles spread on the interface of the supporting droplet. Consequently, the 

Figure 4.1: Schematic of the dual-droplet inkjet printing, where different interparticle and particle-substrate 

interactions are initiated at the interface and in the bulk of the supporting droplet. As the solvent evaporates, different 

deposition patterns are obtained depending on the type of the nanoparticles utilized and the pH value of the supporting 

droplet. 
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particles experience various types of interactions such as particle-interface and particle-particle 

interactions, where the capillary forces compete with the particle electrostatic interactions and the 

particles’ water affinity at the interface to facilitate the skin formation of PS particles. The self-

assembly process is strongly influenced by the protonation and deprotonation of the supporting 

droplet, which, in turn, controls the surface charge magnitude of the particles at the interface. 

In this study, carboxyl- and sulfate-functionalized PS nanoparticles were selected because the 

former is sensitive to the pH change due to protonation and deprotonation of the carboxyl group 

while the latter is not. The protonation and deprotonation of the carboxyl group follows the 

reversible reaction equation, 𝑅 − 𝐶𝑂𝑂𝐻𝑎𝑞𝑢𝑒𝑜𝑢𝑠  ⟺ 𝑅 − 𝐶𝑂𝑂𝑎𝑞𝑢𝑒𝑜𝑢𝑠
−  + 𝐻𝑎𝑞𝑢𝑒𝑜𝑢𝑠

+ . For pH 7, the 

reaction to the right and the reverse reaction to the left reach an equilibrium with a certain 

concentration of 𝑅 − 𝐶𝑂𝑂− in the system. When the solution is more acidic (pH < 7), more 𝐻+ 

protons present in the system, pushing the reverse reaction to the left, leading to a suppressed 𝑅 −

𝐶𝑂𝑂− formation. Both the prominence of 𝐻+ protons and suppression of 𝑅 − 𝐶𝑂𝑂− formation 

contribute to the significant decrease in the zeta potential (absolute value) in acidic environments. 

For pH > 7, the opposite trend, i.e., less protons and promotion of 𝑅 − 𝐶𝑂𝑂− formation, is 

obtained, leading to an increase in the zeta potentials (absolute value) of the carboxyl-PS particles. 

On the other hand, the sulfate group (𝑅 − 𝑆𝑂4
−) is not affected by the concentration of 𝐻+ in the 

system. At various pH conditions, the zeta potential of the sulfate-PS particles changes as a result 

of changing proton concentrations. Zeta potential measurements of suspensions with carboxyl- and 

sulfate-functionalized PS nanoparticles also support this analysis. As shown in Figure 4.2, the zeta 

potential of carboxyl- and sulfate-PS nanoparticles show similar trends, where the net negative 

charges of the particles decrease with the decrease in pH value, and vice versa. However, carboxyl-

PS nanoparticles experience drastic changes compared to the sulfate-PS particles, due to the 
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abovementioned protonation and deprotonation processes. None of the colloidal suspensions 

reaches the isoelectric point (IEP) even when the pH value is dropped to 1.5. This observation is 

consistent with the results reported elsewhere.131 

In this study, the printing conditions were tuned so that the wetting droplets would not impinge 

into and mix with the supporting droplets. The wetting droplets carrying the colloidal nanoparticles 

successfully spread over the interface of supporting droplets, as a result of an instantaneous 

Marangoni flow due to the surface tension gradient, emanated from the initial mixing of solvents 

upon the impact. Both carboxyl and sulfate functional groups have strong affinity to water, and 

the functionalized PS nanoparticles would diffuse and mix into the supporting droplet if no other 

forces prevent them from this process. Upon the wetting droplet spreading, capillary forces arise 

to compete against the interparticle electrostatic repulsion forces at the interface to push these 

nanoparticles to bridge and eventually agglomerate together forming various sizes of monolayer 

networks. Compared to individual spherical nanoparticles, these monolayer ‘‘islands” are trapped 

Figure 4.2: The measured zeta potentials of carboxyl- and sulfate-PS particles in water and surface zeta potential of 

the dopamine-coated glass slide with respect to different pH values. The standard deviations for the colloidal particles 

and the dopamine-coated substrates are ~1 mV and ~3 mV, respectively. 
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at the interface in an energetically favorable state due to the interfacial deformation caused by the 

fractal shape of the agglomerates.84 Therefore, the nanoparticles at the interface may experience 

two different and competing movements: (i) particle diffusion and mixing into the supporting 

droplet, and (ii) particle assembly to ‘‘islands” of monolayer networks at the interface, which are 

determined by the capillary interactions of particle-particle and particle-interface, particle-particle 

electrostatic interactions, and particles’ affinity to water.89 When the pH value of the supporting 

droplet changes, the particle-particle electrostatic force varies (Figure 4.2), which correspondingly 

affects the assembly process at the interface and final deposition on the substrate. Depending on 

the type of PS particles and the pH value utilized, various assembly structures of nanoparticle 

deposits were obtained from a nearly monolayer with well-ordered structures to relatively uniform 

but less-ordered deposits, and to depositions with ring-like morphologies. More details are 

presented in the following sections. It is worth pointing out that for sulfate-PS nanoparticles at pH 

7, besides the monolayer deposition in most of the deposits, a ring of nanoparticles was observed 

at the edge of the deposits, which is attributed to the nanoparticles at the interface interacting with 

the dopamine-coated substrate. When the pH changes from an acidic to a basic environment, as 

shown in Figure 4.2, the zeta potential of the dopamine-coated substrate also varies from positive 

to negative, with an isoelectric point at pH 6.2. As a result of the particle-substrate interaction, the 

pH value of the supporting droplet strongly affects the morphology of the final deposits.  

4.3.2   Effect of pH on Deposit Morphology of Carboxyl-PS Nanoparticles 

To elucidate the mutual effect of the multibody interactions experienced by carboxyl-PS particles 

during the assembly, pH values of the supporting droplets were systematically controlled. As 
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illustrated in Figure 4.1, the carboxyl-PS particles assemble differently according to the pH value 

utilized. For pH conditions of < 4, ~ 4–7, and > 7, nearly monolayer depositions without ring 

formation, non-uniform deposition with ring formation, and exclusive ring formation are obtained, 

respectively. The morphology of depositions composed of carboxyl-PS particles at various pH 

values are presented in Figure 4.3 for one wetting droplet. The self-assembly mechanism and 

multibody interactions are illustrated in Figure 4.4a and elaborated in detail as follows. The 

assembly of the carboxyl-PS particles was first examined with a supporting droplet of pH 7. It is 

worth noting that when the self-assembled ‘‘islands” at the interface deposit onto the substrate, 

structural colors are generated due to the well-ordered periodic structures among the nearly 

monolayer nanoparticle assembly. On the other hand, lack of the structural colors indicates no 

ordered assembly present in the deposits. As shown in Figure 4.3, at pH 7, the nanoparticle 

Figure 4.3: Deposit patterns obtained from jetting one wetting droplet with carboxyl-PS particles on supporting 

droplets with different pH values. The scale bar is 100 µm. 
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deposition exhibits no structural color. We deduce that most of the spreading nanoparticles 

diffused into the bulk of the supporting droplet due to their strong hydrophilicity and strong 

particle-particle electrostatic repulsion forces (with a zeta potential of - 47.8 mV), which inhibited 

the network formation at the interface. Some of the particles inside the supporting droplet were 

carried by the evaporation-induced flow to the edge of the sessile droplet while the rest were 

deposited inside the footprint due to particle-substrate interactions. Even though the dopamine-

coated substrate shows the isoelectric point near pH of 6–7, it is hypothesized that the adsorbed 

zwitterionic dopamine has the ability to catch nanoparticles in the bulk of the supporting droplet 

by DLVO interactions.110 The final deposition (Figure 4.3 and Figure 4.5) exhibits a non-uniform 

irregular morphology, contributed mostly by the particles diffused into the bulk of the supporting 

droplet.  

Figure 4.4: Illustration of the multibody interactions at different pH values for (a) carboxyl-PS particles, and (b) 

sulfate-PS particles. The positive and negative signs represent ions available in the supporting droplet at various pH 

values. 
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When the supporting droplet gets more acidic (e.g. pH 5), the surface charge on the carboxyl-PS 

slightly decreases with a zeta potential of -45.9 mV. Upon the wetting droplet spreading on the 

supporting droplet, a small fraction of the nanoparticles survived and remained at the interface 

during the evaporation due to the slightly decreased interparticle electrostatic repulsion force. As 

shown in Figure 4.3, agglomerate islands (bluish color) are observed on top of the final deposits, 

which are attributed to the self-assembled floating ‘‘islands” of nanoparticles at the interface. A 

darker brown color of the deposition indicates that the nanoparticles inside the supporting droplet 

were captured by the dopamine-coated substrate, due to the particle–substrate attractive force, 

noticing that the dopamine-coated substrate has a positive zeta potential at pH 5 (14.4 mV). 

When the pH value of the supporting droplets further decreases, e.g. pH 4, the protonation reaction 

of the carboxyl group is further suppressed, resulting in a large decrease in zeta potential (-20.9 

mV). Such a condition facilitates more nanoparticles to be self-assembled and trapped at the 

interface. Nonetheless, a large number of nanoparticles diffused and mixed into the bulk of the 

supporting droplet. As shown in Figure 4.4a, these nanoparticles experience strong particle-

substrate electrostatic interactions (attractive force) that assists in trapping some of the particles in 

the middle of the deposit while the rest of the particles are carried to the TCL by the evaporation-

Figure 4.5: Deposit pattern evolution obtained from jetting one wetting droplet (WD) and 3WDs with carboxyl-PS 

particles on the supporting droplets with different pH values. More particles tend to diffuse into the supporting droplet 

as the pH value increases. The scale bar is 100 μm. 
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induced capillary flow. As a result, the final deposition obtained at pH 4 is composed of self-

assembled particles at the interface of the supporting droplet, which is indicated by the bluish 

color, and the particles diffused in the bulk during solvent evaporation that presents the brown 

color as shown in Figure 4.3. This behavior is more pronounced at a higher particle loading such 

as jetting three wetting droplets (Figure 4.5). A drastic change in the nanoparticle assembly is 

observed when the pH value decreases to 3 with a zeta potential of -7.2 mV. Due to the 

significantly decreased electrostatic repulsion among the nanoparticles, they tend to form 

agglomerates at the interface. On one hand, the agglomerates prevent the nanoparticles from 

diffusing and mixing into the supporting droplet as described earlier, where the majority of the 

particles were trapped at the interface during the evaporation. On the other hand, the agglomerates 

were formed in a 3D configuration instead of a monolayer network. No structural colors are 

exhibited in the deposition due to the lack of regular and periodic arrangement among the 

nanoparticle assembly. When the pH of the supporting droplet is further reduced to 1.5, the 

carboxyl-PS particles exhibit the lowest surface charge (-1.43 mV) that results in minimal particle-

particle electrostatic repulsions. In this case, the interparticle capillary forces (and possibly van der 

Waals forces) were strong enough to dominate the self-assembly process of nanoparticles at the 

interface. Interestingly, in this strong acidic environment, the nanoparticles may experience 

‘‘melting and bridging” to form a nearly monolayer film of joined nanoparticle branches, as shown 

in Figure 4.6. No such melting behavior is perceived at pH values equal to or higher than 3. 

Although the supporting droplets and the substrate are strongly positively charged at this low pH 

value, their influences are not significant since all the particles prefer to stay at the interface (Figure 

4.4a) because of the weak interparticle repulsion interactions. 
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Compared to the condition of pH 7, zeta potential of the carboxyl-PS particles slightly increases 

when the supporting droplet becomes basic with pH values higher than 7. Interactions among the 

charged particles at the interface, both negatively charged particles and dopamine-coated substrate 

result in similar yet still distinct deposit morphologies as shown in Figure 4.3. For conditions of 

pH 7 and pH 10, due to the minimal difference in zeta potentials of the nanoparticles (~ 0.5 mV), 

we hypothesize that the particles behave in a similar fashion at the interface, i.e., most of the 

particles diffuse and mix into the supporting droplet and only a very small population of particles 

could be present at the interface. Nonetheless, the particles diffusion into the bulk of the supporting 

droplet exhibited a different behavior. Notice the zeta potential of the substrate increases to (-27.5 

mV) in the basic environment. In this case, in addition to the evaporation-induced flow, which 

carried those particles to the TCL of the supporting droplet, they also experienced stronger particle-

substrate repulsion forces that eased the particle migration to the TCL. Figure 4.4a illustrates the 

multibody electrostatic interactions at pH > 7. Although all the mechanisms pushed the particles 

to migrate to the edge of the supporting droplet, some of them could be observed in the middle of 

the deposits after the drying process. This could be attributed to: (i) zwitterionic dopamine 

polymer, adsorbed on the substrate surface, attracts to some negatively charged PS particles, and 

(ii) we hypothesize that some PS particle might be trapped by the substrate surface roughness 

during their migration path to the edge of the supporting droplet. Surprisingly, no particles were 

deposited in the middle of the footprint when pH 11.5 was utilized (Figure 4.6). In this case, the 

substrate, the supporting droplet, and the PS particles were all highly negatively charged. This 

exemplifies a scenario that upon the particles spreading on the interface, they fail to assemble into 

agglomerates or networks at the interface due to strong interparticle repulsion interactions; instead, 

they diffuse and mix into the supporting droplets due to their strong hydrophilicity. Furthermore, 
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all these particles transport to the edge of the supporting droplet by the action of the evaporative-

induced capillary flow. Due to the strong particle-substrate repulsion interactions, all these 

particles could not deposit onto the substrate until they reached the TCL of the supporting droplet, 

producing the conventional ‘‘coffee-ring” effect. 

4.3.3   Effect of pH on Deposit Morphology of Sulfate-PS Nanoparticles 

To assess the effect of pH on the sulfate-PS particle assembly, the pH of the supporting droplet 

was systematically adjusted from 1.5 to 11.5. Figure 4.1 and Figure 4.4b illustrate the effect of pH 

on deposits produced by sulfate-PS particles and multibody interactions involved in this assembly 

process. Sulfate functional groups are the most hydrophilic in nature due to their acidity. However, 

Figure 4.6: SEM images of deposits with carboxyl-PS particles at various pH values. The scale bar in the optical 

images is 100 μm. 
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the sulfate-PS particles in this study have only about ~ 1/12th functional groups per particle of 

those on the carboxyl-PS particles (Table 3.1). Fewer functional groups and lower zeta potentials 

lead to weaker interparticle repulsion interactions and less affinity to water, which facilitate the 

skin formation at the interface and correspondingly reduce the number of nanoparticles diffusing 

into the supporting droplet. Yet, fewer functional groups on the particle and less surface charge 

density are also responsible for more particle agglomerations as compared to the carboxyl-PS 

particles (Figure 4.7). The sulfate-PS particles gave strikingly different outcomes from the 

carboxyl counterparts when utilizing various pH values in the supporting droplet. Such 

Figure 4.7: SEM images of deposits with sulfate-PS particles at various pH values. The scale bar in the optical images 

is 100 μm. 
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nanoparticles are less prone to the pH change, where the fully covered, nearly monolayer 

deposition is always the case (Figure 4.8).  

At pH 11.5, the sulfate-PS particles have a zeta potential of -46.1 mV, which is comparable to that 

of carboxyl-PS particles at the pH 4. However, the sulfate-PS particle’s affinity to water is much 

weaker than its counterpart due to the fewer sulfate functional groups on the PS particles. As a 

result, even at this most basic condition and with the strongest interparticle repulsive interactions, 

the sulfate-PS particles successfully self-assemble into nearly monolayer networks at the interface 

and deposit the well-ordered assembly onto the substrate upon solvent evaporation. The bluish 

structural color exhibited in Figure 4.8 indicates the high quality and orderliness of the particle 

assembly, which stems from the periodic optical cavities in depositions produced at different acidic 

and basic environments. The optical images in Figure 4.8 and the SEM images in Figure 4.7 

Figure 4.8: Deposit patterns obtained from jetting one wetting droplet with sulfate-PS particles on the supporting 

droplets with different pH values. The scale bar is 100 µm. 
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support the hypothesis that in all the pH conditions, the sulfate- PS particles self-assemble into 

monolayer networks at the interface, maintaining the well-ordered assembly structure until final 

deposition, despite the change in zeta potentials. 

Differences, however, do exist in the deposition morphology of the sulfate-PS particles at various 

pH conditions. At pH 1.5, akin to the carboxyl-PS particles, the sulfate-PS particles ‘‘melt” and 

join each other at the interface, forming a solid skin of nanoparticles, during the drying process. 

This behavior is observed at pH 1.5 even though the sulfate functional groups are not pH sensitive. 

Further increase in pH value (e.g., pH 4 and 5 with zeta potentials -38 mV) has led to higher 

interparticle repulsion interactions by which the close packing of the nanoparticles is slightly 

affected as shown in Figure 4.7. However, the capillary force at the interface of the supporting 

droplet dominated the other forces. The dopamine-coated substrate at such pH levels is highly, 

positively charged that attracts the excess amount of the floating particles at the interface 

contributing to the ring formation (Figure 4.4b).  

The ring-like pattern can be clearly seen at a larger particle loading, e.g. three wetting droplets, as 

shown in Figure 4.9. It should be noted that the ring formed of sulfate-PS particles originates from 

particles trapped at the interface of the supporting droplet. While the ring composed of carboxyl-

Figure 4.9: Deposit pattern evolution obtained from jetting one WD and 3WDs with sulfate-PS particles on the 

supporting droplets with different pH values. Sulfate-PS particles are more robust toward pH change, where the nearly 

monolayer of PS particles is always present. The scale bar is 100 μm. 
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PS particles, especially at pH > 3, is a combination of particles diffusing in the bulk and particles 

at the interface of the supporting droplet. 

When the pH of the supporting droplet increases to 6 or 7, the zeta potential of the nanoparticles 

does not change much (-38 mV), while the dopamine-coated substrate exhibits an isoelectric point 

at pH 6.2. As described in the previous section, the positively charge amine groups could capture 

the negatively charged PS particles even though the overall charge on the dopamine-coated 

substrate is neutral. This provides an explanation to the ring formed at this particular pH value. A 

repulsion force arises between the particles and the substrate at pH > 7, where the substrate, the 

supporting droplet, and the nanoparticles are all negatively charged.  

This repulsion force reduces the amount of the nanoparticles deposited at the ring by forcing them 

back to the surface of the supporting droplet (more details are provided in Section 4.3.4). Further 

increasing the pH to 11.5 has boosted the particle-substrate repulsive interactions (Figure 4.4b), 

where the surface charges become highly negative. The basic solution not only significantly 

reduced the amount of the particles deposited at the ring, but also enhanced the formation of 

highly-ordered, closely-packed monolayers of nanoparticle assembly by squeezing the 

nanoparticles back to the interface. Consequently, the blue color contrast is the brightest at pH 

11.5. The SEM images of the deposits are presented in Figure 4.7. 

Finally, because the sulfate-PS particles are more robust against the pH change, where most of the 

particles remain trapped at the interface of the supporting droplet, buckling and folding of the 

formed skins have been observed at higher particle loadings (e.g. three wetting droplets). A similar 

observation of the film buckling phenomenon at high particle loadings have been reported by 

Boley et al.90 
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4.3.4   Discussion 

In this dual-droplet printing process, the final structure of the particle assembly depends on the 

particle’s affinity to water (type of functional groups and density), the charge level of the PS 

particles (zeta potential), and the pH of the supporting droplet. For sulfate-PS particles, much fewer 

functional groups per particle make the particles less hydrophilic. Even when the zeta potential 

increases to -46.1 mV and the sulfate-PS particles experience strong electrostatic repulsion, they 

still self-assemble into monolayer networks at the interface. On the other hand, carboxyl-PS 

particles are much more hydrophilic due to the large number of functional groups on the particle 

surface. Self-assembly of carboxyl-PS particles is only obtained for zeta potential of -7.2 mV or 

lower, corresponding to pH of 3 or less. As the zeta potential increases (along with the increase in 

pH), less carboxyl-PS particles can self-assemble and maintain at the interface. When the zeta 

potential increases to -51.1 mV (at pH 11.5), no particles survive at the interface during the 

evaporation; and instead, all the particles diffuse and mix into the supporting droplet. 

When the sulfate-PS particles are trapped at the interface during the evaporation, they maintain the 

well-ordered assembly structure and deposit onto the substrate upon drying. However, very small 

amount of particles still get captured by the dopamine surface at the contact lines of the supporting 

droplet, especially for conditions of pH 4–10. Dopamine surface has a positive zeta potential for 

pH < 6. This means that the negatively charged PS particles at the interface can be attracted to the 

TCL and deposited at the edge due to electrostatic interactions. Furthermore, dopamine is a 

zwitterionic polymer, which is capable of attracting some negatively charged PS particles at the 

interface, even when its zeta potential is negative (for pH of 7–10). As a result of this deposition, 

a ring forms at the edges of the supporting droplet (Figures 4.9 and 4.10). In addition, the particles 

diffusion and mixing into the supporting droplet also contribute to the ring formation, particularly 
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for carboxyl-PS particles (Figures 4.5 and 4.10). Those particles follow the evaporation-induced 

capillary flow inside the supporting droplet and move towards the TCL. During their journey, some 

particles may get captured and randomly deposit on the dopamine-coated substrate due to the 

aforementioned electrostatic interactions, zwitterionic nature of the dopamine surface, and/or 

roughness of the dopamine surface. The rest of the particles deposit near the edges of the 

supporting droplet. When the zeta potential of the dopamine surface increases to -28.5 mV for pH 

> 10, the negatively charged particles could not deposit onto the dopamine surface due to strong 

electrostatic repulsion. Therefore, for the extreme case of carboxyl-PS particles at pH 11.5, all the 

Figure 4.10: SEM images showing the deposit edges at different pH values; (a) deposition of one WD of carboxyl-

PS particles at pH 1.5, (b) deposition of one WD of sulfate-PS particles at pH 1.5, (c) deposition of one WD of 

carboxyl-PS particles at pH 11.5, and (d) deposition of one WD of sulfate-PS particles at pH 7. 
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particles diffused into the supporting droplet are repelled by the substrate and accumulated near 

the edges of the supporting droplet, producing the conventional coffee ring. 

Figure 4.11a illustrates the height profile of the carboxyl-PS particle deposits measured by the 

profilometer. At low pH values (e.g. pH 1.5 and pH 3), the floating particles at the interface of the 

supporting droplet have low charges that eased the network formation by the action of capillary 

forces. The particles were held firmly in their network, where a negligible amount of particles 

deposited onto the dopamine surface at the TCL regardless the favorable attractive electrostatic 

force between the particles and the dopamine-coated substrate. Therefore, the rings at the low pH 

values have negligible thicknesses. The ring is measured to be ~ 1 µm in height at pH 4. When the 

pH further increases, the rings become thicker and wider, reaching ~ 2 µm in height for pH 10. 

This growth is contributed by the particles from both the interface and the bulk of the supporting 

droplet. However, for pH 11.5, the ring turned into a narrow and tall peak (3.3 mm in height) since 

all the particles exclusively deposited near the edges and no particles in the middle of the deposit 

due to the strong repulsion from the dopamine coated substrate. 

On the other hand, the sulfate-PS particles are less susceptible to pH change, where the interface 

of the supporting droplet is always covered with the self-assembled nanoparticles. Figure 4.11b 

presents the height profile of deposits with sulfate-PS nanoparticles. Since the sulfate-PS particles 

successfully self-assemble at the interface with negligible particles mixing into the supporting 

droplet, the formed ring with the sulfate-PS particles is mostly from the particles at the interface. 

Similar to the carboxyl nanoparticles, low pH values (e.g. pH 1.5 and pH 3) give monolayers of 

sulfate-PS particles and no accumulation of particles at the contact lines. An increase in particle 

loading (i.e. three wetting droplets) did not produce a ring (Figure 4.9). Instead, we have observed 
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that jetting more wetting droplets creates a hole in the self-assembled film and induces vortices 

close to the interface of the supporting droplet. Analogous observation of such eddies has been 

Figure 4.11: Height profiles near the deposit edges obtained from dual-droplet printing of (a) carboxyl-PS particles, 

and (b) sulfate-PS particles at different pH values. The red dash lines represent the ring region while the inset shows 

the z-height of each individual peak with its corresponding pH value. (For interpretation of the references to color in 

this figure legend, the reader is referred to the web version of this article. 
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reported by Parsa et al. in an effort to study the effect of substrate temperature on pattern 

formation.11 However, the ring started to develop at pH 4 due to the increase in the attractive 

electrostatic interactions between the particles at the interface and the dopamine-coated substrate 

at the TCL. The rings are very similar among the deposits in pH values between 4 and 7 with the 

highest peak of ~ 1.6 µm. The situation significantly changed at pH 11.5. The substrate became 

highly negatively charged that pushed the nanoparticles near the TCL back to the interface of the 

supporting droplet, resulting in a monolayer assembly with a higher degree of closely-packed 

deposition. Consequently, the amount of nanoparticles present at the ring of the deposit 

significantly reduced, which is contrary to rings obtained at the same pH level with carboxyl-PS 

particles. Both Figure 4.11a and 4.11b show some peaks (~ 0.5 µm) in the middle of the deposits 

that correspond to PS particles (particularly the sulfate-PS particles) and dopamine agglomerates. 

 

4.4   Conclusion 

In this work, we have demonstrated controlling deposition morphology in the dual-droplet inkjet 

printing by pH-modulation along with the associated electrostatic interactions of nanoparticles. It 

is worth emphasizing that majority of the prior research efforts on colloidal particle depositions 

from droplets are based on homogeneous particle-laden sessile droplets, ranging from tens of 

microns to millimeter size in diameter. Various approaches have been employed to alter the 

evaporation-induced flow field, particle-particle, and particle-substrate interactions, resulting in 

different deposition morphology of the colloidal particles, e.g. dome-shape depositions,101 line 

patterns,132 spider web and radial spoke structures,133 relatively uniform depositions with 

suppressed coffee-ring formation,11,12,15,35–38 etc. However, depositions with nearly a monolayer 

of self-assembled colloidal particles have rarely been obtained. Recent efforts have been made to 
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push the colloidal particles to the droplet interface during the solvent evaporation, leading to some 

well-ordered depositions.90,91,95 

Different from these depositions from particle-laden sessile droplets, interfacial self-assembly is 

the driving mechanism in the deposition formation during the dual-droplet printing. The colloidal 

particles are spread on the air-water interface of the supporting droplet when the wetting droplet 

impacts onto the supporting droplet. The self-assembly of the particles occurs at the interface, and 

in favorable conditions the particle entities remain at the interface during solvent evaporation, till 

finally deposit onto the substrate. pH modulation of the supporting droplet affects the interfacial 

self-assembly through the multibody interactions among the nanoparticles, and the particle-

interface and particle-substrate interactions. The final structure of the particle assembly is 

determined by the particle affinity to water (type of functional groups and density), charge level 

of the PS particles (zeta potential), and the pH of the supporting droplet. 

The carboxyl-PS particles have higher affinity to water and is more prone to pH change. At pH 

values as low as 3, the particles tend to self-assemble at the interface of the supporting droplet, 

where the interparticle interactions are minimal due to the low surface charge. However, they 

diffuse and mix into the supporting droplet as the pH increases. For extreme pH values (i.e. pH 10 

and pH 11.5), most of the particles at the interface diffuse into the supporting droplet, where they 

get entrained by the evaporation-induced capillary flow to the TCL, producing the conventional 

CRE. The sulfate-PS particles, on the other hand, is marginally affected by the pH change. Its low 

surface charge density facilitates the self-assembly of the nanoparticles at the interface of the 

supporting droplet regardless of the pH value utilized. Contrary to the carboxyl-PS particles, the 

sulfate-PS particles, even at extreme basic and acidic environments, successfully self-assemble 
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into nearly monolayer networks at the interface and deposit the well-ordered assembly onto the 

substrate upon solvent evaporation. 

Finally, reducing the pH value of the supporting droplet to 3 or less produces self-assembled 

networks regardless the type of nanoparticles employed, where no ring formation is observed. 

Future works include investigating the interfacial self-assembly of anisotropic colloidal 

nanoparticles in the dual-droplet inkjet printing process; and employing functional materials (e.g. 

noble metals) to fabricate low-cost, high-performance functional devices, e.g. surface enhanced 

Raman scattering (SERS) substrates. Incorporating the scalable dual-droplet inkjet printing 

technique with the ability to control the assembly structures of the deposits can become a 

promising approach to printing functional optical and electronic devices. 
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CHAPTER 5    Probing the Colloidal Particle Dynamics in Drying Sessile Droplets 

5.1   Introduction 

Accumulation and assembly of colloidal particles at edges of evaporative particle-laden droplets 

have been intensively studied in the past few decades.9,56 During the solvent evaporation course, 

the colloidal particles are forced to transport to the TCL region by virtue of the evaporation-

induced flow, especially when no natural convection or Marangoni flow is present.40,58 Depending 

on many factors, presented in detail in the previous chapters, the transported colloidal particles 

might deposit near the edge of the sessile droplet, producing the ubiquitous CRE.33 

In an effort to investigate the behavior of binary particles near the periphery of sessile droplets, 

Monteux and Lequeux examined the building of colloidal deposition generated at the edge of 

evaporative sessile droplet with respect to time.65 When bidisperse mixtures of colloidal particles 

were utilized, particle separation phenomenon in vicinity of the TCL region have been identified, 

where smaller particles always tended to penetrate further into the leading edge of the droplet as 

opposed to bigger particles. Recently, Marín et al. studied the segregation of charged particles with 

different densities during solvent evaporation. Changing substrate wettability and particle charge-

mass ratios in low ionic strength solutions influenced the segregation of binary colloidal 

suspensions.64 The highly negatively charged particles were observed to transport and deposit in 

vicinity of the TCL at a faster pace than those with less particle charge density. Additionally, the 

author identified the strong dependence of particle depositions on receding contact angle of the 

substrate, which is directly correlated to the so-called “wedge effect”. Such particle arrangement 

phenomenon near the TCL has been demonstrated as a feasible solution for sorting out biological 

entities in sessile droplets (e.g., proteins, micro-organisms, and mammalian cells).63 
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In this study, we have investigated the particle pinning in vicinity of the TCL, formed in 

conventional sessile droplets, and demonstrated an alternative mechanism of particle pinning, 

initiated by the air-liquid interface, through implementing the dual-droplet inkjet printing. 

Confocal microscopy was utilized to directly image the particle transport and pinning. 

Furthermore, the differences between the two pinning mechanisms were investigated by 

introducing colloidal particles into both the wetting droplet and the supporting droplet during the 

dual-droplet printing. Depending on particle size and concentration, different particle depositions 

have been obtained in vicinity of the TCL, such as a ring of particles mainly from the air-liquid 

interface, blended ring, and stratified ring of particles dispersed in the bulk and particles floating 

at the interface of the supporting droplet. 

Three characteristic times, 𝑡𝑒𝑣𝑝, 𝑡𝑝𝑠, and 𝑡𝑝𝑤, which represent the total time for solvent 

evaporation, time required for colloidal particles in vicinity of the TCL in the bulk of the 

supporting droplet to reach and form the first layers at the TCL, and time needed for particles at 

the interface to reach the TCL, respectively, were calculated and compared to determine the final 

particle deposition. The characteristic time ratio (𝑡𝑝𝑠/𝑡𝑒𝑣𝑝) resembles whether the particles in the 

bulk of the supporting droplet have an adequate amount of time to reach the TCL before solvent 

evaporation completes. On the other hand, the characteristic time ratio (𝑡𝑝𝑠/𝑡𝑝𝑤) determines the 

competition between particles pinning in the bulk of the supporting droplet and particles at the 

interface during solvent evaporation. The ability of controlling such particle deposition and 

assembly could have a direct implication in developing facile, cost-effective technologies essential 

for patterning heterogeneous structured devices and coatings. 
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5.2   Materials and Methods 

5.2.1 Materials. Polyethylene terephthalate (PET) films (MELINEX ST505) with 125 μm 

thickness were supplied by TEKRA, a division of EIS, Inc. Sulfate latex beads (8% w/v, 300 nm), 

carboxyl latex beads (4% w/v, 20 nm, 100 nm, 500 nm, and 1 μm), sulfate latex beads (2% solid, 

200 nm) with yellow-green fluorescent dye, carboxyl latex beads (2% solid, 20 nm) with a Nile 

red fluorescent dye, and fluorescein F1300 dye were purchased from Thermo Fisher Scientific. 

KOPTEC ethanol (99.5% purity) was acquired from VWR. Deionized (DI) water with a resistivity 

of 18.2 MΩ.cm was produced by Direct-Q water purification system (Millipore Sigma). All 

chemicals were used as-received without further purification.  

5.2.2 Confocal Microscopy Characterization. In order to monitor the particle pinning and 

deposition at the TCL, confocal laser scanning microscopy (Zeiss, LSM 710) was implemented in 

this study. A 60× oil lens with a numerical aperture of 1.4 was employed with a working distance 

of 0.19 mm and a scanning area of 140 µm × 140 µm. The LSM has a lateral resolution of 

approximately 174 nm (or 184 nm) and a vertical resolution of 498 nm (or 524 nm) based on the 

488 nm (or 514 nm) argon laser utilized to excite the fluorescent dyes. Glass slides were used as 

transparent substrates required for the confocal microscopy. Briefly, a coverslip glass slide with 

170 µm thickness was rinsed with DI water and dried by nitrogen before use. The measured 

apparent water contact angle on the cover slip is ~ 60° ± 2°.  

In case of scanning the supporting droplet without colloidal particles, a 110 µL droplet of DI water 

with 0.1 mg/mL concentration of fluorescein F-1300 was dispensed on the cover slip and scanned 

using the 488 nm argon laser to capture the interface of the supporting droplet. In order to capture 

the nanoparticles at the air-liquid interface, 5 µL suspension containing 200 nm sulfate-PS particles 

(10 mg/mL particle concentration in ethanol) with yellow-green fluorescent dye was carefully 
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dispensed onto the supporting droplet (contains DI water only) using a micro-dispenser. The 514 

nm laser was utilized to image the nanoparticles at the interface. The interval between the scanned 

slices was 200 nm in case of imaging the supporting droplet and the nanoparticle assembly at the 

air-liquid interface. To avoid the crosstalk between the fluorescent dyes of nanoparticles in the 

bulk and at the interface of the supporting droplet, a 110 µL droplet of DI water with 0.5 mg/mL 

concentration of 20 nm carboxyl-PS particles labelled with Nile red was tested separately. The 

latter was scanned with the 514 nm laser and a 20 nm step size to capture the particle migration 

from the bulk of the supporting droplet to the TCL.  

5.2.3   Ink Preparation. The as-received suspensions of polystyrene particles were ultra-sonicated 

for 5 min to ensure a homogeneous suspension of the nanoparticles. Then, two kinds of inks were 

prepared to perform the dual-droplet inkjet printing. The as-received carboxyl-PS particles (4% 

w/v, 20 nm, 100 nm, 500 nm, and 1 μm) were diluted with DI water to obtain colloidal suspensions 

with particle concentrations of 0.2 mg/mL and 0.5 mg/mL that were utilized as inks for the 

supporting droplet. The printing ink for the wetting droplet was prepared by diluting the sulfate-

PS particles (8% w/v, 300 nm) with ethanol to obtain colloidal suspension with a particle 

concentration of 10 mg/mL that was jetted over the supporting droplet. Each suspension was ultra-

sonicated for another 5 min before printing. 

5.2.4   Dual-Droplet Inkjet Printing Process. The inkjet printing platform (Jetlab 4, MicroFab) 

consists of four printing stations, two of which were used in this study. Supporting droplets and 

wetting droplets were jetted from two piezoelectric nozzles with orifice diameters of 80 µm (MJ-

ATP-01-80-8MX, MicroFab), driven by a waveform generator (Jetdriver III, MicroFab). Briefly, 

a supporting droplet was generated by jetting multiple bursts of colloidal suspensions of DI water 

with different sizes of carboxyl-PS particles (a total volume ~110 nL) on the substrate at a jetting 
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frequency of 500 Hz. Then, wetting droplets containing sulfate-PS nanoparticles were jetted to the 

center of the supporting droplet using the second 80 µm nozzle at a frequency of 1 Hz. In this 

work, we have used a jetting speed of ~ 1.3 m/s and a droplet volume of ~ 550 pL (diameter ~ 102 

µm) for the wetting droplets. This is to ensure spreading of the wetting droplet over the interface 

of the supporting droplet upon impact. PET films (MELINEX ST505) were used as substrates for 

the dual-droplet inkjet printing. The apparent water contact angle on a clean PET substrate is ~ 70° 

± 2° and the receding angle is ~ 44° ± 2°. 

5.2.5  Morphology Characterization. An ultra-high-resolution scanning electron microscope 

(HITACHI SU-70 FE-SEM) with 5 kV and 15 mm scanning distance was used for morphology 

characterization of the printed patterns. To minimize charging effect of the PS nanoparticles, the 

samples were coated with platinum using a platinum sputter (Denton Vacuum Desk V) for 120 s. 

5.2.6   Analytical Analysis. In this study, an analytical analysis based on the Hu-Larson model is 

considered to comprehend the driving mechanism behind the particle deposition and assembly and 

to predict the characteristic times for particle pinning at the TCL region in the dual-droplet printing 

process. The characteristic time for two adjacent particles in vicinity of TCL to meet each other 

has been proposed and experimentally verified to describe the coffee ring formation.16 The 

comparison of the characteristic time for particle pinning to the total evaporation time determines 

the coffee ring formation.16,100,134 We have implemented this approach in the dual-droplet printing 

configuration, to evaluate and compare the particle pinning from the interface of the supporting 

droplet, the particle pinning from the supporting droplet, and the total evaporation time.  

In the present model, the following assumptions are made: (i) in the bulk of the supporting droplet, 

the particles are homogeneously dispersed; (ii) the interface of the supporting droplet is uniformly 

covered with nanoparticles as a result of spreading the wetting droplets over the former one; (iii) 
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the air-liquid interface of the supporting droplet is assumed to be a spherical cap and the 

gravitational effect is neglected since the Bond number is 𝐵𝑜 =
𝜌𝑔𝑑0

2

𝜎
< 0.002, where 𝜌 is the 

density of water (note, the ethanol over the interface of the supporting droplet is not considered 

since its volume fraction is less than 5% of the entire volume of the supporting droplet even when 

nine wetting droplets are jetted), 𝑔 is the gravitational acceleration, 𝑑0 is the inflight diameter of 

the jetted droplets, and 𝜎 is the surface tension; (iv) solvent evaporation across the interface of the 

supporting droplet is assumed to be diffusion-limited and the air-liquid interface is considered to 

be in phase equilibrium; (v) particle motion in the bulk and at the interface of the supporting droplet 

are governed by the diffusion and evaporation induced-flow approximated at the initial particle 

concentration.  

The time required for the solvent of the supporting droplet to totally evaporate, with a TCL close 

to 90° (in this study, 𝜃 = 70°), can be approximated by the following equation,135  

 (5.1) 

where 𝑓(𝜃) = 2 − 3 cos(𝜃) + 𝑐𝑜𝑠3(𝜃)
6𝑠𝑖𝑛3(𝜃)

⁄ , 𝑅𝑑𝑒𝑝𝑜 is the radius of supporting droplet 

deposition, 𝐷 is the diffusivity of solvent vapor in air, 𝑅𝐻 is the relative humidity, and 𝑐𝑣 is the 

saturated vapor concentration. 

With the assumption that the colloidal nanoparticles in the bulk of the supporting droplet are 

homogeneously dispersed, the mean distance 𝐿𝑚 between two colloidal particles are estimated by 

eq. 5.2,16 

𝐿𝑚,𝐵 = (
𝑉0

𝑁𝑠
⁄ )1/3                                                       (5.2) 

𝑡𝑒𝑣𝑝 = 𝑓(𝜃)
𝜌𝑅𝑑𝑒𝑝𝑜

2

𝐷(1 − 𝑅𝐻)𝑐𝑣
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where 𝑉0 is the initial volume of the supporting droplet, 𝑁𝑠 is the total number of particles in the 

bulk of the supporting droplet, and the subscript B refers to the bulk of the supporting droplet. On 

the other hand, the mean distance between two colloidal nanoparticles at the interface of the 

supporting droplet is estimated by eq. 5.3, 

𝐿𝑚,𝐼 = (
𝑆𝑐𝑎𝑝

𝑁𝑤
⁄ )1/2                                                     (5.3) 

where 𝑆𝑐𝑎𝑝 stands for the spherical cap surface area of the supporting droplet, 𝑁𝑤 is the number 

of particles in the wetting droplet (therefore at the interface), and the subscript I refers to the 

interface of the supporting droplet. Bearing this in mind, the diffusion time scale of particles in the 

bulk and at the interface of the supporting droplet could be evaluated by the Einstein diffusion 

equation 𝑡𝑑𝑖𝑓𝑓 =
𝐿𝑚

2

2𝐷𝑝
⁄ .136 𝐷𝑝 is the diffusion constant of spherical particles in a liquid flow 

with low Reynolds numbers, 𝐷𝑝 =  𝑘𝐵𝑇 6𝜋𝜂𝑅𝑝⁄ , where 𝑘𝐵 is the Boltzmann constant, T is the 

absolute temperature, 𝜂 is the dynamic viscosity of the fluid, and 𝑅𝑝 is the radius of the colloidal 

particle. Accordingly, the mean diffusion velocity of colloidal particles in the bulk and at the 

interface of the supporting droplet can be calculated by eq. 5.4,134  

𝑢𝑑𝑖𝑓𝑓 =
𝑘𝐵𝑇

3𝜋𝜂𝐿𝑚𝑅𝑝
⁄                                                      (5.4) 

Solvent evaporation across the interface of the supporting droplet is a non-uniform process.33,34 

This, in turn, induces a lateral evaporative flow that entrains the colloidal particles to the TCL 

region. The initial radial velocity of the induced capillary flow present in the evaporating 

supporting droplet can be expressed by eq. 5.5 derived in the Hu-Larson model.137 

(5.5) 𝑢𝑟 =
𝑅𝑑𝑒𝑝𝑜

𝑡𝑒𝑣𝑝
{

3

8
 
1

ř
[(1 − ř2) − (1 − ř2)−𝜆(𝜃)] (

𝑧2

ℎ2
− 2

𝑧

ℎ
)

+
řℎ0ℎ

𝑅𝑑𝑒𝑝𝑜
2 [𝐽𝜆(𝜃)(1 − ř2)−𝜆(𝜃)−1 + 1] (

𝑧

ℎ
−

3

2

𝑧2

ℎ2)}  
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where ř is a dimensional radius, 𝑧(r) and ℎ(r) are the local height in the bulk and the local 

maximum height at the interface of the supporting droplet, respectively, 𝜆(𝜃) is a parameter 

indicates the uniformity of evaporation across the surface of sessile droplets, which could be 

evaluated by 𝜆(𝜃) =  1
2⁄ − 𝜃

𝜋⁄ ,  and 𝐽 is the evaporation flux at ř =0,137 

𝐽 = (
𝑡𝑒𝑣𝑝

𝜌ℎ0
⁄ ) (

𝐷𝑐𝑣(1 − 𝑅𝐻)
𝑅𝑑𝑒𝑝𝑜

⁄ ) 

(0.27𝜃2 + 1.3)[0.6381 − 0.2239(𝜃 − 𝜋
4⁄ )2].          (5.6) 

Particle depositions obtained in the dual-droplet inkjet printing is composed of particles in the bulk 

and particles at the interface of the supporting droplet, where both the particle motion and solvent 

evaporation come into play. Particle size and concentration utilized in the system have a significant 

impact on the particle velocity 𝑢𝑝, which consists of the diffusion velocity and advection velocity, 

driven by the evaporation-induced flow. In this study, radial velocity is considered as the advection 

velocity since the particle pinning involves radial movement of the particles toward the TCL. The 

particle velocity is expressed as, 𝑢𝑝 =  𝑢𝑑𝑖𝑓𝑓 + 𝑢𝑟, assuming the particles follow the evaporation-

induced flow perfectly.   

The radial velocity in eq. 5.5 is evaluated at distance ř near the TCL of the supporting droplet 

where ř = 1 −
(𝐿𝑚,𝐵 + 𝐿𝑝,𝐵)

𝑅𝑑𝑒𝑝𝑜
⁄  and at vertical height of ~10% of particle diameter lifted from 

the substrate surface.16 Herein, 𝐿𝑝,𝐵 is defined as a finite distance between the initial pinning 

position of the TCL and the first layer of the outer ring deposition,16 

𝐿𝑝,𝐵 =
𝑅𝑝

tan (𝜃
2⁄ )

⁄                                                                 (5.7) 
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In this model, the characteristic time for the particle in the bulk of the supporting droplet to reach 

and form the first layers of particles at the TCL region can be evaluated by 𝑡𝑝𝑠 =  
𝐿𝑚,𝐵

𝑢𝑝,𝐵
⁄ . 

Likewise, the radial velocity for the particles at the interface is evaluated at 

ř = 1 −
(𝐿𝑚,𝐼 + 𝐿𝑝,𝐼) cos 𝜃

𝑅𝑑𝑒𝑝𝑜
⁄ , where 𝐿𝑝,𝐼 =

𝑅𝑝
sin 𝜃

⁄ . The schematics of particles in the TCL 

region in the bulk of the supporting droplet and at the interface of the supporting droplet are shown 

in Figure 5.1. For simplicity, the advection velocity along the interface is taken as the radial 

velocity multiplied by 1 cos 𝜃⁄ . The characteristic time for the particles at the interface to travel 

toward the substrate and form the first layers of particles at the TCL can be expressed by 𝑡𝑝𝑤 =

 
𝐿𝑚,𝐼

𝑢𝑝,𝐼
⁄ , where the mean distance between two particles in this case is approximated by eq. 5.3. 

The competition among the characteristic times (i.e., 𝑡𝑒𝑣𝑝, 𝑡𝑝𝑠, and 𝑡𝑝𝑤) determine the morphology 

of particle deposition in vicinity of the TCL, produced at the completion of solvent evaporation.  

Lm,B
Lp,B

RP

/2
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h

a b

Figure 5.1: Schematics of the particles at the contact line (a) in the bulk of the supporting droplet; (b) at the interface 

of the supporting droplet. 
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5.3   Results and Discussion 

5.3.1    Particle Pinning and Assembly in Conventional and Dual-Droplet Inkjet Printing 

Solvent contact line pinning of evaporative sessile droplets is an intricate process, which is usually 

determined by the substrate wetting property through introducing surface roughness13,14 or 

chemical heterogeneities.63,79,138 Nevertheless, the initial pinning on substrates could be enhanced 

by introducing suspended particles to anchor the TCL.33 Particle pinning at the TCL is a critical 

prerequisite condition for the well-known coffee-ring formation, where the colloidal particles 

migrate to the TCL region during solvent evaporation. In order to compare the mechanism of 

particle pinning at the TCL from particles spread on the interface to that of conventional direct-

printing of particle-laden droplets, we first printed colloidal suspensions of carboxyl-PS particles 

dispersed in DI water on a PET substrate to determine at which condition the particle pinning is 

achieved. It is worth noting that the water receding angle on the PET substrate is ~ 44° ± 2°, which 

is different from the typical requirement of pinned contact lines for the “coffee-ring” formation. 

This high receding angle also implies that the “wedge effect”, i.e., formation of particle depletion 

zones near the TCL, is insignificant for various sizes of PS particles.64 

Carboxyl-PS particle-laden droplets of ~110 nL were jetted on the PET substrates. Figure 5.2 

shows the particle assembly with respect to different carboxyl-PS particle sizes and concentrations 

in sessile droplets directly printed on PET substrates. Smaller particles such as 20 nm and 100 nm 

tend to consistently migrate with the evaporation-induced flow, where they deposit and form the 

outmost layers of particle deposition at TCL. However, the contact lines obtained from printing 

colloidal suspensions of 20 nm PS particles with 0.2 mg/mL and 3 mg/mL particle concentrations 
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depin, followed by a secondary TCL pinning at a later stage of solvent drying. In conventional 

inkjet printing of sessile droplets, the particle pinning/depinning behaviors at the TCL are 

governed by forces exerted on colloidal particles in the evaporating sessile droplet such as drag 

force,34 van der Waals force,36,139 electrostatic force,75 and capillary force.96 In early stages of 

solvent evaporation when the contact lines are initially pinned, the drag force initiated by the 

outward motion of the evaporation-induced flow is dominant. In this case, the particles are forced 

to migrate to the rim of the sessile droplet. However, at later stages of solvent drying, capillary 

forces become dominant, prompting the particles to depin along with the receding contact lines.140 

Capillary forces tend to sweep the particles back toward the center of the supporting droplet while 

van der Waals and electrostatic attraction between the particles and the substrate tend to lock the 

particles at the TCL region.141 If the particle concertation is low, as shown in Figure 5.2a and 5.2b, 
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Figure 5.2: Conventional inkjet printing of particle-laden droplets on the PET substrates with different particle 

concentrations. (a) 20 nm carboxyl-PS particles, (b) 100 nm carboxyl-PS particles, and (c) 1 µm carboxyl-PS particles. 

The scale bar is 100 µm. 
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the capillary force dominates the particle-substrate interactions, leading to particle depinning 

phenomenon of the initial TCL. However, a secondary pinning line forms, where the particles 

successfully pin along with the new TCL, leading to a coffee-ring formation. This occurs whenever 

the swept particles along with particles migrating from the bulk of the sessile droplet toward the 

TCL have sufficient particle-substrate interactions to cause the secondary contact line pinning. It 

should be mentioned that the PET substrate has some surface defects by which the motion of the 

receded contact lines is somewhat affected.  

In contrast, the particles pin at the original TCL when printing colloidal suspension with a higher 

particle concentration (e.g., 5 mg/mL) using the same particle size. Under this condition, contact 

line receding is excluded, and the contact lines remain pinned till the solvent is completely 

evaporated. Increasing particle loading means more particles are carried to the TCL. This, in turn, 

increases the particle-substrate van der Waals and electrostatic interactions at the TCL region 

resulting in contact line pinning.140 In addition, the evaporation-induced convective flow transports 

almost all the nanoparticles to the edge of the sessile droplet, producing a thick ring with several 

cracks. Crack development is attributed to the strong capillary stresses generated at later stages of 

solvent evaporation process.142 This observation of crack formation is consistent with the results 

reported elsewhere.78  

Similarly, jetting sessile droplets with 100 nm carboxyl-PS particles gave similar results as the 20 

nm particles with regards to the particle pinning at the secondary TCL. Yet, the contact lines of 

the printed deposits depin even though the particle concentration is increased to 5 mg/mL. The 

increase in particle size decreases the crack density obtained in the formed rings. Nevertheless, all 

the 100 nm and 20 nm PS particles experience the coffee-ring formation in their deposits, through 

either initial particle pinning (20 nm with 5 mg/mL particle concentration) or secondary particle 
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pinning (all other cases). Further increase in particle size (e.g., 1 µm PS particles) generated 

different outcomes. The biggest difference is the failure of the secondary pinning at the later stages 

of solvent evaporation. Low particle concentration (i.e., 0.2 mg/mL) yields irregular patterns due 

to the low number of particles, which, in turn, results in weak particle-substrate interactions. At 3 

mg/mL particle concentration, the depinning/pinning behaviors are observed, while at higher 

particle concentration (i.e., 5 mg/mL) the particles pinning at the initial TCL is sustained. For both 

cases, however, as the evaporation process proceeds, the solvent depins from the initially formed 

or the secondary contact lines, sweeping most of the colloidal particles toward the center of the 

deposit. Unlike smaller particles (i.e., 20 nm and 100 nm carboxyl-PS particles), most of the 1 µm 

PS particles do not get sufficient time to transport to the edge of the droplet before the TCL recedes. 

Instead, they are swept by the depinned receding TCL and lumped in the middle of the deposit. In 

other words, for very dilute colloidal suspensions of the 1 µm particles, the number of particles is 

insufficient to pin the solvent contact line. As a result, no coffee-ring formation occurs for the 1 

µm PS particles. Figure 5.3a and 5.3b illustrate the particle assembly in conventional particle-

laden droplets with a moderate receding contact angle. Very recently, we have successfully 

demonstrated a nearly monolayer, closely-packed deposition of colloidal nanoparticles through a 

dual-droplet inkjet printing process. Nanoparticle-laden wetting droplets were jetted over a 

supporting droplet, which was firstly deposited. Regulating surface tensions, droplet speeds, and 

droplet volumes resulted in effective particle spreading over the interface of the supporting droplet. 

The dynamics of wetting droplet impacting the supporting droplet, spreading of nanoparticles, and 

solvent evaporation were discussed in detail in our earlier report.107 Different from the 

conventional direct inkjet printing process, the dual-droplet inkjet printing offers an alternative 

concept for particle pinning at the TCL. Figure 5.3 demonstrates the difference in contact line 
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pinning mechanism between the dual-droplet inkjet printing and conventional inkjet printing 

processes. Upon the initial impact of the wetting droplet on the interface of the supporting droplet, 

the sulfate-PS nanoparticles spread at the air-liquid interface under the influence of Marangoni 

flow, established by ethanol/water surface tension gradient. Consequently, the colloidal PS 

nanoparticles agglomerate and self-assemble at the interface, driven by capillary forces (i.e., 

particle-particle interactions), to likely form monolayer networks of nanoparticles.107,143 These 

particle networks remain arrested at the air-liquid interface of the supporting droplet in an 

energetically favorable state due to the interfacial deformation, caused by the fractal shape of the 

floating particle networks.86 As the floating particles along the air-liquid interface reach the 

substrate, van der Waals and electrostatic interactions between the particles and the substrate 

become the driving forces for pinning the particles at the TCL region. Thus, the particle coverage 
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Figure 5.3: Schematics of conventional inkjet printing and dual-droplet inkjet printing of particle-laden droplets. (a) 

Conventional inkjet printing of sessile droplet with low particle loading that depicts the depinning/pinning behaviors 

of the contact line. (b) Conventional inkjet printing of particle laden-droplets with high particle loading. The particles 

migrate and concentrate at the contact line by virtue of the evaporation-induced flow, causing the contact line pinning. 

(c) Dual-droplet printing process, where the contact lines remain pinned during solvent evaporation. The middle of 

the deposit is composed of nearly closely-packed monolayer of nanoparticles. 
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at the air-liquid interface affects the particle pinning at the TCL, which influences the deposition 

structure through the interfacial self-assembly. Figure 5.4 shows the particle deposits, produced 

by jetting wetting droplets with the 300 nm sulfate-PS particles on supporting droplets of water. 

Partial pinning occurs when insufficient particles present at the interface, where the self-assembled 

“islands” deposit preferably to a region with perfect solvent pinning at the TCL. Nearly full 

coverage at the interface may cause either holey deposition of the particles and good particle 

pinning at the TCL, or locally depinned deposition at the TCL and closely-packed structure within 

the deposition. A full coverage with a slight surplus of the floating particles at the interface 

facilitates the particle pinning at the TCL.  

As illustrated in Figure 5.3c, the particles transport toward the substrate along the air-liquid 

interface of the supporting droplet, causing the particle pinning at the TCL as a result of particle-

substrate interactions. This particle pinning mechanism from air-liquid interface is insensitive to 

the receding contact angle unlike the conventional contact line pinning of sessile droplets. Such 

pinning process is highly dependent on particle concentration and particle size based on the 

premise that the particles successfully self-assemble into floating networks at the interface.  

1 WD 3 WDs 8 WDs 9 WDs

100 µm 100 µm100 µm100 µm

Figure 5.4: Optical images of particle depositions of the dual-droplet printing various numbers of wetting droplets 

(WDs): (a) one WD, (b) three WDs, (c) eight WDs, and (d) nine WDs. 300 nm sulfate-PS particles were used in the 

wetting droplet(s), and no particles were in the bulk of the supporting droplet. The scale bar is 100 µm. 
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At high enough particle concentration (e.g., seven wetting droplets, with individual droplet size of 

~ 550 pL, which corresponds to a particle concentration of 2.98 × 106 particle/mm2), the particle 

pinning at the TCL was achieved. However, this particle number density is not sufficient to cover 

the entire interface of the supporting droplet. For this reason, higher particle number density (i.e., 

nine wetting droplets that corresponds to particle concentration of 3.83 × 106 particle/mm2) is 

needed to pin the particles at the TCL and give a complete coverage of nanoparticles at the 

interface. In this case, once the sulfate-PS particles reach the TCL, the capillary force initiated by 

solvent evaporation and the impeding receding TCL could not fold the nearly monolayer of the 

particles assembled at the air-liquid interface. Thus, the TCL remains pinned during the 

evaporation process. On the other hand, depinning of the TCL is observed when less than seven 

wetting droplets were used (Figure 5.4). This could be attributed to the insufficient amount of 

nanoparticles reached the TCL, which, in turn, results in weak particle-substrate interactions. 

Based on this observation, nine wetting droplets is used in the following binary particle deposition, 

which corresponds to 3.83 × 106 particle/mm2. It is worth pointing out that the ring formed at the 

TCL is a result of the evaporation-induced flow at the interface and particle-substrate interactions 

in the contact line region (e.g., electrostatic and van der Waal interactions). Especially during last 

stages of solvent evaporation, the particles at the interface may experience “rush hour” effect.144 

This ring formation can be mitigated or suppressed by adjusting the pH of the supporting droplet 

and the particle-substrate interactions.143 In other words, the particle pinning at the contact line 

still occurs even without the ring structure in this dual-droplet configuration. 

5.3.2   Confocal Imaging of Particle Pinning at the Contact Line 

Direct imaging of particle pinning at the TCL from the particles at the interface of the supporting 

droplet and those in the bulk of the supporting droplet were obtained, using three-dimensional (3D) 
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confocal microscopy. Figure 5.5a presents a confocal image of a 110 µL water droplet with 0.1 

mg/mL concentration of fluorescein F-1300 on a coverslip glass slide. This is meant to represent 

the supporting droplet and the air-liquid interface with no particles in the bulk or floating at the 

interface of the supporting droplet. Careful dispensing of sulfate-PS particles (5 µL) on the 

interface of the supporting droplet (water only) resulted in spreading of nanoparticles at the air-

liquid interface. Figure 5.5b and Figure 5.5c are side view and three-dimensionally stacked images 

of the same supporting droplet that clearly confirm the film formation of nanoparticles at the 

interface of the supporting droplet. Figure 5.5d, on the other hand, shows the 20 nm carboxyl-PS 

nanoparticles circulating in the bulk of the supporting droplet, where the particles transport and 

concentrate at the TCL region empowered by the evaporation-induced flow. To avoid the crosstalk 
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Figure 5.5: Confocal microscope images of (a) a supporting droplet of DI water on a coverslip glass slide with no 

particles in the bulk and at the air-liquid interface, (b) and (c) 200 nm sulfate-PS particles self-assembled at the 

interface of the supporting droplet and particle pinning at the contact line, (d) 20 nm carboxyl-PS particle transporting 

to the contact line of the supporting droplet. 
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between the fluorescent dyes of nanoparticles, imaging the 20 nm carboxyl-PS particles in the bulk 

and the 200 nm sulfate-PS particles on the interface of the supporting droplet were carried out 

separately. It should be mentioned that the images shown in Figure 5.5b and Figure 5.5c were 

taken right after dispensing the colloidal particles on the surface of the supporting droplet. The 

particles at the interface get pinned at the contact lines of the supporting droplet quickly after the 

wetting droplet spreading. However, for the colloidal particles in the supporting droplet only 

(Figure 5.5d), the 3D image was taken at ~ 30 min after dispensing the droplet, which is selected 

in order to demonstrate a clear particle pinning and coffee-ring formation at the TCL of the 

supporting droplet. The 3D image represents the average particle motion captured within ~ 15 min 

scanning interval elapsed between the first and last scanned slice (30 µm z-height distance). 

However, this is not a concern for particles assembled at the interface of supporting droplet since 

the particle networks are very robust at the interface till the final stages of solvent evaporation.  

5.3.3   Binary Particle Deposition in Dual-Droplet Printing 

In this study, we investigate the particle pinning and accumulation near the contact lines by 

introducing nanoparticles into both the wetting droplet and the supporting droplet through dual-

droplet printing. The supporting droplet was generated by multiple bursts of inkjet droplets that 

was equivalent to ~110 nL of DI water with carboxyl-PS particles. Nine wetting droplets with 

sulfate-PS particles (single droplet volume of ~550 pL) were deposited on the supporting droplet 

by a secondary printhead. The modified Weber number (𝑊𝑒′) was controlled below 0.42 to ensure 

the spreading of the wetting droplet over the surface of the supporting one.105,107 Our main 

objective is to examine the particle arrangement in the TCL region, initiated by the self-assembled 

particles from the air-liquid interface and its competition against particles transported from the 

bulk of the supporting droplet to the TCL.  
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Figure 5.6 illustrates the different particle deposition obtained in dual-droplet inkjet printing with 

respect to different particle sizes in the supporting droplet. Smaller particles (i.e., the 20 nm 

carboxyl-PS particles) in the bulk of the supporting droplet tend to exclusively transport and 

deposit to construct the outermost ring of the supporting droplet, while particles coming from the 

interface (i.e., the 300 nm sulfate-PS particles) of the supporting droplet tend to concentrate in the 

inner region surrounded by the 20 nm particles, forming a stratified ring deposition (Figure 5.6a).  

Utilizing bigger particle size in the supporting droplet (i.e., 100 nm carboxyl-PS particles) results 

in a similar behavior, where the particles transport to the TCL region. However, the 100 nm 

carboxyl-PS particles mix with the 300 nm sulfate-PS particles at the contact line region forming 

a blended ring structure (Figure 5.6b). Contrary to the 20 nm and 100 nm PS particles, not all the 
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Figure 5.6: Schematic of dual-droplet inkjet printing that demonstrates the monolayer formation of nanoparticles at 

the interface (300 nm sulfate-PS) and different particle assembly obtained near the three-phase contact line depending 

on the particle size in the supporting droplet, (a) 20 nm carboxyl-PS particles forming stratified ring structure, (b) 100 

nm carboxyl-PS particles resulting in blended ring structure, and (c) 1 µm carboxyl-PS particles leading to scattered 

particle deposition among the particle assembly from the interface. 
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bigger particles in the bulk of the supporting droplet (i.e., 1 µm carboxyl-PS particles) transport to 

the TCL region by the evaporation-induced flow. Instead, the 1 µm carboxyl-PS particles are 

scattered throughout the deposition footprint (Figure 5.6c). In this case, the ring in such deposits 

is mainly composed of particles coming from the interface decorated with a few 1 µm carboxyl-

PS particles coming from the bulk (more information is provided in the following section).  

Figure 5.7 presents optical images of particle depositions generated via dual-droplet inkjet printing 

process with different carboxyl-PS particle sizes and concentrations in the bulk of the supporting 

droplet. The red color shown in the middle of each particle deposition indicates the monolayer 

formation of nanoparticles obtained by jetting nine wetting droplets over the supporting droplet. 

Figure 5.8 and Figure 5.9 demonstrate the particle assembly obtained at the TCL region using 

different carboxyl-PS particle sizes and concentrations in the bulk of the supporting droplet.  

The ring width is influenced by the higher concentration of carboxyl-PS particles in the supporting 

droplet (Figure 5.7 and Figure 5.9). Specifically, the ring becomes wider for the 20 nm particles, 
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Figure 5.7: Optical images of the particle depositions generated by dual-droplet printing of nine wetting droplets with 

300 nm sulfate-PS particles and different sizes and concentrations of carboxyl-PS particles in the supporting droplet. 

(a) 20 nm carboxyl-PS particles, (b) 100 nm carboxyl-PS particles, and (c) 1 µm carboxyl-PS particles. The scale bar 

is 100 µm. 



www.manaraa.com

127 

 

which is attributed to the increased number of particles in the TCL region. The 1 µm particles are 

covered by monolayer assembly of particles from the interface during solvent evaporation, which 

likely “fall off” those 1 µm particles due to capillary forces, generated by their neighboring 

particles. This pushes more 300 nm sulfate-PS particles to the TCL region, especially for high 

concentration of carboxyl-PS particles.   

5.3.4   Discussion 

In order to get a better understanding of binary particles arrangement in the TCL region produced 

by dual-droplet inkjet printing, the Hu-Larson model was implemented in this study. Particle 

velocity, a combination of advection and diffusion velocities, is calculated near the TCL of the 

supporting droplet at the specified ř and vertical locations. Figure 5.10 shows the advection and 

diffusion velocities, calculated by eq. 5.4 and eq. 5.5 respectively, for the particles in the bulk and 
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Figure 5.8: SEM images of the particle deposits shown in Figure 5.7, demonstrating the versatile particle assembly 

obtained in vicinity of the contact line region. (a) Stratified ring (20 nm carboxyl-PS particles), (b) blended ring (100 

nm carboxyl-PS particles), and (c) ring of 300 nm sulfate-PS particles decorated with a few 1 µm carboxyl-PS 

particles. Carboxyl-PS nanoparticles of 0.2 mg/mL were used in the supporting droplet. 



www.manaraa.com

128 

 

at the interface of the supporting droplet approximated at the initial contact angle. The advection 

velocities calculated at various vertical locations are provided elsewhere.145 On the other hand, the 

advection velocity of particles spread on the interface of the supporting droplet (i.e., sulfate-PS 

particles) was evaluated at the air-liquid interface only.  

The experimental findings suggest that smaller particles transport at a faster pace to the TCL. This 

observation is verified by the calculated advection and diffusion particle velocities as shown in 

Figure 5.10. For smaller particles (i.e., 20 nm and 100 nm particles), diffusion velocity dominates 

over the advection velocity. As the particle concentration further increases, both the diffusion and 

the advection velocities increase. According to eq. 5.4, the increase in diffusion velocity is 

attributed to the incremental decrease in the mean distance between two colloidal particles with 

respect to higher particle concentration. The advection velocity is comparable for the various 
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Figure 5.9: SEM images of the binary particle depositions shown in Figure 5.7, demonstrating the versatile particle 

configuration obtained in vicinity of the contact line region. (a) Stratified ring (20 nm carboxyl-PS particles/300 nm 

sulfate-PS particles), (b) blended ring (100 nm carboxyl-PS particles/300 nm sulfate-PS particles), and (c) ring of 300 

nm sulfate-PS particles decorated with a few 1 µm carboxyl-PS particles. Particle concentration in the supporting 

droplet was 0.5 mg/mL. 
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particle sizes used in this work. The calculated advection velocity is the velocity of the 

evaporation-induced flow. For different particle sizes, the evaporation-induced flow is the same, 

but the advection velocities are calculated at different locations. On the other hands, the diffusion 

velocity decreases up to three orders of magnitude for larger particles, e.g., from a few hundred 

micron per second for 20 nm particles to a fraction of a micron per second for 1 µm particles. By 

comparing the advection and diffusion velocities of colloidal particles, it is evident that the 20 nm 

carboxyl-PS particles have the highest particle velocity among their counterparts, which renders 

the particle pinning outside the 300 nm particle assembly. 

In order to generalize the findings and construct the phase diagram of particle deposition especially 

in the TCL region, we further calculated the characteristic time for particle pinning from the bulk 
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Figure 5.10: (a)-(c) Calculated advection and diffusion velocities of the 20 nm, 100 nm, and 1 µm carboxyl-PS 

particles in the bulk of the supporting droplet, respectively. The dashed lines represent 0.2 mg/mL and 0.5 mg/mL 

particle concentrations used in the experimental study. (d) Calculated advection and diffusion velocities of the 300 

nm sulfate-PS particles at the interface of the supporting droplet. The dashed lines represent the range of particle 

concentrations obtained from jetting one to nine wetting droplets. 
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of the supporting droplet (𝑡𝑝𝑠), characteristic time for the particles at the interface to reach the 

contact line (𝑡𝑝𝑤), and total time for solvent evaporation (𝑡𝑒𝑣𝑝) for various particle sizes and 

particle concentrations. Figure 5.11 manifests the competition among the solvent evaporation, 

particle pinning from the bulk, and particle pinning from the interface of the supporting droplet. 

Specifically, characteristic time ratio 𝑡𝑝𝑠/𝑡𝑒𝑣𝑝, determines if the particles from the bulk of the 

supporting droplet can reach the TCL before solvent evaporation completes. However, the 

characteristic time ratio 𝑡𝑝𝑠/𝑡𝑝𝑤 evaluates the competition between particle pinning from the bulk 

and at the interface of the supporting droplet. When the characteristic time ratio 𝑡𝑝𝑠/𝑡𝑒𝑣𝑝 > 1, this 

implies that solvent evaporation is relatively faster than the time required for the particles to reach 

the TCL, resulting in suppression of the ring formation of colloidal particles at the edge of the 

supporting droplet. Yet,  𝑡𝑝𝑠/𝑡𝑒𝑣𝑝 << 1 indicates that the colloidal particles reach the TCL before 

the completion of the solvent evaporation, facilitating the ring formation of particles from the bulk 

Figure 5.11: Phase diagram of the deposition morphology showing its dependence on the particle size and 

concentration in the supporting droplet. Diamond dots indicate the experimental data. Different dot colors correspond 

to different ring structures. 
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of the supporting droplet. In addition, for 𝑡𝑝𝑠/𝑡𝑝𝑤 < 1, the colloidal particles in the supporting 

droplet reach and deposit near the TCL faster than those at the interface of the supporting droplet, 

forming stratified ring structure. On the other hand, 𝑡𝑝𝑠/𝑡𝑝𝑤 >> 1 describes the fast arrival and 

pinning of the interface floating particles to the TCL than those dispersed in the bulk of the 

supporting droplet, producing either the mixed ring structure or a ring that is mainly composed of 

particles from the interface with scattered particles from the bulk of the supporting droplet. It is 

worth pointing out that 𝑡𝑝𝑤/𝑡𝑒𝑣𝑝 is much smaller than one (3.32 × 10-4) in the current dual-droplet 

configuration, indicating that the particles at the interface reach and pin at the TCL much faster 

than the solvent evaporation. 

In case of using the 20 nm carboxyl-PS particles in the bulk and 300 nm sulfate-PS particles at the 

air-liquid interface, the characteristic time ratios 𝑡𝑝𝑠/𝑡𝑒𝑣𝑝 ≪ 1 and 𝑡𝑝𝑠/𝑡𝑝𝑤 ≪ 1 are obtained for 

the 0.2 mg/mL and 0.5 mg/mL particle concentration. This indicates that the 20 nm PS particles 

reach and deposit near the contact lines faster than the 300 nm PS particles, producing particle 

deposition with stratified ring structure. All the 20 nm PS particles have been observed to migrate 

to the TCL region, leaving a monolayer of the 300 nm PS particles in the middle of the deposit 

(Figure 5.8a and 5.9a). This is different from the shrunk ring structure shown in Figure 5.2a under 

the same particle concentration. One possible explanation is that some 300 nm PS particles pin at 

the contact lines, effectively anchor the solvent contact line and prevent sweeping the 20 nm 

particles back to the center, which facilitated the pinning of the 20 nm particles (Figure 5.12). 

During the last stage of solvent evaporation, some 300 nm PS particles get accumulated at the 

contact lines and delaminated from the first ring of the 20 nm PS particles, forming the stratified 

ring structures. It is worth pointing out that when the 300 nm particles pin at the TCL, the 20 nm 
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particles might still infiltrate through the 300 nm particles through the interstices, forming a 

stratified ring structure. Figure 5.13 shows the stratified ring structure obtained when 20 nm 

particles with solid concentration of 0.001 mg/mL are used in the supporting droplet. Therefore, a 

dashed line is added to the diagram as an infiltration threshold (46.4 nm), which corresponds to 

the maximum particle size fitting into the interstices of closely-packed 300 nm particles. 

Underneath the dashed line, particle infiltration may occur leading to stratified ring structures. 

When 𝑡𝑝𝑠/𝑡𝑝𝑤 ≪ 1, for small particles, the stratified ring formation could be attributed to both the 

fast particle pinning and the particle infiltration.  

Changing the particle size in the bulk of the supporting droplet to 100 nm along with the 300 nm 

sulfate-PS particles at the interface have led to a different scenario. In this case, for particle  
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Figure 5.12: (a) Further illustration of the formation of stratified ring structure; (b) SEM image showing that the 20 

nm PS particles can pass the 300 nm PS particles and deposit closer to the leading edge of the supporting droplet. The 

local concave shape of the particle pinning line has kept the 20 nm particles from completely going under the 300 nm 

PS particles. (c) SEM image of the stratified ring structure. 
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concentration of 0.2 mg/mL and 0.5 mg/mL, the characteristic time ratios become 𝑡𝑝𝑠/𝑡𝑒𝑣𝑝 ≪ 1 

and 𝑡𝑝𝑠/𝑡𝑝𝑤 ~ 3-6, which corresponds to the blended ring structure. Figure 5.8b and Figure 5.9b 

show the particle deposition of 100 nm carboxyl-PS particles in the bulk and 300 nm sulfate-PS 

particles at the interface of the supporting droplet, respectively. In a similar fashion, the majority 

of the 100 nm PS particles are transported to the TCL region; however, the ring produced is a blend 

of particles from the bulk and particles at the air-liquid interface. In order to validate the analytical 

model, higher concentrations of 100 nm particles, i.e., 1, 3 and 5 mg/mL were tested as shown in 

Figure 5.11. The stratified ring structure in the cases of 3 mg/mL and 5 mg/mL become more 

obvious, while the deposition of 1 mg/mL shows the transition from blended ring structure to 

stratified ring structure. The results are presented elsewhere.145 

The characteristic time ratios become 𝑡𝑝𝑠/𝑡𝑒𝑣𝑝 ≈ 1 and 𝑡𝑝𝑠/𝑡𝑝𝑤 ≫ 1 when the 1 µm PS particles 

(0.2 mg/mL) were utilized in the bulk of the supporting droplet. Accordingly, the particles could 

not reach and pin at the TCL of the supporting droplet as the solvent being evaporated. Instead, 

the 1 µm PS particle are scattered throughout the deposit and no particle accumulation form at the 

Figure 5.13: Stratified ring structure formed by 20 nm carboxyl-PS particles (0.001 mg/mL) in the supporting droplet 

and 300 nm sulfate-PS particles in the wetting droplets. The 20 nm particles could migrate to the contact line via 

infiltration through the interstices of the 300 nm particles. 
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TCL, which is consistent with the experimental results (Figure 5.8c). The contact line pinning in 

this case occurs only by the contribution of particles from the air-liquid interface. In addition, 500 

nm carboxyl-PS particles with solid concentrations of 0.2 mg/mL and 0.5 mg/mL were used to 

generate the blended ring structures, which agrees with the model prediction.145 

It is worth noting that the boundaries between the stratified ring, blended ring, and the ring of 

particles formed from the air-liquid interface are not absolutely sharp. We have noticed that the 

majority of the 100 nm PS particles deposit in the TCL region forming the blended rings with the 

300 nm PS particles, however, there is a trace amount of particles deposited onto the middle of the 

self-assembled 300 nm PS film.145 Nevertheless, this phase diagram provides valuable information 

in understanding the effect of particle pinning on the assembly structures of binary particles in 

evaporative droplets.  

 

5.4   Conclusion 

In this study, two mechanisms of particle pinning at the contact lines, i.e., pinning from the bulk 

of a sessile droplet and pinning from the interface of a sessile droplet, have been investigated 

through the dual-droplet inkjet printing. The competition of these two mechanisms has been 

systematically studied by introducing PS particles to the wetting droplet and the supporting 

droplet. Depending on the particle size and concentration of the particles dispersed in the bulk of 

the supporting droplet, versatile particle arrangement near the TCL such as stratified rings, blended 

rings, and rings with particles mainly from the air-liquid interface, have been obtained. An 

analytical analysis was conducted using the Hu-Larson model to understand the binary particle 

arrangement near the TCL of the supporting droplet. It qualitatively agrees well with the 

experimental results. For small nanoparticles such as 20 nm carboxyl-PS particles in the bulk and 
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300 nm sulfate-PS particles at the air-liquid interface, the calculated characteristic time ratios are 

𝑡𝑝𝑠/𝑡𝑒𝑣𝑝 ≪ 1 and 𝑡𝑝𝑠/𝑡𝑝𝑤 ≪ 1, which suggest the stratified ring formation due to the fast 

movement of the carboxyl-PS particles toward the TCL as compared to the particles at the air-

liquid interface, while particle infiltration through the interstitial space of the 300 nm particles may 

also contribute to the stratified ring formation. Changing the particle size in the bulk of the 

supporting droplet to 100 nm with moderate concentrations results in blended rings due to the 

comparable particle size and particle velocities in the system. On the other hand, the characteristic 

time ratios become 𝑡𝑝𝑠/𝑡𝑒𝑣𝑝 ≈ 1 and 𝑡𝑝𝑠/𝑡𝑝𝑤 ≫ 1 when the 1 µm PS particles are utilized in the 

bulk of the supporting droplet. For such big colloidal particles, the evaporation-induced flow and 

particle diffusion are insufficient to drive the particles to the rim of the supporting droplet. As a 

result, the 1 µm PS particles are scattered throughout the deposit, and the contact lines are pinned 

by the particles mainly from the air-liquid interface. Understanding the transport mechanism of 

colloidal particles and controlling the deposition assembly from the bulk and at the interface of 

sessile droplets could potentially lead to a new strategy for producing functional coatings and 

devices. 
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CHAPTER 6   Inkjet Printing of Magnetic Particles Toward Anisotropic Magnetic 

Properties 

 

6.1   Introduction 

One-dimensional (1D) chain structures have attracted tremendous attention during the past decades 

owing to their unique shape anisotropies and magnetic characteristics.146 The major benefit of 1D 

particle assemblies is the ability to tailor magnetic, mechanical, electrical, and optical properties.147 

Such particle assemblies are of tremendous interest in many technological applications such as 

high density data storage systems,148 magnetic sensors,149 and magnetic refrigerators,150  to name 

a few. 

The chaining effect of nanoparticles, or the so-called magnetosomes, is a result of intrinsic 

magnetic anisotropy, where the particles orient and assemble with their easy magnetization axes 

(magnetization vectors) parallel to the magnetic field vector to minimize the magnetostatic energy 

of individual nanoparticles.151 This chaining phenomenon combines the magnetic moments 

present in every magnetic particle in a particular direction, which is considered a promising venue 

for fabricating functional devices.152,153  

One candidate that has a great potential in designing and fabricating magnetic devices is inkjet 

printing. Unlike thin-film deposition and photolithography techniques, inkjet printing is a versatile, 

cost-effective tool by which the alignment and chaining of magnetic particles could be well-

controlled.154 However, the well-known coffee-ring effect (CRE) is considered a detriment in 

inkjet printing applications, and it should be addressed before broad adoption of this 

approach.1,68,100 The CRE phenomenon has been the subject of intensive investigation and scrutiny 

to unveil the underlying mechanisms.54,56 Under certain conditions, when a particle-laden droplet 
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is left to dry on a nonporous substrate, the colloidal particles transport to the three-phase contact 

line (TCL) resulting in a ring-like particle deposition.9,77 To date, most of the research dedicated 

to mitigate or suppress the CRE was focused on conventional means, such as controlling the 

solvent drying conditions,11,15,35 modifying particle shapes,36,37 tuning solvent properties,60 

adjusting substrate wettability,12,38 and reversing the lateral-convective flow through introducing 

Marangoni flow.40–43 However, the effects of porous substrates and external magnetic field on the 

CRE when particles are magnetic require further investigations. 

The main objective of this study is to elucidate the effect of external magnetic field on the magnetic 

particle assembly during inkjet printing to obtain anisotropic magnetic patterns through particle 

chaining with suppressed CRE formation. Ferromagnetic Gd5Si4 magnetic particles were 

formulated in terpineol oil and printed onto a porous substrate to form patterned films. A porous 

substrate (photopaper) is used in this study to quickly remove the solvent through imbibition, 

which suppresses the CRE to a certain degree. When no magnetic field is applied, patterns ranging 

from uniform deposits to clear coffee-rings have been produced depending on the droplet size and 

particle loading. With the magnetic field, however, the CRE can be suppressed or significantly 

reduced through assembling the magnetic particles into chains, producing anisotropic magnetic 

patterns. Three characteristic time scales, namely the critical time for solvent imbibition into the 

substrate (𝑡𝑖𝑚), the time for particles to chain in the direction of the magnetic field (𝑡𝑐ℎ), and the 

time for the particles to reach the substrate in the vertical direction (𝑡𝑝𝑧) under the magnetophoretic 

force, are considered in this work. These characteristic times demonstrate the competition between 

particle chaining and deposition versus solvent imbibition in the presence of magnetic field, which 

are directly related to the morphology of the particle deposition. Such ability in controlling the 
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magnetic particle deposition and assembly through inkjet printing provides a great potential for 

many engineering and technological applications.  

 

6.2   Methods 

6.2.1   Inkjet Printing of Magnetic Particles 

In this study, a photopaper (Kodak, 8.5×11" Gloss) was cut into 20 mm × 20 mm and used as a 

porous substrate for the inkjet printing process. Gd5Si4 magnetic particles were prepared by ball 

milling at the Ames laboratory.155,156 The particles were dispersed in terpineol oil (Alpha-

Terpineol, 96% purity, Alfa Aesar) to obtain particle concentrations of 10 mg/mL and 25 mg/mL. 

In order to enhance the adhesion of the Gd5Si4 particles with the substrate, 0.15 wt% ethyl cellulose 

(18-22 mPa·s, 5% in Toluene + Ethanol (80:20) at 25°C, TCI America) was added to the dispersion 

to form the magnetic ink formulation. Then, the magnetic ink was ultrasonicated for 10 min before 

printing.  

The magnetic suspension with different particle concentrations were jetted on the photopaper 

substrate via an inkjet printer (Jetlab 4, MicroFab). A piezoelectric nozzle with an orifice size of 

80 µm (MJ-ATP-01-80-8MX, MicroFab) was employed in this study, driven by a waveform 

generator (Jetdriver III, MicroFab). The nozzle was heated to 50 ℃ to facilitate the jetting process 

of terpineol oil. The size of the jetted droplets on the photopaper was controlled by the number of 

bursts, where the volume of individual jetted droplet was ~500 pL generated at 200 Hz jetting 

frequency. The alignment of the magnetic particles was achieved by placing a neodymium 

permanent magnet (BC14-N52, K&J Magnetics) underneath the substrate to force the 

nanoparticles to align along the direction of the externally applied magnetic field. Samples with 

random particle orientations were printed without the permanent magnet.  



www.manaraa.com

139 

 

6.2.2   Morphology Characterization 

An ultra-high-resolution scanning electron microscope (HITACHI SU-70 FE-SEM) with 5 kV and 

15 mm scanning distance was used for morphology characterization of the printed patterns. To 

minimize charging effect of the printed magnetic particles, the samples were coated with platinum 

using a platinum sputter (Denton Vacuum Desk V) for 120 s. 

6.2.3   Magnetic Characterization 

The magnetic properties of the printed patterns were characterized via Physical Property 

Measurement System (PPMS) from Quantum Design. The size of the printed films was adjusted 

to 4 mm × 4 mm, printed with the ink of 25 mg/mL particle concentration. To obtain the magnetic 

moment versus magnetic field curves, the magnetization cycle of the PPMS was set from −30,000 

Oe to +30,000 Oe with a step rate of 10 Oe/s. Each sample was measured in both the parallel and 

the normal direction of the magnetic field at 300 K.  

6.2.4   Numerical Simulation of Magnetic Field and Particle Motion  

Two simulation domains were constructed in COMSOL Multiphysics to estimate the characteristic 

times (𝑡𝑐ℎ) and (𝑡𝑝𝑧). The first simulation domain couples the magnetic field and particle tracking 

with the fluid flow together to simulate the characteristic time (𝑡𝑝𝑧) needed for the particles to 

migrate toward and reach the substrate from a distance 𝐿𝑚 away the substrate surface. With the 

assumption that the colloidal magnetic particles are homogeneously dispersed in the bulk of the 

sessile droplet, the distance 𝐿𝑚 is taken as the mean distance between two colloidal magnetic 

particles, as estimated by eq. 6.1,16  

𝐿𝑚 = (
𝑉0

𝑁⁄ )1/3                                                           (6.1) 
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where 𝑉0 is the initial volume of the sessile droplet and 𝑁 is the total number of particles in the 

bulk of the droplet. In COMSOL, the magnetic field strength H is calculated by solving the Gauss’ 

law equation for magnetism, 

−∇(𝜇0∇𝑉𝑚 − 𝜇0𝑀) = 0                                                   (6.2) 

where H =−∇𝑉𝑚; M is magnetization; 𝜇0 is the vacuum permeability; and  𝑉𝑚 is scalar magnetic 

potential. The particle motion is governed by Lagrangian equation (eq. 6.3) that involves various 

forces such as drag force 𝐹𝐷, magnetophoretic force 𝐹𝑀𝐺 , Brownian force 𝐹𝑏, gravitational force 

𝐹𝑔, and buoyancy force 𝐹𝑏𝑜, 

𝑚
𝑑2𝑠

𝑑𝑡2 = 𝐹𝑀𝐺 + 𝐹𝐷 + 𝐹𝑏 + 𝐹𝑔 + 𝐹𝑏𝑜                                            (6.3) 

where 𝑚, 𝑠, and 𝑡 are the mass of the particle, the spatial coordinate of the particle, and time, 

respectively. The magnetophoretic force (𝐹𝑀𝐺) is defined as: 

𝐹𝑀𝐺 = 2𝜋𝑟𝑝
3𝜇0𝜇𝑟,𝑓𝐾∇𝐻2                                                        (6.4) 

where 𝑟𝑝 is the radius of the particle; and K is defined as: 

𝐾 =
𝜇𝑟,𝑝−𝜇𝑟,𝑓

𝜇𝑟,𝑝+2𝜇𝑟,𝑓
                                                                      (6.5) 

where 𝜇𝑟,𝑝 is the relative permeability of the ferromagnetic particles and 𝜇𝑟,𝑓 is the relative 

permeability of the fluid. In COMSOL the drag force (𝐹𝐷) is expressed by eq. 6.6, 

𝐹𝐷 = (
1

𝜏𝑝
) 𝑚𝑝(𝑢 − 𝑣)                                                              (6.6) 
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where 𝜏𝑝 is the particle response time; 𝑚𝑝 is the particle mass; 𝑢 is the fluid velocity; and 𝑣 is the 

velocity of the particle. The particle velocity response time for spherical particles in stokes flow is 

given by eq. 6.7, 

𝜏𝑝 =
𝜌𝑝𝑑𝑝

2

18𝜇
                                                                           (6.7) 

where 𝜌𝑝 is the density of the particle, 𝑑𝑝 is the particle diameter, and 𝜇 is the fluid viscosity. In 

this model, we assume the average particle size is 5 µm, and 30 nL droplet size as the simulation 

domain in which the particles are released. A particle size larger than 1 µm usually does not show 

large Brownian motion, particularly in a highly viscous fluid such as terpineol oil. Furthermore, 

the gravitational and buoyancy forces have been included in our initial simulations, and we verified 

that they do not make noticeable contributions to the results. Therefore, only the magnetophoretic 

force and the drag force are considered in this study. 

On the other hand, estimating the characteristic time for the magnetic particles to chain (𝑡𝑐ℎ) 

required only the particle tracking in the droplet. The terpineol oil is considered as the fluid in the 

domain. Two particles were released in the domain and treated as magnetic dipoles in a uniform 

magnetic field. The two particles can be treated as two magnetic dipoles, whose magnetic moments 

orient in the same direction as the external magnetic field. The induced magnetic dipoles in the 

applied magnetic field was calculated according to the specifications of the magnet used in our 

experiments. Figure 6.1 is the two-dimensional (2D) spatial representation of a magnetic dipole 

pair. The magnetic forces between the two dipoles are derived in both x- and y- directions as 

expressed in eq. 6.8 and eq. 6.9,157 

𝐹𝑥 =
3𝜇0𝑚1𝑚2[1−5𝑐𝑜𝑠2(𝛼)]sin (𝛼)

4𝜋𝑟4
                                                      (6.8) 
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𝐹𝑦 =
3𝜇0𝑚1𝑚2[3−5𝑐𝑜𝑠2(𝛼)]cos (𝛼)

4𝜋𝑟4                                                       (6.9) 

where 𝑚1 and 𝑚2 are the two magnetic dipole moments, 𝑚1 = 𝑚2 = 4𝜋𝐾𝑟𝑝
3𝐻; 𝛼 is the 

orientation angle of the dipoles with respect to the magnetic field; r is the dipole-diploe distance. 

The estimated characteristic times (𝑡𝑐ℎ) and (𝑡𝑝𝑧) were compared with the experimentally 

determined critical time for solvent imbibition (𝑡𝑖𝑚) to identify the conditions for chain formation 

and CRE suppression. 

 

6.3   Results and Discussion 

Particle-laden droplets were jetted on a photopaper substrate, where the solvent removal through 

infiltration and evaporation occur simultaneously. However, for terpineol oil, the infiltration 

occurs at a much faster rate than the solvent evaporation. In this study, the size of the printed 

droplets was controlled by jetting multiple bursts of colloidal droplets, where the solvent contact 

lines of terpineol oil remain pinned during the solvent imbibition as shown in Figure 6.2. It should 

Figure 6.1: Spatial representation of two magnetic dipoles in a uniform magnetic field. 
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be mentioned that solvent contact line pinning on solid substrates is usually determined by the 

substrate wetting property, which is mainly dependent on surface roughness13,14 and chemical 

homogeneity.63,79,138 The initial pinning of solvents on substrates could be further enhanced by 

introducing suspended particles to anchor the contact line.33,145 The contact line pinning of 

terpineol oil with ferromagnetic particles on the porous substrate could be attributed to fast solvent 

imbibition, surface roughness of the photopaper, and low surface tension and high viscosity of 

terpineol oil. Generally, the non-uniform evaporation flux across the curved interface of sessile 

droplets initiates a radial evaporation-induced flow that drives the particles to the TCL. This is 

usually combined with particle diffusion in the bulk of the deposited droplets. Yet, the low vapor 

pressure and high viscosity of terpineol oil results in extremely low particle radial and diffusion 

velocities (Figure 6.3). Therefore, it is reasonable to neglect the evaporation of terpineol oil and 

the associated radial particle transport and particle diffusion in the following discussion.  

Without applied magnetic field, different particle deposition patterns were observed depending on 

particle concentration and droplet volume. Different from the conventional CRE, where colloidal 

particles transport to the edge of sessile droplets by virtue of the evaporation-induced capillary 

flow, in this study, solvent imbibition is the main driving mechanism that dictates the particle 

deposition pattern, particularly, when no magnetic field is applied. Small droplets (e.g., < 30 nL) 

can be fully imbibed into the porous substrate, where the colloidal nanoparticles are immobilized 

Figure 6.2: Illustration of the solvent imbibition process and the contact line pining. The droplet size is 30 nL. Particle 

concentration is 25 mg/mL. 
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and deposited onto the substrate due to the fast solvent removal. However, the solvent is partially 

imbibed into the porous substrate for bigger droplets, followed by a much slower lateral imbibition 

(secondary stage) into the surrounding regions near the droplet deposition. In this case, the 

colloidal particles are most likely driven to the TCL during the secondary imbibition process, 

producing deposits affected by the CRE. The images in the top row of Figure 6.4 present the 

Figure 6.3: Evaporation-induced radial and diffusion velocities of the magnetic particles in terpineol oil. The mean 

particle size is 5 µm. The blue and red dash lines represent the particle concentrations of 10 mg/mL and 25 mg/mL, 

respectively. Please refer to chapter five for the calculation of radial and diffusion velocities in an evaporating sessile 

droplet. 

Figure 6.4: Optical images of particle depositions of different droplet volumes, printed with 25 mg/mL ink 

concentration. “Random” refers to samples printed without applying external magnetic field and “Aligned” refers to 

samples with one-dimensional chains of particles when the magnetic field is applied during the printing process. 
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particle deposition patterns for various sizes of printed colloidal droplets when no magnetic field 

is applied. For small droplet volumes (e.g., < 30 nL), uniform particle deposition with no particle 

accumulation at the TCL is observed owing to the fast solvent imbibition that prevents the particle 

transport to the periphery of the jetted droplet. However, the particle accumulation at the edge of 

the sessile droplet becomes noticeable at droplet volumes larger than 30 nL. This is attributed to 

the higher number of particles transported to the TCL during the removal process of the remaining 

solvent. Printing colloidal inks with a lower particle concentration follows a similar trend in the 

pattern formation whereas the CRE becomes visible at droplet volumes higher than 40 nL (Figure 

6.5).  

Duo and Derby reported a different observation of particle accumulation at edges of sessile 

droplets on various porous substrates such as photopapers and ceramic powder beds.158,159 In their 

work, Marangoni flow has been induced to suppress the CRE due to the change in solvent 

composition during evaporation when depositing the droplets on a solid non-porous substrate. In 

case of the photopapers and ceramic powder beds, Marangoni flow was reduced inside the sessile 

Figure 6.5: Optical microscope images of particle depositions of different droplet volumes, printed with 10 mg/mL 

particle concentration. “Random” refers to samples printed without applying external magnetic field and “Aligned” 

refers to samples with one-dimensional chains of particles when the magnetic field is applied during the printing 

process. 
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droplet since the solvent composition does not change during the imbibition process, leading to 

ring formation. However, the authors did not explore the influence of droplet volume on the type 

of particle deposition. The effects of different droplet and particle sizes as well as pore diameters 

on the CR formation were investigated by Pack and coworkers.134 In their study, the substrate 

possessed only vertical pores that dictated a vertical solvent imbibition (no lateral imbibition). 

Therefore, when the solvent is partially imbibed into the substrate, the CR formation was 

determined by the evaporation of the remaining solvent. For substrates with large pore sizes, CRE 

was suppressed as a result of the fast solvent removal and vice versa. 

The mechanism of solvent removal in this study is completely different, where the terpineol oil is 

being infiltrated into the porous substrate rather than being evaporated. A 30 nL sessile droplet 

takes about 98 s to be completely drained, whereas a 50 nL droplet drains within approximately 

143 s. The former can be considered as the critical characteristic imbibition time for ring formation, 

since the particle accumulation at the contact line is observed for droplet volumes larger than 30 

nL. Figure 6.6 illustrates the process of solvent drainage into the photopaper.  

The location on which the sessile droplet is deposited has a limited capacity of solvent absorption. 

Once the jetted droplet touches the photopaper, it loses approximately 11% of its entire volume 

within 500 ms by imbibition. Then, the solvent further seeps in at a slower rate into the porous 

substrate isotropically in all directions. If the deposition area underneath the droplet becomes 

saturated with terpineol oil, the solvent can only infiltrate laterally beyond the original footprint of 

the droplet. We note that the TCL of the droplet is pinned on the substrate and solvent seepage 

refers to the solvent infiltrated into the substrate. This, in turn, generates a radial flow that drives 

some of the particles to the TCL. However, this is not a concern for small sessile droplets (i.e., 

droplet volumes < 30 nL), where the solvent is completely absorbed by the photopaper before 
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particle transport to the TCL, resulting in a uniform particle deposition through immobilizing the 

colloidal particles (Figure 6.4 and Figure 6.5). For larger droplets, the solvent eventually generates 

a larger footprint as it continues to seep through the photopaper, resulting in a deposition of 

magnetic particles on the photopaper, surrounded by a ring of terpineol oil. Nilghaz et al. reported 

a similar observation in an effort to study the dye stain formation on paper substrates, that is the 

solvent wicking front propagates further into the porous substrate than the dye where the dye 

molecules were separated from and left behind the water solvent.160 They attributed this behavior 

to the capillary penetration process into the paper, where the dye molecules were preferentially 

retained by the paper fibers. In our study, the colloidal particles are much bigger than the pore size 

Figure 6.6: Illustration of solvent infiltration mechanism into the photopaper for droplets bigger than 30 nL. Dashed 

arrows indicate the solvent infiltration. When no magnetic field is applied, the particles follow the direction of the 

flow as the solvent seeps into the porous substrate beyond the three-phase contact line, resulting in a ring-like particle 

deposition. 
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of the photopaper, therefore, the particle penetration is excluded. Instead, the particles deposit on 

the surface of the photopaper, forming different particle deposition patterns depending on droplet 

volume and particle concentration. 

The application of an external magnetic field significantly impacts the colloidal ferromagnetic 

particle deposition in sessile droplets.161 In this study, the magnetic anisotropy of the Gd5Si4 

magnetic particles results in strong dipole interactions among the particles. These particles are 

forced to chain and assemble along the direction of the magnetic field that is known as the “easy 

axis” of magnetization. The horizontal component of the magnetic field drives the magnetic 

particles to form long chains, especially for the larger droplets. In addition, applying magnetic 

field significantly suppresses the CR formation. The mechanism of suppressing the CRE by 

exerting magnetic field can be described by two aspects: (i) magnetic particles transport toward 

the substrate under the magnetophoretic force, represented by the magnetic field gradient in a 

direction perpendicular to the substrate, which inhibits the radial particle transport and deposition 

at the TCL due to solvent imbibition, especially for larger droplets; (ii) chain formation of magnetic 

Figure 6.7: SEM images demonstrating the difference in particle accumulation at the TCL region with and without 

applying magnetic field for droplet volumes of 30 nL and 50 nL. The images present a clear evidence of the reduced 

number of particles deposited at the TCL when the magnetic field was applied. Ink concentration is 25 mg/mL. 
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particles, which possibly decreases the particle mobility and transport driven by the solvent 

imbibition process. Figure 6.7 displays the chain formation and the CRE suppression when printing 

droplets with colloidal magnetic particles under the influence of magnetic field. The ring formation 

has been significantly suppressed, especially for the 50 nL droplets. Figure 6.8 illustrates the 

difference between particle deposition patterns with and without the presence of magnetic field.  

In order to better understand the influence of applying external magnetic field on ferromagnetic 

particle deposition, COMSOL Multiphysics was employed to simulate the particle chaining and 

deposition processes. To simulate the particle chaining, only two magnetic dipoles were introduced 

to the simulation domain, where the interaction force between the two dipoles was significantly 

Figure 6.8: Schematic illustration of the magnetic field effect on ferromagnetic particle deposition. Ring-like 

depositions are produced when no magnetic field is applied, whereas, aligned chain-like patterns with much 

suppressed CRE are formed when a magnetic field is applied. 
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affected by their orientation angle (𝛼) with respect to the external magnetic field (Figure 6.1). 

Figure 6.9 and Video S6.1 demonstrate the chaining process of two dipoles, one of which is placed 

at the center of the domain, whereas the second dipole is positioned at 30° to the first one with 

respect to the y-axis (i.e., the direction of the magnetic field). The distance between the two diploes 

is selected as the mean particle distance (𝐿𝑚), calculated at 25 mg/mL particle concentration. 

Details about the modeling are provided in the Methods section. Videos S6.1-6.5 display the 

chaining process of dipoles positioned at different angles such as zero, 30°, 45°, 60°, and 90°, and 

Figure 6.10 presents the time elapsed for the dipoles to collide and chain (𝑡𝑐ℎ). Figure 6.11 shows 

the interaction forces exerted on each particle at different initial orientation angles, which 

determines if they approach or move away from each other. When both dipoles are placed on the 

x-axis (𝛼 = 90°), the force is repulsive and the dipoles move apart. On the contrary, the dipoles 

attract each other the most when 𝛼 = 0° as shown in video S6.2. In this case, the particle velocity 

Figure 6.9: (a-f) Demonstration of chaining process of two magnetic dipoles in the presence of magnetic field at the 

angle 𝛼 = 30°. The magnetic field is in the positive y-axis. The elapsed time for the two dipoles to collide is 446 µs. 

In this case, the dipoles travel in elliptical path until they align and collide. 
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continuously increases until the dipoles collide. For any other orientation (0° < 𝛼 < 90°), the 

dipoles follow an elliptical trajectory until they collide and align themselves with the y-axis, i.e., 

with the direction of the magnetic field. The chaining characteristic time (𝑡𝑐ℎ) varies in these cases, 

Figure 6.10: Distance between the two dipoles during the chaining process. The characteristic time for the two dipoles 

to collide is obtained when this distance reaches 10 µm, which is two times of the particle radius. The characteristic 

times for chaining 𝑡𝑐ℎ are 328 µs, 446 µs, 692 µs, and 1.5 ms, for the orientation angles of zero, 30, 45, and 60, 

respectively. 

Figure 6.11: Interaction forces acting between the two dipoles in the simulation domain. Positive forces represent 

attractive forces between the two particle dipoles; and the negative forces are repulsive forces. 
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where longer particle chaining time is observed when the orientation angle (𝛼) approaches 90°. 

This could be attributed to development of the successive, mutual repulsion or attraction forces 

obtained at different dipole orientations (Figure 6.11).  

The magnetophoretic force suppresses the CRE through attracting the magnetic particles toward 

the substrate. This force is generated by the magnetic gradient in the z-direction perpendicular to 

the substrate as a result of positioning the permanent magnets underneath the substrate. The full 

magnetic field of the simulation domain is shown in Figure 6.12a and 6.12b. Figure 6.12c shows 

Figure 6.12: (a) and (b) Magnetic field simulation, which illustrate the magnetic field in XY and YZ planes. One 

droplet is placed on the top center of the permanent magnet. (c) Illustration of the magnetic field gradient inside the 

sessile droplet. 
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the magnetic field gradient in the z-direction developed inside the droplet. In this domain, the 

particles are released at a distance (𝐿𝑚) away from the substrate in order to estimate the 

characteristic time (𝑡𝑝𝑧) needed for magnetic particles to reach the substrate under the 

magnetophoretic force (Figure 6.13). At the early stages of particle motion, the particle velocity 

starts to gradually increase, reaching the maximum of 108 µm/s in 238 ms, and remains constant 

until the particles reach the substrate (Video S6.6).  

The influence of exerting magnetic field on particle assembly and deposition can be determined 

by comparing the characteristic time needed for the particles to chain (𝑡𝑐ℎ) and the time elapsed 

for particles transported vertically toward the substrate (𝑡𝑝𝑧) with the critical time for solvent 

imbibition (𝑡𝑖𝑚). The characteristic time ratios (𝑡𝑝𝑧/𝑡𝑖𝑚) and (𝑡𝑝𝑧/𝑡𝑐ℎ) determine the final particle 

deposition and assembly in the presence of magnetic field. The characteristic time ratio (𝑡𝑝𝑧/𝑡𝑖𝑚) 

determines whether the colloidal particles have sufficient time to reach the substrate before the 

solvent is completely drained. 𝑡𝑝𝑧/𝑡𝑖𝑚 >1 indicates the CR formation, where the particles transport 

Figure 6.13: (a) Two particles released in the simulation domain with an initial velocity of zero; (b) particle migration 

in the z-direction toward the substrate under the influence of the magnetophoretic force and drag force. The particles 

are positioned at a vertical distance (𝐿𝑚) away from the substrate, to calculate the characteristic time (𝑡𝑝𝑧) for the 

magnetic particles to reach the substrate. 
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toward the substrate under the magnetophoretic force much slower than the imbibition process, 

resembling no magnetic field condition. In this case, the particles follow the infiltration flow, 

resulting in the CR formation. However, 𝑡𝑝𝑧/𝑡𝑖𝑚 <1 implies suppressing the CRE, where the 

particles deposit on the substrate under the magnetophoretic force before the solvent is completely 

drained. On the other hand, the characteristic time ratio (𝑡𝑝𝑧/𝑡𝑐ℎ) exemplifies the competition 

between the particle chaining and particle deposition when the magnetic field is applied. For 

𝑡𝑝𝑧/𝑡𝑐ℎ < 1, the magnetic particles deposit onto the substrate forming uniform but random 

depositions without obvious chain formation. In contrast, 𝑡𝑝𝑧/𝑡𝑐ℎ > 1, describes the chain 

formation in the liquid phase before the particles are deposited on the substrate. In other words, 

the particles form chains before they reach the substrate, which probably constrains the particle 

motions inside the sessile droplet, therefore, also suppressing the CRE. 

The experimental outcomes are corroborated by the analysis of characteristic time ratios when 

considering the critical solvent imbibition time for a 30 nL droplet. The corresponding 

characteristic time ratio 𝑡𝑝𝑧/𝑡𝑖𝑚 = 2.5×10-3, which is orders of magnitude smaller than 1. This 

indicates suppression of the CRE, where the particles rapidly transport toward and deposit on the 

substrate before the solvent is completely infiltrated. In addition, the characteristic time ratios 

𝑡𝑝𝑧/𝑡𝑐ℎ for the orientation angles of zero, 30°, 45°, and 60° are, respectively, 762.2, 560.5, 361.3, 

and 72.1. Hence, for all simulated cases except  = 90, the particles chain in the liquid phase 

before depositing on the substrate. This explains the effect of magnetic field on the chain 

formation, as well as suppression of CRE, which is in a good agreement with our experimental 

observations.  
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6.3.1   Implication in Printed Anisotropic Magnetic Films 

In order to evaluate the anisotropic magnetic properties of the magnetic particles, continuous films 

were printed by this inkjet printing process with and without external magnetic field. The printed 

films were characterized with Physical Property Measurement System (PPMS) and electron 

scanning microscopy (SEM). Figure 6.14a presents hysteresis curves of the printed films at room 

temperature. Magnetic moments parallel and normal to the direction of the magnetic field were 

measured for each sample. Higher magnetization values were obtained when measuring films with 

1D chains parallel to the direction of the applied magnetic field as compared to the magnetization 

Figure 6.14: (a) Magnetization curves of the films with chains of particles and the films with random particle 

deposition. “Random” refers to the magnetization curve of the films fabricated without external magnetic field (i.e., 

random particle deposition). “Parallel” and “Normal” refers to the magnetization curves of films with magnetic 

particle chains, when the testing magnetic field is parallel to the chain direction and perpendicular to the chain 

direction, respectively. (b) Optical and SEM images of the printed films with magnetic field (left) and without 

magnetic field (right). Clear chain formation is observed on the films fabricated with external magnetic field. The 

scale bar is 100 µm. 
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values of films with random particle orientation. This is attributed to the total magnetic moment 

that equals the sum of the magnetic moment induced in every magnetic particle in the chains whose 

easy axis is aligned along the direction of the externally applied magnetic field. Conversely, lower 

magnetization values were observed when the 1D chains were placed normal to the direction of 

the magnetic field as compared to samples with random particle orientation. The difference in the 

induced magnetic moments indicates the effect of both magnetocrystalline and shape anisotropy 

of the assembled Gd5Si4 magnetic particles. The particle assembly and chain structures under the 

influence of the magnetic field are shown in Figure 6.14b. Samples with random particle 

orientation (i.e., without applying magnetic field) were tested at different orientations with respect 

to direction of the testing magnetic field as shown in Figure 6.15. It should be mentioned that the 

photopaper exhibited a slight response to the applied testing magnetic field as presented in Figure 

6.16. This background magnetization effect of the substrate was subtracted from the magnetization 

Figure 6.15: Magnetization curves of the printed “Random” films at different orientation angles with respect to the 

testing magnetic field. “Random” refers to films printed without applying magnetic field with random particle 

deposition. 
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data of the printed films in order to evaluate the pure response of the magnetic particle assemblies 

to the testing magnetic field.  

 

6.4   Conclusion 

In summary, 1D chain structures of magnetic particles with suppressed CR formation have been 

obtained on porous substrates through the magnetic-field assisted inkjet printing process. Gd5Si4 

magnetic particles were formulated in terpineol oil and printed on photopapers. Unlike the 

conventional evaporative particle-laden droplets, the particle deposition morphology in this study 

is determined by solvent imbibition, particle chaining, and particle transport under 

magnetophoretic effect. When no magnetic field was applied, different particle depositions were 

observed depending on the particle concentration and the volume of the jetted droplet. For small 

droplets (i.e., < 30 nL), no CR formation was observed because the solvent can imbibe into the 

substrate in a short period of time (i.e., less than the critical imbibition time). However, the solvent 

Figure 6.16: Magnetization curve of the photopaper. 
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imbibition time for large colloidal droplets (i.e., > 30 nL) exceeds the critical imbibition time 

mostly due to the second stage of solvent seepage. This, in turn, generates a radial flow that may 

drag some of the colloidal particles to the periphery of the particle deposition. Applying magnetic 

field enables the formation of the 1D chain structure through assembling the magnetic particles 

along their easy axes. It also significantly suppresses the CRE through the particle transport under 

magnetophoretic effect, especially for larger droplets. Our numerical solution predicted that the 

colloidal magnetic particles assemble in the liquid phase before they vertically transport and 

deposit on the substrate, which agrees very well with our experimental findings. Finally, the 

printed films have exhibited an anisotropic magnetic response to the applied magnetic field due to 

the 1D assembly structure, which holds a great potential in many engineering applications. 
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CHAPTER 7   Direct Embedment of Silver Nanowires by Inkjet Printing for Stretchable 

Conductors 

7.1   Introduction 

Stretchable electronics have drawn tremendous interest in the past few years,162–168 as they exceed 

the scope of conventional electronics, manufactured on rigid circuit boards for many applications 

such as light-emitting diodes,169–171 thin film transistors,172,173 energy-harvesting and energy-

storage devices,174–176 and deformable conductors for human-machine interfaces.177–180 Stretchable 

conductors are vital and indispensable components of soft electronics owing to their significant 

role in interconnectors and sensing devices.181,182  

Several strategies have been adapted so far to integrate conductive materials into stretchable 

conductors, one of which is depositing conductive materials on top of elastomer substrates or 

embedding conductive materials into the surface of elastomer substrates by transfer 

processing.183,184 However, the mechanical instability, represented by buckling and fracturing of 

the deposited/transferred conductive materials after cyclic loading, leads to an irreversible increase 

in electrical resistance of the fabricated stretchable electrodes. The alternative approach is to make 

stretchable conductors directly by using composite inks of liquid elastomers with conductive 

fillers. Nevertheless, high concentration of conductive fillers (e.g., silver flakes), as high as 60-80 

wt%, is needed to render the required electrical conductivity, which significantly sabotages the 

achievement of high stretchability, as well as the fabrication cost.185 Direct embedment of 

conductive materials into a liquid elastomer, on the other hand, provides an effective and facile 

technique to fabricate stretchable conductors, which can potentially overcome the abovementioned 

problems.186,187 
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Conductive nanomaterials, including metal nanomaterials (e.g., metal nanoparticles187–190 and 

metal nanowires191,192), carbon nanotubes,193 and graphene173 have been actively explored for 

stretchable conductors. Among these conductive materials, silver nanomaterials are considered 

very promising candidates because of their high conductivity and excellent mechanical 

compliance.194,195 Different low-cost, scalable manufacturing printing techniques, such as inkjet 

printing,190,196–198 screen/stencil printing,166,189,199 spray printing,200 and extrusion printing,186,201 

have been extensively used to pattern and fabricate functional devices with both high electrical 

and mechanical performance.202 Recently, inkjet printing, as a non-contact additive manufacturing 

process, has been proven to be an effective and precise method to deposit silver nanowires 

(AgNWs).183,203,204 

In this study, we have fabricated stretchable conductors by employing the inkjet printing technique, 

where colloidal droplets of AgNWs were directly printed and embedded into Polydimethylsiloxane 

(PDMS) layer. The single step printing and embedment of the AgNWs were achieved by 

controlling the thickness of the liquid PDMS layer, the substrate underneath the PDMS layer, and 

the post-printing treatment of the printed lines. The viscous PDMS liquid shapes the printed 

AgNW lines into tens of micrometer in diameter, which significantly enhanced the printing 

resolution as compared to that of the traditional inkjet printing process. Moreover, the printed 

AgNW lines exhibited alignment along the printing direction, which enhanced the electrical 

performance of the fabricated stretchable conductors during multiple bending and 

stretching/releasing cycles. The initial conductivity of a single AgNW printed line is 

approximately 852 S/cm, which demonstrates the potential of our stretchable conductors for wide 

range of engineering and manufacturing applications. 
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7.2   Experimental Section  

7.2.1 Materials. Polyethylene terephthalate (PET) films (MELINEX ST505) with 125 μm 

thickness were supplied by TEKRA, a division of EIS. Polyvinylpyrrolidone (PVP-K30) and silver 

nitrate (99%, ACS reagent) were purchased from Sigma-Aldrich. Poly(dimethyl)siloxane (PDMS) 

precursor and curing agent (Sylgard 184) were obtained from Dow Corning. KOPTEC ethanol 

(99.5% purity), acetone (99.5% purity), Isopropanol (99.5% purity), and ethylene glycol (100% 

purity) were acquired from VWR. Deionized (DI) water with a resistivity of 18.2 MΩ.cm was 

produced by Direct-Q water purification system (Millipore Sigma). All materials were used as 

received without further purification. 

7.2.2   Preparation of the Liquid PDMS Layer. PDMS base was mixed with a curing agent in 

the proportion of 10:1 by weight to prepare the PDMS precursor. The precursor was put into a 

vacuum chamber for degassing. PET films were used as supporting substrates to deposit the liquid 

PDMS precursor. The films were rinsed by isopropyl alcohol and deionized water, respectively, 

then dried with a clean air. After cleaning, the PET substrates were coated with liquid PDMS using 

drop casting method to produce elastomer layers with 1.5 mm thickness. Thinner PDMS layers 

were obtained by spin coating at 600, 1000, and 3000 rpm for 20 sec. to produce layers with 

thicknesses of 250 µm, 100 µm, and 40 µm, respectively. 

7.2.3   Preparation of the AgNW Ink. AgNWs with average diameter of ~100 nm and average 

length of ~14.5 µm were chemically synthesized using the modified polyol reduction method.205,206 

Briefly, 0.5 g of polyvinylpyrrolidone (PVP) was added to 50 mL ethylene glycol in a round-

bottomed flask under stirring speed of 400 rpm. The solution was kept at 170 °C in an oil-bath for 

1 h to form a homogeneous solution. Then, 150 µL of 0.1 mmol/L NaCl/ethylene glycol solution 

was added into the homogeneous solution. After 10 min, 0.5 g of silver nitrate (AgNO3), dissolved 
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in 50 mL ethylene glycol, was dripped into the flask with a volumetric flow rate of 2.5 mL/min. 

The reaction was continued for another 20 min at 170 oC. Finally, the flask was cooled down to 

the room temperature, and the AgNWs were precipitated by acetone and centrifuged at 3000 rpm 

for 20 min. The AgNWs were washed three times with ethanol through centrifugation to remove 

the excess PVP, then re-dispersed in ethanol to obtain a solid concentration of 10 mg/mL for the 

inkjet printing process. 

7.2.4   Fabrication of Embedded AgNW Lines. The printing of the AgNW ink was performed 

by an inkjet printing platform (Jetlab 4, MicroFab). The printing station was driven by a waveform 

generator (Jetdriver III, MicroFab) with an 80 μm nozzle (MJ-ATP-01-80-8MX, MicroFab). The 

printing frequency was set to 500 Hz to generate a stable jet with an inflight droplet size of ~ 400 

pL with droplet speed of 1.2 m/s. Different printing passes with 50 µm in-line droplet spacing and 

25 µm shift among the printed passes were utilized to fabricate the embedded AgNW lines. 

In order to investigate the effect of drying conditions on the morphology of the printed lines, the 

printed lines were subjected to three different drying conditions (i.e., Post-printing treatment) such 

as immediate thermal curing the PDMS after printing for 10 min at 90 ℃, resting the samples for 

30 min at room temperature then curing for 10 min at 90 ℃, and curing at the room temperature 

for 24 h. After ethanol evaporation and curing the PDMS layer, stretchable conductors composed 

of embedded AgNW lines were fabricated. Finally, the stretchable conductors were peeled off the 

PET substrate to test their electrical performance. 

7.2.5   Characterization. The microstructures and alignment of the printed AgNWs assembly 

were characterized by field-emission scanning electron microscopy (FE-SEM, HITACHI SU-70), 

operated at 5 kV. After printing and resting the sample for 30 min, the uncrosslinked PDMS layer 

was dissolved by cyclohexane, leaving AgNWs on the substrate for SEM characterization. The 
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cross-sectional images of the embedded AgNW lines were obtained by focused ion beam scanning 

electron microscope (FIB-SEM, Zeiss Auriga), and the static contact angle measurements were 

performed using a goniometer (OCA 15) from Dataphysics at room temperature. 

7.2.6 Electrical Characterization of the Embedded AgNW Lines. Before examining the 

electrical performance of the fabricated samples, the samples were thermally treated at 150 ℃ for 

two hours. Then, a PDMS layer with a 500 µm thickness was added via spin coating on top of the 

printed samples to facilitate samples handling. The samples were then peeled off the PET substrate 

and placed on a PDMS substrate with a thickness of 1 mm for bending and stretching/releasing 

tests. The samples were kept for four hours to give sufficient time for the two PDMS layers to 

bond with each other. The edges of the samples were sputtered with gold and smeared with silver 

paste to make the contact pads for electrical measurements. 

7.2.7   Viscosity Characterization 

The viscosity of the freshly prepared PDMS was measured by the Rheometer (Physica MCR-301, 

Anton Paar) using plate/plate geometry (diameter 50 mm) with a gap of 1 mm. Fixed measuring 

point durations was selected with a linear shear rate ramp of 0.01 to 100 1/s. After measuring the 

viscosity of the fresh PDMS, the measurements were repeated after 30 min to mimic the 

experimental conditions. 

 

7.3   Results and Discussion 

7.3.1   Direct Inkjet Printing and Embedding of AgNWs into an Elastomer Substrate. Figure 

7.1 illustrates the fabrication process of stretchable conductors. Previously, we have demonstrated 

that the ultrasonication-shortened AgNWs, dispersed in pure ethanol with a solid concentration of 
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10 mg/mL, is suitable for inkjet printing process.183 In this study, by optimizing the printing 

parameters,  the as-synthesized AgNWs with average length of ~ 14.5 µm and 10 mg/mL solid 

concentration were utilized (without ultrasonication) to fabricate the stretchable conductors 

(Figure 7.2). As illustrated in Figure 7.1, the colloidal suspension of AgNWs was jetted into a 

liquid PDMS layer, which was firstly spin coated on a PET substrate. Once the jetted colloidal 

droplets penetrate the liquid PDMS layer, they coalesce to form a connected line. Herein, the PET 

film is utilized as a supporting substrate for the liquid PDMS layer to facilitate the fabrication 

process of stretchable conductors as elaborated in detail in the following discussion. 

To understand the mechanism of fabricating embedded AgNW lines, we first examined the effect 

of liquid PDMS layer thickness and the number of printing passes on the morphology and the 

penetration depth of the printed AgNW lines in the liquid PDMS layer. Four different PDMS layer 

thicknesses were tested such as 1.5 mm, 250 µm, 100 µm, and 40 µm. For each film thickness, 

Figure 7.1: Illustration of the direct embedment of AgNWs into an elastomer layer by inkjet printing. 
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one to nine printing passes were examined as shown in Figure 7.3. The coalescence of the jetted 

colloidal droplets inside the liquid PDMS layer and the thickness of the PDMS layer dictate the 

morphology and integrity of the printed lines. In this study, we have adjusted the individual inflight 

droplet size to approximately 400 pL with droplet speed of 1.2 m/s. This renders the colloidal 

droplet the required momentum to penetrate into the liquid PDMS. The jetted droplets locally 

deform the surface of the liquid PDMS as they impinge into the PDMS layer. This initiates a drag 

force as the colloidal droplets traverse the liquid PDMS, which slows down and eventually stops 

the droplets at a certain penetration depth. The following droplets need to penetrate the same depth 

into the PDMS layer in order to coalesce with former printed droplets, forming a continuous line. 

Any local variation in the PDMS layer thickness, or jetting conditions may affect the penetration 

depth.  

Figure 7.2: (a) Histograms of AgNWs length distribution. (b) Optical image of the as-synthesized AgNWs. (c) and 

(d) SEM images of the as-synthesized AgNWs, where the AgNW diameter is ~100 nm ± 20 nm. 
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When the liquid film thickness of the elastomer is 1.5 mm, the AgNW lines were observed to form 

at different penetration depths depending on the number of printed passes (Figure 7.3). This 

behavior could be attributed to the evaporation of ethanol present inside the PDMS layer. Figure 

7.4 illustrates different scenarios taking place when printing multiple passes for each film 

thickness. In our system, once the jetted colloidal droplet of AgNWs and ethanol is encapsulated 

by the liquid PDMS, the ethanol has nowhere to go but to escape the PDMS layer through 

evaporation. For this particular PDMS layer thickness (i.e., 1.5 mm), the AgNW line formation 

Figure 7.3: Demonstration of the penetration depth of AgNW lines with respect to the number of printing passes and 

PDMS layer thickness. Different penetration depths of AgNW lines were obtained for various printing passes when 

utilizing a thick PDMS layer (i.e., 1.5 mm). However, the AgNW lines were found to deposit in the vicinity of the 

supporting PET substrate when using PDMS layer thickness less than 250 µm. The yellow circles highlight the 

location of printed AgNW lines. 
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could be described by two stages: the primary stage in which the jetted droplet penetrates the liquid 

PDMS layer to a certain depth, followed by coalescence with the upcoming colloidal droplet. The 

secondary stage is ethanol evaporation and AgNWs migration toward the surface of the liquid 

PDMS. During this process, the ethanol may drag the AgNWs to the surface of the PDMS layer, 

as shown in Figure 7.3 and illustrated in Figure 7.4. Increasing the number of printing passes means 

more ethanol trapped inside the liquid PDMS layer, and consequently, the AgNW line becomes 

closer to the surface of the PDMS (Figure 7.3). It should be mentioned that AgNW lines might 

break to small segments as they do not survive this multistage process. 

Decreasing the liquid PDMS layer thickness (e.g., 250 µm and 100 µm), however, produced 

different outcomes, where the printed AgNW lines remained at the bottom of the liquid PDMS 

layer regardless the number of printed passes. In this case, the jetted droplets were able to reach 

Figure 7.4: Illustration of the fabrication process of embedded AgNW lines. (a) Represents printing on a liquid PDMS 

layer with 1.5 mm thickness. (b) Represents printing on a liquid PDMS layer with a 100 µm thickness. (c) Represents 

the case of printing on a liquid PDMS layer with a 40 µm thickness.  
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and coalesce in vicinity of the supporting PET substrate, where the droplet-substrate interactions 

assisted to anchor the colloidal droplet in place. In other words, the ethanol was not able to drag 

the AgNWs to the surface of the PDMS during the evaporation process as a result of the droplet-

substrate interactions. This droplet-substrate interaction is explained in the following section.  

With further decreasing the PDMS layer thickness to 40 µm, the printed AgNW lines became 

exposed to the top surface of the PDMS film (Figure 7.3). In this study, the jetted droplets were 

on the order of ~100 µm inflight diameter. Therefore, once colloidal droplet break through the thin 

PDMS layer and deposit on the surface of the supporting PET substrate, part of the droplet’s cap 

become above the PDMS layer, exposed in the air. In this case, the coalescence is likely to occur 

at the exposed portion of the PDMS layer, which drags the rest of the droplets to the PDMS surface 

(Figure 7.4). As a result, the printed lines are located at top of the PDMS layer, producing 

nonuniform, wavy morphology compared with those anchored at the supporting PET substrate 

(Figure 7.5). Thus, the thickness of the liquid PDMS layer is a critical parameter for the formation 

Figure 7.5: Optical images of the printed AgNW lines with respect to the number of printed passes and PDMS layer 

thickness. The top row represents lines produced when printing into a 100 µm layer thickness, while the bottom row 

represents lines printed into a 40 µm layer thickness. Bulging and waviness were observed when printing more than 

three passes for PDMS layer thicknesses that are less than 100 µm. 
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of embedded AgNW lines. Thinner PDMS films with thickness of ~100 µm, which is comparable 

to the diameter of the jetted droplet (~ 100 µm), produces the best results. During the inkjet printing 

process, the jetted droplets impinge on the PET supporting substrate, where the droplets coalesce 

to uniform AgNW lines that remain at the bottom of the PDMS film (i.e., fully embedded) after 

solvent evaporation and PDMS curing. Furthermore, this comparable film thickness and droplet’s 

diameter facilitates the ethanol evaporation process. Figure 7.5 presents the morphology of the 

AgNW lines with respect to the number of printed passes. Occasionally, single pass produces 

broken lines due to possible missing jets (since in this study, only one nozzle is employed for 

printing). Three and five printing passes give better results, and nine printing passes introduce too 

much ethanol, generating bulged and wavy lines. Therefore, in this study, five printing passes have 

been used to generate AgNW lines embedded into PDMS layers.  

We have also examined the effect of the supporting substrate on the penetration depth of the printed 

AgNW lines. Compared to the PET supporting substrates, a cured PDMS film was used as the 

supporting substrate. In the latter case, the embedded AgNWs migrated slightly upward, 

approximately located in the middle of the elastomer layer as the printed samples were thermally 

cured. Figure 7.6a/b and Figure 7.6d/e present the top view and cross-section of the embedded 

AgNWs under these two conditions. Figure 7.6c shows a contact angle of ~ 20° of AgNW ink on 

the PET substrate, when immersed in the liquid PDMS to mimic the experimental conditions. The 

lower contact angle, the stronger adhesion of AgNW ink with the PET substrate. On the other 

hand, using a cured PDMS film as a supporting substrate gave different results. The AgNW ink 

exhibited a contact angle of ~145° on the supporting PDMS substrate, indicating its weak adhesion 

(Figure 7.6f).  In other words, PDMS substrates resulted in poor droplet-substrate interactions due 
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to their low surface energy. Consequently, the coalescent droplets would not stick to the cured 

PDMS substrate but migrate slightly upward during the solvent evaporation. It should be noted 

that all the samples presented in Figures 7.3, 7.5, and 7.6 were kept at room temperature for 30 

min, then thermally cured at 90 ℃ for 10 min to give a sufficient time for the ethanol to evaporate. 

Post-printing treatment, which affects the evaporation of ethanol and the location of the AgNW 

lines, is another crucial factor for fabricating embedded AgNW lines. Three different post-printing 

treatment conditions were studied: immediate thermal curing of PDMS after printing for 10 min 

at 90 ℃, resting the samples for 30 min at room temperature then curing for 10 min at 90 ℃, and 

room temperature curing for 24 h. It has been reported that the liquid PDMS shows no curing 

Figure 7.6: (a) and (b) show the top and the cross-sectional views of AgNW lines, printed with five passes on a 

PDMS layer with 100 µm thickness on a PET substrate. The printed line was deposited in vicinity of the supporting 

substrate. (d) and (e) are the top and cross-sectional views of AgNW lines, printed with five passes on a PDMS layer 

with 100 µm thickness that was spin-coated on a cured PDMS supporting substrate. (c) and (f) present the contact 

angles of the AgNW ink on PET and PDMS substrates when submerged into liquid PDMS, indicating the strong 

droplet-substrate interactions on the PET substrate. 
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ability in the presence of ethanol.207 However, as the ethanol gradually evaporates, the PDMS layer 

can be fully cured by one of abovementioned processes. 

It can be clearly seen from Figure 7.7a that printing followed by immediate thermal curing at 90 

℃ for 10 min pushed the AgNWs to the surface of the PDMS as the ethanol is forced to quickly 

evaporate through the PDMS layer. In this case, the lift force, generated by ethanol evaporation, 

overcomes the adhesion force between the droplet and the PET substrate in addition to the viscous 

drag exerted by the surrounding liquid PDMS. However, for the latter two drying conditions 

(Figure 7.7b and 7.7c), the initial slow evaporation of ethanol couldn’t push the AgNWs to the 

surface of the elastomer. This occurred due to the increase in viscosity of the PDMS layer after 30 

Figure 7.7: Penetration depth of AgNW line with respect to curing temperature. (a) Shows the lifted AgNW line to 

the surface of the PDMS when the sample was directly cured after printing. (b) and (c) present embedded AgNW lines 

when the samples were left to rest for 30 min then cured at 90 ℃ for 10 min, and samples cured at the room temperature 

for 24 h., respectively. Five printing passes were used and the PDMS thickness is ~100 µm. 
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min at room temperature that is sufficient to withstand the lift force created by the fast evaporation 

of the residual ethanol during thermal curing. The viscosity of the freshly prepared PDMS was 

increased from 3.11 mPa.s to 3.54 mPa.s with the span of 30 min. Therefore, the printed wires 

remained at the bottom of the PDMS layer and became fully embedded into the cured PDMS film.  

7.3.2   Alignment Process of the Embedded AgNWs. In addition to the advantage of direct 

printing and embedding AgNWs in the elastomer layer, this printing process aligns the AgNWs 

along the printing direction, which may lead to desirable electrical performance for stretchable 

electronics. In this study, the printed samples were soaked in cyclohexane to remove the liquid 

PDMS in order to examine the effect of the surrounding liquid PDMS on the alignment of AgNWs. 

As shown in Figure 7.8, the AgNWs are well-aligned along the printing direction. Figure 7.8a 

shows a schematic illustration of the formation mechanism of aligned AgNWs combined with a 

FIB-SEM cross-sectional image of a single pass printed AgNW line. Figure 7.8b and 7.8c are SEM 

images that clearly demonstrate the alignment of AgNWs along the printing direction for one and 

five printing passes, respectively. The coalescence of the jetted droplets was controlled by utilizing 

50 µm in-line spacing and 25 µm shift among the printed passes. During the printing process, the 

jetted droplets coalesce with an overlap of ~50% to form connected lines, since the inflight 

diameter of the colloidal droplet is ~100 µm. As the ethanol solvent evaporates, the AgNWs are 

squeezed by the surrounding liquid PDMS. Such squeezing force can align the AgNWs to be 

lengthwise parallel to the printing direction. Single printing pass gives a line width of ~10 µm, 

where the alignment of the AgNWs can be seen in both at the center and the edge (Figure 7.8b). 

To the best of our knowledge, this is one of the smallest AgNW line width, obtained by printing 

methods as compared to work reported elsewhere.183,192,203,208,209 Three and five printing passes 

produced line widths of ~40 μm and 60 μm, respectively. However, the alignment of the printed 
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AgNWs decreases with multiple printing passes. The alignment effect can be explained as follows: 

for a single printing pass, relatively fewer AgNWs are printed. Thus, it is much easier to be 

squeezed by surrounded liquid PDMS. For three and five printing passes, much more AgNWs are 

deposited, therefore, it is more challenging to squeeze the AgNWs by the surrounding PDMS. 

Similarly, smaller printing nozzles may produce AgNW lines with even better alignment. 

Nevertheless, the alignment can still be clearly seen in the AgNWs with five passes as shown in 

Figure 7.8c. This alignment of AgNWs along the printing direction may enhance the electrical 

Figure 7.8: (a) Schematic illustration of the formation mechanism of aligned AgNWs and FIB-SEM cross-sectional 

image of an AgNW line printed with a single pass. (b) and (c) are SEM images of AgNW lines printed with one and 

five passes, respectively. 
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performance during stretching-releasing cycles through increasing the wire-to-wire contact 

area.210,211 

7.3.3   Electrical Characterization of the Embedded AgNWs. In order to evaluate the electrical 

performance of the embedded AgNW lines, bending and stretching/releasing tests were carried out 

by a homemade stretcher in a direction parallel to the longitudinal axis of the printed samples. 

Samples with two printed AgNW lines, made of five printing passes, were used for these tests. 

After transferring the sample to the elastomer substrate, the sample edges were sputtered with gold 

and smeared with silver paste prior to the electrical resistance measurements. The initial resistance 

(𝑅0) of the fabricated sample is 0.88 kΩ with 25 mm line length. Figure 7.9a shows the change in 

resistance with respect to bending cycles. The bending radius used in this test is ~6 mm, which 

Figure 7.9: (a) Bending test of a sample with two AgNW lines printed with 5 printing passes. The line length is ~25 

mm with initial resistance (R0) of 0.88 kΩ. The bending radius is ~6 mm. (b) Resistance change of embedded AgNW 

lines during the first 100 stretching/releasing cycles, tested at 10% strain, and (c) is resistance change between 100 to 

200 stretching/releasing cycles. The samples were composed of two AgNW lines printed with five passes. 
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makes a bending angle of ~180°. Surprisingly, the resistance started to decrease after the first few 

bending cycles. After 50 bending cycles, the resistance dropped from 0.88 kΩ to 0.76 kΩ, which 

represents a 13.6 % decrease of the initial resistance. This behavior could be attributed to the 

conditioning process of the AgNWs embedded into the elastomer, where the AgNWs may 

gradually align themselves to make better wire-to-wire contact due to the cyclic loading, especially 

for wires with no close packing assembly (Figure 7.8a). As a result, the resistance continued to 

decrease till reaching a plateau (~43.2% of the initial resistance) at around 200 bending cycles. 

Beyond 300 cycles, the resistance measurements were not stable as the contact pads started to 

degrade. Nevertheless, the fabricated AgNW lines retained their integrity without any noticeable 

damage when examined under the light microscope. The fact that the embedded AgNW lines can 

survive hundreds of bending cycles indicates the significance of elastomer encapsulation despite 

their extremely small cross-sectional areas. 

The same homemade stretcher was implemented to test the electrical performance of the printed 

samples during multiple stretching/releasing cycles. The samples were strained up to 10% then 

released to their initial position for 200 cycles at stretching rate of 0.2 mm/s as shown in Figure 

7.9b and Figure 7.9c. It should be mentioned that initial resistance could vary slightly from one 

sample to another due to possible necking in the cross-sectional area of the printed wires. This 

behavior could be attributed to the possible missing jets as a result of implementing only one 

printing station to fabricate the stretchable conductors. For the stretching/releasing test, the 

resistance (𝑅0) of the fabricated sample increased during the 10% strain to 1.30 kΩ then returned 

to the initial value (i.e., 0.76 kΩ) as demonstrated in Figure 7.9b. However, after the second 

stretching cycles, the resistance decreased from 0.76 kΩ to 0.68 kΩ, which corresponds to 10.5% 

decrease of the initial resistance (𝑅0). After 90 stretching/releasing cycles, the resistance became 
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stable, reaching a value of 0.63 kΩ, which represents a 17.1 % decrease in resistance. The sample 

retained this stable resistance value till 180 stretching/releasing cycles, after which some high 

peaks were observed as a result of degrading the contact pads (Figure 7.9c). This stable resistance 

of our fabricated stretchable conductors could be attributed to the well-aligned AgNWs along the 

printing direction (i.e., the direction of the stretching/releasing test) in addition to the benefit of 

the PDMS encapsulation that significantly enhanced the AgNW recovery upon releasing the strain. 

This makes this approach a promising venue for fabricating stretchable electronic applications 

such as stretchable sensors.  

7.3.4   Discussion. Direct inkjet printing and embedding of AgNWs into elastomer provides a 

facile approach to fabricate flexible and stretchable conductors. Different from printing of 

conductive inks on solid substrates, where the resolution of printed features is affected by substrate 

wettability and surface tension of the ink, in this study, the shaping effect by the surrounding 

PDMS improves the printing resolution through generating lines with circular cross-sections. As 

a result, it can produce conductors with tens of microns in diameter (or even smaller depending on 

the size of the printing nozzle). Compared with the conventional pattern-and-transfer methods, this 

approach eliminates the transferring step by direct patterning the conductive materials inside the 

stretchable elastomer, which significantly reduces the fabrication cost, especially in manufacturing 

settings. Another advantage is the enhanced adhesion between the conductive materials and the 

elastomer layer. The fabricated devices from our previous work and many others have suffered the 

poor mechanical robustness of AgNWs transferred or deposited onto elastomer substrates, where 

the AgNWs buckled up after cyclic stretching/releasing.183,190 Wrinkles and cracks developed at 

the surface of the elastomers and the AgNWs/elastomer composites drastically affected the 

resistance of the printed patterns. By embedding the AgNWs directly into the elastomer, the 
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mechanical robustness and integrity of the printed patterns have been significantly enhanced. 

Unlike the previously reported work of direct embedment of silver nanoparticles in elastomers to 

produce conductive microconductors,187 this work employed AgNWs, which enables desirable 

stretchability of the printed conductors. The AgNWs align along the printing direction by virtue 

of the isotropically continuous compression, exerted by the surrounding liquid PDMS on the 

AgNW assembly as the solvent gradually evaporates. In addition, tuning the elastomer layer 

thickness and targeting the right supporting substrates facilitate droplet coalescence and line 

formation through anchoring the printed patterns in vicinity of the supporting substrate during 

solvent evaporation. 

On the other hand, there are areas to be improved in this direct printing and embedding process. 

The conductivity in the embedded AgNW lines is relatively lower than those obtained by the 

pattern-and-transfer methods, because in the latter, sintering or local melting have often been 

implemented before transferring onto the elastomer substrates to reduce the contact resistance 

between the conductive wires. Future efforts will be made to improve the conductivity of the 

printed AgNW conductors, e.g., sintering of the embedded AgNWs by surface plasma resonance. 

In addition, the printed lines with multiple passes also reduce the conductivity, likely due to 

insufficient “squeezing” or shaping to assemble and align a large amount of AgNWs into a line. 

From this aspect, reducing the nozzle size has a potential to enhance the AgNW alignment and 

conductivity, in addition to a better printing resolution. 

 

7.4   Conclusion 

In summary, we have demonstrated the ability to fabricate stretchable conductors by inkjet printing 

of AgNWs into elastomer substrate in a single step. Colloidal suspension of AgNWs dispersed in 



www.manaraa.com

178 

 

ethanol was directly printed into a liquid PDMS layer, supported by a PET substrate. The 

morphology of the embedded AgNW lines were dictated by the thickness of the liquid PDMS 

layer, the substrate underneath the PDMS layer, and the post-printing treatment of the printed lines. 

Well-connected uniform lines were obtained for PDMS thickness close to 100 µm, where the 

AgNWs were anchored and assembled in vicinity of the supporting substrate due to the droplet-

substrate interactions. For thick PDMS layers, the jetted droplets didn’t reach the bottom of the 

PDMS layer and the penetration depth of the printed lines varied depending on the amount of ink 

materials present inside the liquid PDMS. In this particular case, the assembly process of the 

AgNW lines undergone two stages, which are defined by the assembly stage (droplet coalescence 

and line formation) and the upward migration of AgNWs due to solvent evaporation. This, in turn, 

easily resulted in broken lines as a result of this multistep process. For PDMS film thickness much 

less than 100 µm, the jetted droplets coalesced at the surface of the PDMS layer since the jetted 

colloidal droplet formed a spherical cap above the surface of the PDMS. When the jetted droplets 

coalesce and form lines with the assistance of the supporting substrate, the shaping effect of the 

surrounding PDMS layer generates fully-embedded lines with aligned AgNWs, which not only 

enhanced the mechanical robustness and integrity of the printed AgNW conductors but also 

improved their electrical performance during various bending and stretching/releasing cycles. This 

makes the direct embedment of AgNWs in elastomers by inkjet printing a promising venue for 

engineering flexible and stretchable conductors. 
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CHAPTER 8   Concluding Remarks 

 

8.1   Review of the Results and Conclusions 

The main objective of this study is to comprehend the material interactions and self-assembly in 

inkjet printing applications. The direct effect of liquid processing on fabrication and performance 

of the functional devices was profoundly investigated at different length scales. The findings of 

this study suggest that adjusting the multibody interactions (i.e., particle-particle, particle-

substrate, particle-interface interactions) is critical to control the deposition morphology and 

printing resolution. In conventional inkjet printing process, where sessile droplets are directly 

printed on substrates, particle depositions are usually associated with the well-known, undesirable 

CRE due to the high solvent evaporation rate at the edges of the printed droplets. Such particle 

accumulation phenomenon in vicinity of the TCL of sessile droplets significantly sabotages the 

printing resolution and device functionality. In order to investigate the effect of the multibody 

interactions on particle deposition morphology after solvent evaporation, the dual-droplet inkjet 

printing of colloidal particles was implemented to specifically examine the self-assembly of 

colloidal nanoparticles at the air-liquid interface and the particle accumulation at the TCL. This 

was achieved by jetting wetting droplets, containing colloidal nanoparticles dispersed in solvents 

with high vapor pressure, over supporting droplets composed of water only. By tuning the surface 

tensions and controlling the jetting parameters of the jetted droplets, monolayers with closely-

packed deposition of colloidal nanoparticles were demonstrated. The multibody interactions (i.e., 

particle-particle, particle-interface, and particle substrate interactions) were tuned by pH 

modulation of the supporting droplets to control particle deposition morphology. The final 

structure of the particle assembly was determined by the particles’ affinity to water (type of 

functional groups and density), charge level of the PS particles (zeta potential), and the pH of the 
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supporting droplet. High quality of closely-packed, nearly monolayer of nanoparticles with 

minimal particle accumulation at the TCL were generated by setting a mutual repulsion between 

the particles at the interface and the substrate. These monolayer optical films exhibited different 

structural colors depending on the nanoparticle sizes, which is of huge interest in fabricating 

optical and electronic devices. 

In addition, another preventative solution to the CRE is proposed in this study such applying 

magnetic field to direct the self-assembly of colloidal particles. The magnetic-field assisted inkjet 

printing process was implanted to form 1D chain structures of magnetic particles with suppressed 

CRE on porous substrates. Unlike the conventional evaporative particle-laden droplets, the particle 

deposition morphology in this study is determined by solvent imbibition, particle chaining, and 

particle transport under the magnetophoretic effect. The printed films exhibited anisotropic 

magnetic response to the applied magnetic field due to the 1D assembly structure, which holds a 

great potential in many engineering applications. 

Finally, fabrication of functional devices such as stretchable conductors has been also 

demonstrated by inkjet printing of AgNWs into elastomer substrate, where the viscous liquid 

elastomer layer shaped the printed silver wire lines into tens of micrometers in dimeter, and aligned 

the silver nanowires along the printing direction, resulting in wires with good mechanical stability 

and electrical performance. The printing techniques and the outcomes presented in this study can 

be harnessed in engineering and manufacturing a wide range of technological applications ranging 

from high-performance optical and electronic devices to stretchable conductors and sensors. 
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8.2   Key Differences Between Conventional and Dual-Droplet Inkjet Printing 

Solvent contact line pinning of evaporative sessile droplets is an intricate process, which is usually 

determined by the substrate wetting property through introducing surface roughness or chemical 

heterogeneities. The solvent contact line pinning is crucial in inkjet printing applications. The 

initial solvent pinning on substrates could be enhanced by introducing suspended particles to 

anchor the contact line, which significantly influence the printing morphology, resolution, and 

functionality. In conventional inkjet printing, where sessile particle-laden droplets are directly 

deposited on substrates, the colloidal particles are driven to the TCL by virtue of the capillary flow, 

resulting in a ring-like particle deposition. Even though there are scarce number of studies that 

reported the feasibility of exploiting the CRE in some applications such as particle separation and 

disease detection, such phenomenon is deemed detrimental and must be avoided in many 

technological applications such as producing coatings and patterns with mono or multilayers of 

closely-packed particles, fabricating functional microarrays, and detecting biomolecules by 

various spectroscopy techniques. Although considerable efforts have been devoted to counteract 

the colloidal particles’ migration to the contact lines by means of, controlling the drying conditions 

of solvents (e.g., substrate temperature, relative humidity, and volatile solvents), modifying 

particle shapes, changing solvent density and viscosity, adjusting substrate wettability, initiating 

acoustic field, and exerting electrowetting, these proposed preventative solutions have failed in 

producing closely-packed, monolayer of particles. 

Different from the conventional inkjet printing, the dual-droplet inkjet printing offers an alternative 

concept for self-assembly and particle pinning at the TCL. Deposition of monolayer nanoparticle 

films is achieved by consecutive dual-droplet printing of supporting droplets and wetting droplets. 

The colloidal particles spread over the supporting droplet surface and assemble at the interface as 
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the solvent dries to produce a uniform, nearly monolayer deposition of the nanoparticles. Three 

main steps take place toward the monolayer self-assembly: (i) spreading of the wetting droplet and 

colloidal nanoparticles over the supporting droplet; (ii) nanoparticle packing and assembly at the 

interface between the wetting droplet and supporting droplet; and (iii) settling of nanoparticle film 

layer onto the substrate upon evaporation of the supporting droplet. Once the colloidal particles 

arrive at the air-liquid interface and reach the substrate, the particle-substrate interactions cause 

the contact line to pin. This particle pinning mechanism from air-liquid interface is insensitive to 

the receding contact angle unlike the conventional contact line pinning of sessile droplets. Such 

pinning process is highly dependent on particle concentration and particle size based on the 

premise that the particles successfully self-assemble into floating networks at the interface. 

Therefore, the capillary forces, initiated by solvent evaporation of the supporting droplet, is not 

sufficient to buckle or rupture the monolayer particle network formed at the air-liquid interface. In 

addition, the contact line pinning in case of the dual-droplet inkjet printing is achieved at much 

lower particle concentration compared to that of drying of colloidal sessile droplets, which 

highlights the significance of this novel printing technique.  

 

8.3   Future Works 

The self-assembly of colloidal particles has been widely recognized as a viable approach to 

generate a variety of nanostructures. It also holds a great potential to be implemented in many 

engineering disciplines at different length scales. In spite of the considerable advances, particle 

interfacial assembly in evaporating sessile droplets is still in its early stages. Future works of 

experimental, theoretical, and computational investigations should be conducted to promote a 

thorough understanding of the mechanisms behind the resultant particle assembly and deposition, 
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e.g., particle transport to the interface, assembly at the interface, two-way interactions between 

evaporation and assembled structures, packing order of the final assembled structures, etc. 

Specifically, future directions in this field will likely include: (i) particle transport to the interface, 

especially when droplet size reduces and so does evaporation time; (ii) comprehensive 

understanding of the kinetics of cluster nucleation at the interface, cluster growth and compression 

of the assembled clusters/films on the interface during solvent evaporation, and the effect of 

interfacial hydrodynamic flow on the assembled structure; (iii) interfacial assembly of anisotropic 

particles (shape anisotropy, e.g., nanowires and nanosheets; composition anisotropy, e.g., Janus 

particles) and binary particles in an evaporating droplet; (iv) factors and mechanisms affecting the 

packing order and density of the final assembled structure; and (v) further exploration of potential 

applications. The well-ordered monolayer deposition enabled by particle interfacial assembly in 

evaporating droplets is a promising venue that holds great potential in fabrication of functional 

coatings, optical and electronics devices.   
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Appendix A: Supporting Information 

 

Video S6.1: Demonstration of the dipole chaining process simulated in COMSOL. One dipole is 

placed at the center of the domain, whereas the second dipole is positioned at an orientation angle 

of 30° to the first one with respect to the y-axis (i.e., the direction of the magnetic field). The initial 

distance between the two diploes is selected as the mean particle distance (𝐿𝑚), calculated at the 

particle concentration of 25 mg/mL. 

Video S6.2 − S6.5: Demonstration of the dipole chaining process, with orientation angles of zero, 

45°, 60°, and 90°, respectively. The distance between the two diploes is the same as in Video S2. 

Video S6.6: Demonstration of particle migration toward the substrate under the influence of the 

magnetophoretic force. The particles were released at a vertical distance (𝐿𝑚) away from the 

substrate. 
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