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ABSTRACT 

 

Achieving desired nanoparticle (NP) morphologies upon evaporation of particle-laden 

droplets is very challenging due to the complex behavior involving particle-particle, particle-

substrate, and particle-fluid interactions. Controlling the patterns of deposited NPs can be 

exploited to fabricate tailored nanostructures that add functionality and engineer the properties of 

the manufactured components. Nanoparticle spray deposition is an effective method of delivering 

particle-laden droplets that place desired particles on substrate. This technique finds numerous 

applications in electronics, food, drug, manufacturing, and energy industries. Various spray 

deposition techniques such as spray drying, thermal, and electrosprays are common practice for 

NP deposition. However, they all lack the required precision in controlling the droplet attributes 

as atomization is inherently a random process. In addition, NPs tend to accumulate along the 

pinned droplet contact lines during droplet evaporation, a phenomenon known as the coffee ring 

effect (CRE). Eliminating or exploiting CRE requires costly and multi-step processes. Moreover, 

NPs of interest in engineering applications are typically hydrophobic and tend to agglomerate in 

water, and thus cannot be directly sprayed. A novel nanoparticle spray deposition system is 

designed and built by integrating supercritical CO2 assisted atomization of aqueous nanoparticle 

suspensions. The supercritical CO2 boosts liquid atomization by reducing the liquid surface tension 

and enabling dissolved gas atomization mechanisms. The combined effects results in controllable 

creation of micron-size droplets with a narrow size distribution that directly affect the evaporation 

rate which in turn dictates the NP self-assembly mechanism. A nanoparticle-agnostic approach is 

introduced that allows the fabrication of multi-material nanostructures with precisely engineered 

patterns. Evaporative droplets of aqueous suspensions of Carbon Nanotubes, Graphene 
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Nanoplatelets and Boron Nitride Nanotubes representing NPs of different elemental composition, 

sizes and shapes are investigated. Cellulose nanocrystal (CNC) is used as a platform to make 

hybrid systems of CNC and the secondary NP. Fundamental understanding of repulsive-attractive 

interactions in this hybrid system is capitalized to explain their effects on the final pattern. It is 

shown that formation and thickness of deposited patterns of CNC-bonded NPs after evaporation 

of droplets depends only on the concentration and mass ratio of the NPs and not their shape and 

size or NP. 
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NOMENCLATURE 

a Acceleration 

A Area 

Bo Bond Number 

C Correlation coefficient 

Ca Capillary Number 

Cv Saturated water vapor concentration 

D Diffusion coefficient 

D32 Sauter Mean Diameter 

DS Surface Diameter 

DV Volume Diameter 

DV10 10% cut-off point of volume-based size distribution 

DV50 50% cut-off point of volume-based size distribution 

DV90 90% cut-off point of volume-based size distribution 

E’ Storage modulus 

f Focal Length 

g Gravitational acceleration 

H Relative humidity 

h0 Initial droplet height 

IMax Maximum light intensity 

IMin Minimum light intensity 

K Wavenumber 

L Characteristic length 
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M Modulation 

𝑚̇ (t) Evaporation rate of droplet 

Oh Ohnesorge number 

P Pressure 

Pe Peclet number 

Pinj Injection pressure 

R Contact line radius 

r Droplet radius 

Re Reynolds number 

T Temperature 

t Time 

Tan𝛿 Ratio of the loss to the storage modulus 

Tg Glass transition temperature 

Tinj Injection temperature 

𝑡𝜎 Capillary breakup time 

ul Ligament velocity 

v Velocity 

V Volume 

We Weber number 

Wt%  Weight percent 

𝜆𝑗𝑒𝑡 Wavelength of jet instabilities 

𝜆𝑙 Wavelength of ligament instabilities 

𝜆𝑅𝑇 Wavelength of Rayleigh-Taylor instabilities 
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𝜌𝑔 Density of gas 

𝜌𝑙  Density of liquid 

𝜃 Droplet contact angle 

𝜆 Wavelength of instabilities 

𝜇 Viscosity 

𝜉 Zeta potential 

𝜌 Density 

𝜎 Surface tension 

𝜔 Temporal growth rate 
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1. INTRODUCTION 

1.1 Objectives 

Nanofabrication processes for constructing engineered nanostructures with specific 

properties and functionalities form the foundation of nanomaterials research with various 

applications in electronics, [1-4] pharmaceuticals and healthcare, [5-7] energy harvesting and 

storage, [8-10] sensing, [11, 12] coatings, [13-15] and many more. Nanofabrication techniques 

generally divide in top-down and bottom-up categories. [16, 17] Photolithography, [18, 19] 

including UV, [20-22] focused ion beam (FIB), [23-25] electron-beam, [26, 27] and X-ray 

lithography, [28-30] FIB milling, [31, 32] nanoimprint lithography 35-39 (stamping), [33-37] dip-

pen nanolithography, [38-40] and scanning probe lithography [41, 42] are among the primary top-

down nanofabrication techniques. These methods are specifically used for planar structures (e.g., 

chip making) with features of micro/nanoscale resolution, depending on the wavelength of the 

source beam, and are not suitable for complicated 3D geometries. Bottom-up nanofabrication 

techniques are based on the self-assembly of unit compounds that use physical and chemical forces 

available to form larger structures. [43] Atomic layer deposition, [44-46] chemical  [47, 48] and 

physical vapor deposition, [49, 50] sol-gel, [51, 52] and DNA scaffolding [53, 54] are among the 

most prominent bottom-up nanofabrication methods. 

Self-assembly which is the backbone of bottom-up fabrication techniques is the result of 

random collision of components within a solvent that reach an equilibrium state. [55, 56] This 

equilibrium can be either static or dynamic. [57, 58] Static systems, which might need some initial 

formation energy like stirring, sonication or heating, reach a local/global stability state, when no 

further energy is being dissipated, and remain in that state. Dynamic self-assembly systems on the 
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other hand, form structures/patterns while the system is dissipating or receiving energy and the 

structure disassembles when the flux of energy is removed. [59] In a self-assembly process, the 

repulsive and attractive interactions between components, which can be molecules, functional 

groups, colloids, etc., should be ‘weak’ enough such that undesired interactions easily detach, and 

allow the system to probe various possible arrangements and gradually identify the optimum 

configuration among different components with least amount of free energy. [60] Van der Waals, 

π-π, charged and polarized bonds are among the ‘weak’ interactions that enable the assembly and 

are preferred over ‘strong’ coulomb interactions, covalent, conventional ionic, metallic and 

hydrogen bonds. The small components, nanoparticles (NPs) or colloids, involved in self-assembly 

have a large surface to volume ratios that make surface chemistry an important property with a 

defining role in the final structure. Mass and shape of the particles that are dissolved in a solvent, 

as well as chemical, electrical and magnetic properties of these particles play a critical role in 

formation of the final assembly.  

Achieving desired functionality and performance through bottom-up nanofabrication is 

still a challenge. The main objective of this research is deep understanding of nanoparticles 

interactions and their properties in defining the final structure that unravels the knots of unknowns 

for advancement of bottom-up fabrication and enables programming of smart and efficient self-

assembly systems. In addition to this fundamental understanding, developing a high throughput 

particle-laden droplet creation and delivery system to scale up the deposition and nanostructure 

engineering process is needed. This is the second main objective of this work that will be 

elaborated on in the next sections.  
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1.2 Literature Review 

Deposition of NPs and self-assembly of nanostructures through evaporation of particle- 

laden droplets is the basis of many manufacturing techniques such as inkjet printing and coating. 

[61, 62] However, as depicted in Fig. 1(a) in this process NPs tend to accumulate along the edge 

of the droplet due to a capillary flow (illustrated in Fig. 1(b)) from the center toward the pinned 

contact line of droplet as evaporation over the surface advances; a phenomenon known as the 

coffee ring effect (CRE). [63] This capillary flow from the center of the droplet towards the contact 

line initiates to compensate the mass loss at the droplet’s periphery. [63] This flow drags the 

particles and accumulates them along the edge of the droplet leaving a ring-shaped trace of 

particles on the substrate [64]  that varies with shape, size and chemistry of the particles, as well 

as the operating conditions during evaporation. [64, 65] The state-of-the-art methods of 

eliminating or exploiting the CRE requires costly and multi-step processes such as imposing an 

external force (electrical, thermal, magnetic, sonic, etc.), addition of surfactants, and chemical 

manipulation of particle/substrate. [66, 67] In addition, these methods are strongly dependent on 

the shape and type of the NPs. Nanoparticle-agnostic process to control the fabrication of tailored 

nanostructures through evaporation of nano-colloidal droplets is still missing and fundamental 

understanding of the interactions of nanoparticles with each other is required to fill this knowledge 

gap.   

(a) (b) 
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Figure 1. (a) Final distribution of particles upon evaporation of the solvent. (b) Schematic illustration of 

the capillary flow from the center of droplet towards the pinned edge of droplet as evaporation advances 

over the surface area. Reprinted with permission from [68]. 

 

Deposition of nanoparticles via spray atomization and self-assembly of nanoparticles upon 

evaporation is one of the main deposition techniques with several practical applications in food, 

[69-71] drug delivery, [72, 73] manufacturing, [74, 75] energy, [76-78] electronics, [79, 80] and 

surface coating. [15] Spray deposition is a simple one-step, safe and low-cost method for coating 

large surface areas within few seconds which promotes the efficiency and scalability, while 

reducing materials usage. In nanoparticle spray deposition, a colloidal suspension is atomized to 

create droplets containing nanoparticles of interest that subsequently evaporate and leave the 

particles on the target surface. Various configurations of thermal sprays, [81-83] electrical sprays, 

[84, 85] inkjet printing, [62, 86-88] and aerosol jet printing [89, 90] are among the most common 

spray deposition methods that have been extensively studied.  

Thermal spray systems such as warm, [91, 92] plasma, [93-95] and electrical sprays [96, 

97] are among the most popular thermal spray coating techniques that use a heat source, either 

through chemical reaction, plasma discharge, or electricity to melt the feedstock material and spray 

them on a substrate using a high-speed jet. Figure 2 shows a schematic illustration of a thermal 

spray coating system. [81] Cold spray systems where solid powders (rather than a melted material) 

(a) 

(b) 
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are accelerated in a de Laval nozzle towards the substrate, falls under thermal spray category as 

well. [82] Due to the harsh conditions in these sprays, coatings as well as substrates are limited to 

materials that can withstand large impact forces and are compatible with high temperature (and/or 

temperature gradients). [98] Metals and metallic alloys, ceramics, glasses, polymers and plastics 

are commonly used as the coating material in such systems. [82] These coatings are often utilized 

to prevent chemical and mechanical damage to different structures depending on the functionality 

of the part. [99] Thermal sprays are very cost effective and can cover large surface areas in a short 

period of time with a thickness that can range from ~20 micrometers to several millimeters. [100] 

However, thermal methods lack the precision needed for coatings in micro/nanometer scales. [97] 

 

 
Figure 2. Schematic illustration of thermal spray coating system. Reprinted with permission from [81]. 

 

Inkjet printing (IJP) is a precisely controlled technique that is utilized for depositing 

colloidal droplets on a targeted location. [62, 101] IJP finds numerous applications in electronics 

[102-107] and life sciences. [108-110] The contact line of the ink droplets that are printed pins to 

the substrate. As the droplet evaporation advances, the contact angle between the droplet and 

substrate decreases. As a result, the coffee ring effect (CRE) can occur that can be exploited or 
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suppressed to enforce a specific particle pattern on the substrate depending on the application. [63] 

Figure 3 indicates the application of IJP in depositing a CNT nanowire that can be used in 

electronic circuits. [86] Suppression of the CRE requires costly and multi-step processes such as 

the use of flammable, toxic and hazardous surfactants to the solvent, [66, 111, 112] physical and 

chemical modification of the substrate, [113, 114] and imposing external electrical, magnetic or 

acoustic forces. [115-117] In addition, IJP is limited to deposition of a single or a few droplets at 

a time that covers a small surface area which limits the scalability of this technique.  

 

 

Figure 3. (a) cross-sectional and (b) top view of a twin line CNT nanowire deposition through inkjet 
printing. Reprinted with permission from [86]. 

 

Aerosol jet printing (AJP) utilizes an air-assisted atomization technique for breakup of a 

liquid jet stream and a specific directed nozzle for targeted deposition. [118] This technique is 

faster than IJP and is compatible for deposition on any substrate and capable of handling a wide 

range of materials in moderate operating conditions (i.e., low temperatures and pressures). [119] 

(a) 

 

(b) 
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It provides precise control over thickness/profile of deposition on one go, and by having multiple 

feed lines to the same nozzle, material selection can be on-demand for each deposition site at the 

same print. Multiple process parameters (i.e., nozzle geometry, injection pressure and temperature, 

working distance) make this technique more complicated, but also enable customization of the 

final print. [120] However, the internal design of the nozzle directly affects the quality and 

dimensional resolution of the print and is often times very complicated to accurately focus the jet. 

[121] While AJP is superior to IJP in printing straight lines, they still lack the required precision 

in printing single dot/square sites. [122] Solubility of different particles in the solvent and 

controlling droplet sizes are other challenges of this method. Although AJP is a faster process 

compared to IJP, it is still not appropriate for large scale printing/deposition. [123] 

Spray atomization, which is used as the delivery method of nanoparticle deposition in our 

work, is a critical element in several practical applications in combustion of liquid fuels, [124] 

energy systems, [125] materials processing, [126] electronics, [80] and pharmaceuticals. [127]  

Atomization of a liquid jet into multiple small droplets upon injection into a quiescent gaseous 

medium encompasses primary and secondary breakup mechanisms. The former involves the 

growth of the interfacial instabilities very close to the nozzle that results in formation of ligaments 

and droplets. [128] The secondary atomization is referred as the additional fragmentation of 

droplets that results in creation of even smaller droplets at distances further away from the injection 

nozzle. [129] 

In the gas-assisted atomization systems [130] where a secondary fluid (mainly gas) is used 

to generate sufficient shear to break up the main liquid jet, the atomization mechanisms become 

more perplex. These systems typically involve injection of a two-phase bubbly flow or a fluid that 
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contains dissolved gas through a twin-fluid atomizer. Air-blast atomization systems, effervescent, 

[131] and dissolved-gas atomization [132] are among the most common twin-fluid atomization 

mechanisms that have been extensively studied. Flash-boiling is another atomization mechanism 

that rather than using two fluids, exploits the phase change of a single fluid during the injection 

process. [133] Atomizer design indicates whether the interaction between the liquid and atomizing 

gas occurs within the atomizer body, as in internal mixing, or outside the atomizer as in external 

mixing mode. [134] In the internal-mix atomizers, the two fluids enter separately and interact in 

the mixing chamber to form a two-phase flow before exit from the orifice. The characteristics of 

the two-phase fluid such as liquid/gas type, viscosity, surface tension, and particularly gas-to-

liquid ratio (GLR) have a profound effect on the atomization outcome. In an external-mix two-

fluid atomizer, the mixing of gas and liquid occurs outside of the nozzle head. The liquid flow is 

usually in the center and the gas comes in contact with the liquid concentrically to promote the 

breakup. [135] These atomizers are specifically useful for liquids that would otherwise evaporate 

in internal mix chambers. [136] 

 

 

Figure 4. Schematic illustration of (a) flash-boiling, (b) Effervescent, and (c) Dissolved-gas, atomization 

systems. 
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Dissolved-gas atomization, where the atomization gas is dissolved in the liquid before 

injection, takes advantage of the solubility of the atomizing gas in the liquid that further emerges 

as bubbles that expand and explode downstream of the orifice and by imposing a relatively large 

force, promote the liquid breakup. [137] Dissolved-gas atomization is specifically useful in 

micronization [138] and powder generation applications [139] where a solution that contains solid 

particles of interest is atomized and micron/submicron powders are created after droplet 

evaporation. Many studies have shown the considerable effect of the nozzle design and geometry 

as well as rheological and chemical properties of the solvent on the final size of the droplets created 

by this method. [140] The efficiency of this system strongly depends on the solubility of the 

atomizing gas in the liquid that can impose a constraint on material selection and operating 

conditions as the solubility is strongly dependent on the system pressure and temperature. 

Possessing hybrid gas-like and liquid-like properties, supercritical fluids offer many 

advantages that make them a plausible candidate for assisting atomization. Their sensitivity to 

slight changes in temperature and pressure along with low viscosity, high density, and high 

diffusivity results in an enhanced gas dissolution in liquid and lower surface tension before 

injection. [141] Particularly, in micronization and powder manufacturing applications involving 

dissolution of solid particles in a specific supercritical solvent, low solubility and possible 

decomposition of solid particles in the solvents impose limitations and make the material selection 

a crucial part of designing supercritical fluid atomization systems.  

Supercritical CO2 (SCO2) is a viable candidate used to assist atomization as it is highly 

miscible in water and most organic solvents. In addition, it is non-toxic, degradable, 
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nonflammable, and abundant and has a moderate critical temperature (31.7 ºC) and a relatively 

low critical pressure (7.38 MPa) that extend its application to temperature-sensitive applications 

as in biotechnology and pharmaceutical industries. [142] Depending on the phase behavior and 

solubility of the material to be atomized in the supercritical medium, supercritical fluid atomization 

systems fall under various categories. [143] Among them, supercritical-assisted atomization 

(SAA) has been shown to generate very fine particles with desired morphology and more uniform 

size distribution. [144] SAA is a technique originally invented by Reverchon [145] for controlled 

fabrication of micron and nano-size solid particles through atomization of a ternary mixture 

comprised of SCO2, organic/inorganic liquid solvents, and solid solutes. Figure 5 schematically 

shows this system. The mixture is injected into a temperature-controlled precipitator that is 

equipped with a stream of warm gas to promote the evaporation of solvent droplets and a stainless-

steel frit is deployed at the bottom of the atomizer to collect the nano-size dry powders for later 

use. The SAA technique allows for sufficient contact between SCO2 and liquid suspension before 

injection that maximizes the dissolution of SCO2 in the liquid solvent and leads to surface tension 

reduction. The combined effects result in formation of fine droplets with narrow size distribution 

that makes SAA a viable method for dry powder fabrication with tremendous applications in food, 

pharmaceutical, and chemical industries. [146]  

 



 

30 

 

 

 

 

 

 

 

Figure 5. Schematic illustration of supercritical assisted atomization (SAA) system developed for 

fabrication of dry powder. Reprinted with permission from [147].  

 

There are several experimental studies on gas-assisted atomization including effervescent 

[148] and dissolved-gas atomization systems [149] that focuses on the relationship between the 

primary break up regimes and the governing non-dimensional parameters driving the instability 

mechanisms [150, 151] and their effects on the ligament structures, spray formation and spatio-

temporal distribution of the droplets. [152] However, these studies did not involve the dissolution 

of supercritical fluid in the liquid. The most relevant reports on resolving the SCO2-assisted 

atomization mechanisms are reported by Reverchon et al. [153] They used SCO2 and N2 as 

dissolved gases to assist the atomization of water and ethanol and studied the effects of spray 

parameters such as GLR, injection pressure, nozzle diameter and axial distance from the injection 

nozzle on the mean droplet sizes measured by means of a laser diffraction technique. The authors 

suggested that SCO2 promoted jet breakup through two simultaneous effects: (1) the dissolved-gas 

Precipitation 
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atomization since a fraction of SCO2 dissolves in the liquid and (2) the effect of undissolved CO2 

that squeezes the liquid ligaments. The combined effects accommodate achieving fine droplets 

with a narrow size distribution. [153] However, no evidence of such behavior was reported in these 

studies and the underlying atomization mechanisms behind the promotion of the flow instabilities 

leading to ligament breakup were not revealed. In addition, the effect of rheological properties of 

the atomization gas and the liquid mixture on the final droplet sizes have not been investigated to 

date. One of the objectives of this study is to unravel the role of dissolved supercritical fluid and 

its thermophysical properties on promoting the jet instabilities to pinpoint the breakup mechanisms 

governing the SAA. 

Several analytical models in the literature predict the final Sauter mean droplet sizes (SMD) 

for the general air-assisted (twin-fluid) atomizers as well as specific models for effervescent 

atomization systems. [154, 155] These models are mainly focused on certain nozzle geometries or 

specific experimental conditions. Lund [156] was a pioneer in developing a predictive model for 

SMD using near-nozzle images of an effervescent atomization system. They adopted the maximum 

growth rate equation based on Weber’s instability analysis for jet breakup, [157] which showed a 

good agreement with their experimental measurements. The unstable wavelengths in this analysis 

are only a function of fluids’ properties (i.e., density, surface tension, viscosity). However, their 

model suffers from neglecting two important effects: (1) the relative velocity between the gas and 

liquid phases and (2) the secondary breakup. Sutherland et al. further improved this model by 

considering the aerodynamic effect of the gas surrounding a ligament and the relative velocity 

between the gas and liquid phases. [158] They obtained the wavelength of the fastest growing 

disturbance from the instability analysis developed for a capillary jet by Sterling and Sleicher [159] 
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that takes the aerodynamic interaction between the jet and the surrounding medium into account; 

however, the secondary atomization was not considered in that model. To surpass the shortcomings 

of the existing models, CFD simulations using particle tracking methods have been employed to 

obtain SMD for the effervescent atomization systems. [160] Even though the analytical and 

numerical SMD prediction models for effervescent atomizers differ in their scope and range of 

application, they all signify the important role of surface tension and density on SMD for a wide 

range of GLRs while they agree that droplet sizes are not very sensitive to the liquid viscosity. 

However, to the best of our knowledge, there is no analytical, empirical, or numerical model 

specifically developed to predict the SMD resulted from the dissolved-gas atomization, and 

particularly for supercritical-assisted atomization. Based on the experimental results, we develop 

an empirical SMD prediction model that can be used for validating future numerical models 

developed for dissolved gas atomization. To accomplish these objectives, we designed and built 

an SAA system and resolved the jet breakup and spray characteristics via utilizing different optical 

diagnostics. For this purpose, the spray formation process using either CO2 or Nitrogen (N2) as the 

atomization fluid is portrayed via shadowgraphy and laser diffraction techniques. Furthermore, we 

leverage the linear instability analysis to delineate the dominating instability mechanisms at 

different flow conditions. 

Despite plethora of studies on nanoparticle deposition using evaporative droplets in the 

literature, there are several knowledge gaps that impose limitations in the main two parts of this 

process and motivated the current research: (i) Carrier Agents: creation and delivery of fine and 

homogenously sized particle-laden droplets to a substrate, and (ii) Pattern Engineering: controlling 
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the self-assembly of nanoparticle during evaporation to tailor the final deposition pattern that is 

left on the substrate. 

(i) Carrier Agents: There are several spray-based techniques to create and release 

nanoparticles through atomization of colloidal solutions, such as spray pyrolysis [161] and spray 

drying [162] that are widely used in manufacturing, pharmaceutical and food industries. [7, 163, 

164] Their adoption is owed to the compatibility of these techniques with large variety of materials 

and their high throughputs. However, due to the inherent uncertainties, randomness and wide size 

distribution of droplets created by atomization, these systems lack the precision and control over 

the formation and homogeneity of produced nanoparticles. [165] To overcome these limitations, 

supercritical assisted atomization (SAA) has been introduced as a method that utilizes a gas above 

its thermodynamic critical point to assist the atomization process. [166] Although SAA provides 

great control over process parameters, it is limited to solely manufacturing of micro/nanoparticles 

that are collected in a precipitator in the form of dry powder after atomization. A potentially 

important application of SAA is the direct deposition of nanoparticle-laden droplets resulting from 

atomization of nano-colloidal suspensions exposed to SCO2 on a substrate. However, due to 

complex underlying atomization mechanisms in a dissolved supercritical fluid assisted system, 

this potentially important application has not been explored in the literature to date.  

(ii) Pattern Engineering: Although self-assembly of nanoparticles comprises the core of 

bottom-up fabrication techniques, an effective procedure to control and program this process has 

not been developed yet. Water is one of the most important solvents used for self-assembly; and 

the tendency of particles to attract or repel water molecules (i.e., hydrophilicity or hydrophobicity) 

is exactly the type of ‘weak’ interaction that drives the assembly of dissolved NPs. Cellulose 
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nanocrystals (CNCs) are abundant plant-based (linear chain glucose units, C6H10O5), 

biodegradable and spindle-shaped NPs that possess both hydrophilic (hydroxyl and ester) and 

hydrophobic (hydrocarbons) characteristics. [167] We have utilized this unique amphiphilic 

property of CNCs to create hybrid nanoparticle systems (HNPS) of CNC and desired NP to 

engineer self-assembly of evaporative aqueous droplets and eliminate time and cost inefficient lab-

scale post processing. Graphene Nanoplate (GNP), Carbon Nanotube (CNT) and Boron Nitride 

Nanotube (BNNT) are the NPs used to build multi/mono-layer structures, which have various size, 

shape (nanotube vs. nanoplatelet) and chemical composition (carbonaceous vs. ceramic). CNC is 

exploited as a platform that can alter amphiphilic degree and surface charge of the nano-colloids 

dissolved in water, which in turn controls the Van der Waals interaction between nanoparticles as 

well as their attractive/repulsive forces with the solvent and substrate and the final pattern left after 

evaporation.  

As a result, this research dives deep into (1) fundamental understanding of underlying jet 

breakup and spray formation mechanisms of SAA system as a novel and scalable method of 

creating and delivering fine and homogenously sized droplets; and (2) principals of evaporation 

induced self-assembly of nanoparticles and engineering the pattern of deposited nanostructures. 

The proposed spray deposition technique has the potential be adopted for several practical 

applications involving CNCs and other nanoparticles with desired functionalities and properties 

(i.e., structural, electrical, thermal, etc.) that can be tailored to the requirements of each specific 

application.  

Section 2 demonstrates different experimental setups that have been designed and built for 

each stage (i.e., (i) feasibility studies, fundamental understanding of SAA, (ii) deposition of CNC 
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carrier droplets created through SAA, and (iii) morphology of nanostructures fabricated through 

evaporation induced self-assembly of colloidal droplets) of this research, and discusses diagnostic 

methods, post processing, materials, and characterization techniques that have been utilized. 

Section 3 discusses the results of various tests and analysis performed for each stage, while section 

4 summarizes the main conclusions and takeaways. Finally, section 5 elaborates on future 

directions of this research.  

 

2. METHODS AND EXPERIMENTS 

2.1 Experimental Setup 

Figures 6-9 illustrate different experimental setups that have been utilized in this study. 

Figure 6 shows an internal mix air-atomizing spray system integrated with an open-frame 3D 

printer, to atomize an aqueous suspension of CNC. This setup was used to perform feasibility 

experiments that will be discussed in Section 3.1. The suspension was delivered to an internal 

chamber of the nozzle to mix with pressurized and dry air stream using an impeller pump (SCC 

pumps Inc., IL, USA). The mixture was then injected through a 1 mm-nozzle to form a spray of 

CNC-carrier liquid droplets that further evaporate and release nanoparticles between adjacent 

layers of 3D printed ABS parts. Once a layer was printed, the spray system was activated to deposit 

CNC. All the specimens were printed on a consumer level, desktop 3D printer, LulzBot TAZ6 3D 

Printer (Colorado, USA). The printing area was enclosed to minimize the environmental effects 

on the printing process. The printing directions were controlled by editing the parameters in the 

slicing software. Each specimen was printed at the same position on the bed to ensure uniformity 
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across all the samples. The bed temperature was set at 110 °C, slightly higher than the glass 

transition temperature of ABS to increase the adhesion. [168, 169] The extruder temperature was 

maintained at 240°C to optimize the polymer coalescence, entanglement, and bonding strength. 

[170] Table 1 summarizes the test conditions and experimental samples that were prepared using 

this setup, and Section 3 discusses the result of various tests performed on these samples.  

 

Figure 6. Image of spray coating and diagnostic systems (feasibility study #1) 

 

Figure 7 is schematic illustration of another experimental setup that was utilized for further 

series of proof-of-concept experiments in collaboration with Georgia Institute of Technology that 

is elaborated on in Section 3.2. In this system, the aqueous suspension of CNC is delivered to the 

internal chamber of the nozzle using an impeller pump (SCC Pumps Inc. IL, USA) to be mixed 

with pressurized and dry air. The tertiary mixture then passes through a single-orifice nozzle to 

generate micron-sized droplets that further evaporate and deposit CNC particles on glass fibers.  

High Speed Camera 

Laser Diffraction System Spray Nozzle 3D Printer 
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Glass fibers are attached to a flat plate, and a rail-and-motor is used to move them across the spray 

for the whole length of the fiber to be coated. An Arduino is implemented to control the speed of 

this axial movement. Table 2 presents the test cases for these experiments. 

 

Figure 7. Schematic illustration of spray coating system (feasibility study #2) 

 

Figure 8 illustrates the schematic of spray and optical system used for this study. It consists 

of three feed lines that deliver CO2, Nitrogen, and the liquid to a pressure vessel. An HPLC pump 

(single head, piston pump from Cole-Parmer, IL, USA) feeds the liquid into a pressure vessel 

(20MPa from Parr Instruments, IL, USA). A dual piston pump (supercritical class from Teledyne 

SSI, PA, USA) connects CO2 tank to the pressure vessel and Nitrogen stream from tank is directly 

connected to the vessel and is controlled by a pressure regulator. Temperature of the mixture in 

the vessel is also controlled by a heater (Omega Engineering, CT, USA), while pressure is 
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monitored by several pressure gauges along the feeding lines as well as in the pressure vessel. The 

multiphase mixture is then injected in ambient condition through a gasoline direct injection (GDI) 

atomizer (BOSCH, Gerlinger, Germany) with 125 𝜇m orifice. The GDI injector is actuated and 

controlled using an Arduino that is programmed to operate down to 1 millisecond resolution. 

 

 

Figure 8. Schematic illustration of SAA system 

 

We employ high speed diffuse back illumination (DBI) (i.e., shadowgraphic) imaging and 

laser diffraction techniques to probe along the longitudinal and cross-sectional areas of the spray. 

DBI imaging for direct visualization of the jet is a well-known and nonintrusive technique that 

provides great information on break-up, liquid penetration length, shape and angle of the spray, 

[171, 172] especially in a dilute medium. Phase doppler and laser diffraction are among the most 

commonly used interferometry techniques for droplet size measurement within the cross section 
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of spray. [173] High velocity, turbulent condition, very small-scale area of interest and the 

difficulties of finding the appropriate lighting make direct visualization of primary and secondary 

breakup of a jet challenging. We combine both high-speed imaging and laser diffraction techniques 

in our characterization measurements to compensate for limitations of each method. 

The system allows investigation of spray parameters such as pressure, temperature, and gas 

to liquid ratio on size and size distribution of the droplets that form, as well as spray dimensions 

(i.e., liquid core length/width and spray angle). Table 3 shows different cases that have been 

studied and the corresponding test parameters.   

In order to prepare aqueous suspension of HNPS, CNCs, CNTs, GNPs and BNNTs were 

dispersed in deionized (DI) water with various concentrations and ratios and probe-sonicated for 

2 hours at 20 kHz and 75% amplitude. Table 4 summarizes all the suspensions that were prepared 

and tested. For each sample, six droplets were deposited on the glass substrate (micro cover glass 

No. 1.5) using a 0.1 µL pipette (Eppendorf, Germany). The substrates were thoroughly washed 

with acetone, isopropanol, and DI- H2O prior to deposition. Droplet evaporation time was ~16 min 

at 23˚C ±0.1 and 50% humidity. Figure 9 schematically demonstrates the preparation of hybrid 

NPs systems and their deposition on the substrate. 
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Figure 9. Schematic illustration of fabricating 3D nanostructures. (a) preparation of aqueous suspension 

of HNPS by sonication; and (b) Deposition of HNPS on substrate to create 3D nanostructures (Ring, 

Disk, and Dome) upon evaporation of water. 

 

2.2 Spray Diagnostics and Post Processing 

High speed images were taken by a Photron Fastcam SA5 camera (CA, USA) equipped 

with a Nikon Micro lens (Tokyo, Japan) using a high-power LED light source (OR, USA) that is 

synced with the camera using a Berkeley nucleonics digital pulse/delay generator (CA, USA). The 

Ring Disk Dome 
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image processing for background removal, brightness, and gamma factor adjustment, and 

binarization was developed in R-Studio. The background noise was removed by dividing the 

intensities of raw image by those of an image taken prior to injection. Binary images were then 

obtained by imposing a global intensity threshold above which the intensity was set to 1 while the 

remaining pixel intensities were set to 0. Imaging micron sized features at high velocities during 

the primary jet break up is challenging and requires high resolving power. Even at high shutter 

speeds, the field of view gets limited at high magnifications. In order to avoid using costly and 

complicated microscopic lenses that usually have long working distances and entail additional 

light sources, a double lens system was deployed. [174]  In addition to the macro lens attached to 

the camera (f = 200 mm) a positive lens (f = 50 mm) was mounted at a focal point distance from 

the object and aligned with the first lens as illustrated in the schematic. This multi-lens system 

provides additional magnification, allows for resolving larger field of view and increasing light 

throughput. [175] The resolving power (RP) of the multi-lens system, which is the smallest feature 

that the optical system can detect, and an indicative of the system’s performance was then 

calculated to be 20 µm from modulation transfer function (MTF), using a standard resolution test 

target as follows: 

𝑀𝑇𝐹 =  
𝑀𝑖𝑚𝑎𝑔𝑒

𝑀𝑜𝑏𝑗𝑒𝑐𝑡
              (1) 

𝑀 =  
𝐼𝑚𝑎𝑥− 𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥+ 𝐼𝑚𝑖𝑛
               (2) 
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A Malvern Panalytical’s laser diffraction system (Malvern, UK) was deployed for real-

time measurements of the droplet sizes in the cross section of the spray at different axial locations 

with 0.1 µm resolution. 

 

2.3 Materials and Characterization Techniques 

2.3.1 Materials 

 The CNCs used in this work are NCV-100 CNCs (CelluForce, QC, Canada) with diameter 

of 2.3-4.5 nm and length of 44-108 nm. The pristine GNPs (Sigma Aldrich, Germany) have a 

length, width and thickness of 5 μm, 15 μm, and 6 nm, respectively. The pristine multi-walled 

CNTs are NC7000 (Nanocyl, Belgium) produced via catalytic CVD with ~90% carbon purity, 

average diameter of 9.5 nm, length of 1.5 μm and number of walls of 10. The BNNTs (Bnnano, 

USA) have an average diameter of 80 nm and a length of 2 μm. 

2.3.2 Microscopy 

A Leica DM6B (Leica Microsystems Inc., Germany) motorized microscope equipped with 

2x-40x objectives is used to study the nanostructured patterns after evaporation of aqueous 

droplets. Samples were also imaged in polarized light mode in order to capture the crystalline 

CNCs that are otherwise transparent to brightfield lighting.  

2.3.3 Scanning Electron Microscopy (SEM) 

A high-resolution focused ion beam (FIB) SEM (TESCAN Ferra-3, Czech Republic) at an 

acceleration of 5 kV in an in-beam SE mode was used to study the morphology and structure of 

hybrid nanoparticle systems (HNPS) after evaporation of solvent in droplets. A JCM-5000 
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NeoScope tabletop SEM at 10 and 15 kV acceleration voltage and high vacuum mode was used to 

study the fracture surface of 3D printed samples. In addition, LEO1530 SEM at an acceleration of 

5 and 3 kV was used to capture the micrograph of freeze-dried CNCs. Prior to imaging, a 

Cressington plasma sputter was used to apply gold coating on the sample surfaces. 

2.3.4 Zeta potential and dynamic light scattering (DLS) 

Zeta potential (ζ-potential) and particle size distribution of 0.01 wt% suspensions of hybrid 

nanoparticles systems (CNC-GNP, CNC-CNT, CNC-BNNT) in DI-H2O were measured at 25 °C 

using a Malvern Zetasizer Nano ZS (Malvern Instruments, UK). Suspensions were sonicated for 

15 min at 200 rpm prior to measurement to make sure samples were taken from a homogenously 

dispersed solution. The same instrument was used to measure the hydrodynamic diameter of 

nanoparticles at a fixed angle of 90° at 25 °C. All experiments were carried out for at least six 

samples and the average zeta potential and DLS values were reported. 

2.3.5 Profilometry 

Bruker DektakXT Surface Profiler (Bruker Corp., USA.), which is a stylus-based surface 

profilometer with vertical resolution of 1 Å, was used to map the nanostructures formed on the 

surface of the glass substrates after droplet evaporation. All experiments were carried out for at 

least six samples and the average height profile was reported. 

2.3.6 Surface tension and contact angle measurement 

Thin films of CNC-GNP, CNC-CNT and CNC-BNNT were prepared by controlled 

evaporation (in an oven at 180℉ for 4 hours) of aqueous suspensions of these hybrid systems on 

a Teflon substrate attached to a glass slide. Water droplets (of 5𝜇L volume) were placed on these 
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thin films for contact angle measurements (according to ASTM D7334 standard) using a 22-gauge 

needle on a KSV instruments CAM 200 goniometer (KSV Instruments, Finland) equipped with a 

motorized camera and video analysis software. The same instrument was used for pendant droplet 

surface tension measurements. All experiments were carried out for at least six samples and the 

average surface tension and contact angle were reported. 

2.3.7 Atomic force microscopy (AFM) 

 Bruker Dimension Icon (Bruker Corp., USA.) with a 0.01-0.025 ohm-cm Antimony (n) 

doped Si tip and a cantilever of 150kHz frequency and 6 N/m stiffness was used to measure the 

intermolecular forces among different HNPSs. Force measurements were performed with an 

HNPS coated tip on an HNPS film in air and water. The tip is coated by immersion in a 5wt% 

solution of HNPS in water for 1 hour, and HNPS films are also fabricated by depositing the same 

solution (i.e., 5wt%) dried on a smooth glass substrate. In order to measure the intermolecular 

forces in water, a large DI-water droplet (~5mL) is placed on the HNPS film prior to approaching 

the coated tip. All the required accessories and software settings are adjusted for the fluid-

immersion force mapping in this mode. All experiments were carried out for at least six samples 

and the average force was reported. 

2.3.8 Electrical resistance measurement 

 Droplets containing various concentration and ratios of HNPS were deposited on a glass 

substrate and a Miller FPP-5000 four-point probe (Veeco, USA) was used to measure sheet 

electrical resistivity of the nanostructures upon evaporation of water. Pure pristine CNT and GNP 
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were fabricated as a film for comparison measurement as well. All experiments were carried out 

for at least six samples and the average sheet resistivity was reported. 

2.3.9 Thermal stability 

Thermogravimetric analysis (TGA) was performed using a TGA Q500 from TA 

Instruments to study the CNC content deposited on the printed ABS samples. The samples were 

heated from 40 ℃ to 650 ℃ with a 20 ℃/min ramp in an inert atmosphere. The specific densities 

of samples were measured using water displacement method according to ASTM D-792. Each 

data point is at least an average of three measurements. 

2.3.10 Dynamic mechanical analysis (DMA) 

A DMA Q800 TA Instruments device with a dual cantilever beam clamp was used to 

perform dynamic mechanical analysis. Storage, rubbery (storage modulus above glass transition 

temperature) and loss moduli in addition to the glass transition temperature (Tg) were measured in 

the 25 ℃ to 160 ℃ range at a heating rate of 2 ℃/min and 1 Hz frequency. A preload of 1 N and 

an initial amplitude of 1 µm were applied on rectangular-shaped (35×15×5 mm) specimens. The 

printing direction for DMA samples was angle-ply (the default of the printer). Each data point is 

the average of at least three measurements. 

2.3.11 Mechanical testing 

The tensile properties of the CNC-ABS samples were determined according to ASTM 

D638 for dog-bone samples with a gauge length of 50 mm, width of 21 mm and thickness of 3 mm 

using a Universal United STM testing system equipped with 10 kN load cell at a displacement rate 

of 2 mm/min. The modulus was calculated between the strain values of 0.03 and 0.05. Two 
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unidirectional printing directions, i.e., longitudinal and transverse, were used for tensile samples. 

Every data point is the average of at least seven measurements.  

2.3.12 Interlayer shear strength (ILSS) measurement 

Short beam shear (SBS) test of transverse and longitudinal printed samples was carried out 

to determine the adhesion between the printed layers with and without CNC through measuring 

the interlayer shear strength (ILSS). The SBS test was conducted on a Universal United STM 

testing system equipped with 10 kN load cell in three-point bending mode according to ASTM 

D2344. The displacement rate and the span-to-thickness ratio was set at 2 mm/min and 4 mm/min, 

respectively. The printing direction for SBS samples was longitudinal and transverse. Every data 

point is the average of at least seven samples. 

2.3.13 Transmission electron microscopy (TEM)  

 Electron Microscopy Sciences® CF300-Cu copper TEM grids with carbon film 

were used in a JEOL 2010 TEM at 200kV to study the morphology of individual CNCs with a 

diluted concentration of 0.01 mg/ml in DI-water. The wet samples were stained for one minute 

with uranyl acetate58 and dried in the open air.  

 

2.4 Test Conditions 

Tables 1-4 summarize experimental conditions and different variables that have been 

studies in different phases of this research. Table 1 indicates the samples that were prepared for 

the first feasibility study and the conditions under which these samples were created. Table 2 is 
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similar information for the second feasibility study that was performed to analyze the efficiency 

of nanoparticle spray deposition. 

Table 1. Spray coating operation parameters (Feasibility study #1) 

Spray pattern  Full cone 

Spray angle 20 deg 

CNC concentration in coating suspensions 0.5 wt%, 1 wt%, 1.5 wt% 

Inlet air pressure 148.3kPa – 244.8 kPa 

Inlet air temperature 25℃ 

Inlet liquid pressure 96.5 kPa 

Operating temperature 25℃ 

 

Table 2. Spray coating operation parameters (Feasibility study #2) 

Atomization air pressure 100 kPa, 200 kPa 

Liquid pressure 100 kPa 

Operating temperature 25 ℃ 

Coating suspensions 1wt% CNC – 99wt% DI-Water 

2wt% CNC – 98wt% DI-Water 

5wt% Epoxy – 95wt% DI-Water 

1wt% CNC – 5wt% Epoxy - 94wt% DI-Water 

2wt% CNC – 5wt% Epoxy - 93wt% DI-Water 

Rail speed 5 mm/s, 10 mm/s, 15 mm/s 
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Table 3. Test conditions of SAA system 

Atomization Gas 

Injection Pressure 

(MPa) 

Liquid Temperature 

(°C) 

GLR 

CO2 

3 19, 25, 31.5, 35 

0.02, 0.05, 0.075, 

0.1, 0.2, 0.5, 1, 2, 

3, 4 

6 19, 25, 31.5, 35 

7.5 19, 25, 31.5, 35 

9 19, 25, 31.5, 35 

N2 

3 19, 25, 31.5, 35 

6 19, 25, 31.5, 35 

7.5 19, 25, 31.5, 35 

9 19, 25, 31.5, 35 

  

Table 3 demonstrates all different parameters that was investigated to characterize the 

SAA system, while Table 4 presents the HNPS systems that were prepared and studied for 

fundamental understanding of evaporation induced self-assembly of nano-colloidal droplets.  All 

reported data points in the coming sections are the average of at least five realizations. In addition, 

one or two-way analysis of variance (ANOVA) with a significance level of 5% (i.e., 95% 

confidence level) has been performed to ensure statistically significance of the reported results.  
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Table 4. Concentration and ratio of HNPS test cases  

Nanoparticles in the 

Hybrid System 

Concentration of 

Nanoparticles in suspension 

Ratio of Nanoparticles in the Hybrid 

System 

CNC-GNP 
0.2 wt% 

0.05 wt% 

1:20, 1:10, 1:7, 1:5, 1:3, 1:2, 1:1, 2:1, 4:1, 

6:1, 8:1 

CNC-CNT 
0.2 wt% 

0.05 wt% 
1:1, 2:1, 3:1, 4:1, 9:1, 10:1, 11:1 

CNC-BNNT 
0.2 wt% 

0.05 wt% 

1:15, 1:8, 1:6, 1:4, 1:2, 1:1, 2:1, 4:1, 6:1, 

8:1, 10:1, 15:1, 20:1 

 

 

3. RESULTS AND DISCUSSION 

3.1 Nanoparticle Spray Deposition in 3D Printing [176]1 

In order to investigate the feasibility of targeted deposition of functional nanoparticles 

through atomization, a spray system working with high-pressure air was integrated within an FDM 

printer to enable spraying aqueous suspensions of CNC between polymer layers during printing. 

Upon injection of the aqueous CNC suspension through a cylindrical nozzle, a high-pressure liquid 

jet forms and undergoes severe instabilities due to the large pressure drop between the injector and 

ambient atmospheric conditions. The growth of instabilities between the liquid and air breaks up 

(i.e., atomizes) the liquid jet first into several long and slender liquid structures (ligaments) and 

further breaks up the ligaments into a large number of micron-size droplets at a small distance (4 

-5 mm) downstream of the nozzle. [177]  

 

 
1 Reprinted with permission from “Atomization of cellulose nanocrystals aqueous suspensions in fused deposition 

modeling: a scalable technique to improve the strength of 3D printed polymers”, by Shadi Shariatnia, et al., 2019. 

Composites Part B: Engineering, 177, Copyright 2019 by Elsevier. 
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Figure 10. High-speed shadowgraph of (a) the overall spray taken at time t =0.5 ms; (b) a magnified 

region of the spray shown in (a) in the vicinity of the injector (red square shows the magnified window). 

 

3.1.1 Spray Characterization 

High-speed imaging results shown in Figure 10 present the surface area and tip of the 

spray as well as a small area in the vicinity of the injector. Figure 10 (a) demonstrates the overall 

structure of the spray 500 s after the start of injection. Post-processing of the images indicates 

the spray penetration length and spray spreading angle. Spray penetration length represents the 

farthest point with respect to the nozzle that the spray is in the liquid phase, after which the liquid 

evaporates entirely. Adjustment of the distance between the nozzle and the print bed according to 

the measured liquid penetration length assures complete evaporation of the aqueous CNC mixture 

before deposition of CNC particles on the ABS samples to minimize the moisture in the printed 

samples. This distance for the sprayer nozzle has been set to 10 cm so that it covers the width of 

the samples (12-19 mm) as well. The spreading angle represents the angle between the injector 

and the furthest point where the spray edge is detectable in the image. The spreading angle, 
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measured at 20º in Figure 10 (a), elucidate the maximum surface area of the printed ABS samples 

covered by the CNC particles at the time 500 s, that the image has been taken. Further 

stabilization of spray with time leads to an increase in this angle as can be seen in Figure 12. 

Figure 12 (b) shows a magnified region of Figure 10 (a) in the vicinity of the injector marked 

with a red rectangle. This subfigure indicates that at a short distance with respect to the injector 

(~4 mm) all liquid ligaments break up into micron-size CNC-carrier droplets. Beyond 4 mm, the 

spray is characterized as a dense cloud of liquid droplets of variable sizes that spread along the 

spray spreading angle and undergo evaporation to release the CNC particles close to the printed 

ABS samples. These processing parameters are adjusted so that the droplets evaporate right before 

reaching the 3D printed surface leading to precise dispersion and uniform distribution of CNC 

without making the surface wet. It is noted that the viscosity of the aqueous mixture impacts the 

spray droplet size during atomization. However, considering the high shear rate at the nozzle (order 

of 104 s-1) and the shear thinning effect of CNC, [178-180] the viscosity of the suspension does not 

significantly change and thus it does not affect the droplet size distribution. As air pressure is 

increased from 148.3 kPa to 244.8 kPa, the length of the liquid core and overall droplet sizes 

decrease from 31.6 μm to 29.9 μm. Figure 11 shows this effect and the corresponding droplet size 

measurements.  
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Figure 11. Effect of air pressure on droplet sizes, (a) P= 148.3 kPa, (b) P= 196.5 kPa, (c) P= 244.8 kPa. 

Scale bar is 1 mm. 

 

Higher pressures deliver more gas to the mixture and burst of these gas bubbles results in 

smaller droplets. [181] 244.8 kPa pressure has been used here to enable faster droplet evaporation 

and smaller droplet size. The spatiotemporal evolution of the jet is depicted in Figure 12.  

 

 
Figure 12. Spatio-temporal evolution of jet at P= 148.3 kPa, (a) t= 0.167 ms, (b) t= 1.83 ms, (c) t= 3.5 

ms. Scale bar is 1 mm. 

 

3.1.2 CNC morphology  

Figure 13 compares the CNC particles before atomization, when they are in the container, 

and after being deposited. It can be seen that the structure of CNC remains intact after injection. 

This confirms that the sprayed CNCs will maintain their intrinsic properties and thus can be used 

to enhance interlayer adhesion of polymer. 
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Figure 13. TEM micrograph of CNC particles (a) before and (b) after, atomization. Scale bar is 100 nm. 

 

3.1.3 Specific density, CNC content, and thermal stability  

The density for all CNC-ABS samples is found to be 1.07 ±0.04 g/cm3, delineating that the 

addition of CNC does not increase the weight of printed parts, as expected considering the small 

amount of sprayed CNC. The CNCs wt% within the printed samples are correlated with their 

concentration in the sprayed aqueous suspension as shown in Figure 14. The neat ABS samples 

are used as the baseline for determining the CNC content (wt%). Figure 14 also shows the thermal 

decomposition behavior of neat and CNC-ABS samples. Weight loss for CNC-ABS samples starts 

at ~250°C which is corresponding to the degradation temperature of CNC [182], indicating that 

CNC has been deposited on the ABS. The average CNC content is 2.5 wt%, 3.7 wt% and 4.6 wt% 

for 0.5CNC-ABS, 1CNC-ABS, and 1.5 CNC-ABS samples, respectively. It should be noted that 

the CNC wt% on the CNC-ABS does not increase linearly with increasing the CNC concentration 

of the sprayed suspension. All the samples show a steep fall between 370 °C and 470 °C, 

corresponding to the decomposition temperature of ABS [183].  
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Figure 14. Deposited CNC on the CNC-ABS samples with respect to the concentration of the sprayed 

CNC suspension. 

 

3.1.4 Fracture surface morphology 

We studied the effect of CNC on the morphology of the fracture surfaces of the samples 

failed in the tensile testing using an SEM. In the absence of CNC, the main failure mechanism for 

samples with transverse printing direction (TD) is necking followed by separation of layers, as 

seen in Figure 15(a). Addition of 0.5 wt% and 1 wt% CNC has altered the fracture morphology 

of the samples as shown in Figure 15(b) - (c). It appears that more filaments in adjacent layers 

remained attached to one another during the failure. In addition, the fractured filaments in 0.5 and 

1CNC-ABS samples imply that the contribution of brittle fracture has increased in contrast to the 

ductile failure mode (necking) in the samples without CNC. Increasing the CNC content increases 

the chance of formation of agglomerates and CNC multilayers as shown in Figure 15(d) for 

1.5CNC-ABS. Figure 15(e) demonstrates freeze dried CNC and confirms the structure of CNC 
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agglomerates. These agglomerates can prevent effective adhesion between adjacent layers and 

reduce the ultimate strength. These observations suggest that the presence of CNCs alter the modes 

of fracture and provide stronger interlayer adhesion. These mechanisms can potentially lead to an 

increase in the absorbed energy in the fracture, and thus an improvement in strength. 

 

 
Figure 15. SEM images of fracture surface for TD samples failed in tensile (a) ABS (b) 0.5CNC-ABS (c) 

1CNC-ABS (d) 1.5CNC-ABS (e) freeze dried CNC. 
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Figure 16 displays the fracture surface of the samples with longitudinal printing direction 

(LD) failed in tensile tests. As seen in Figure 16(a), for the case of ABS samples with no CNC 

content, adjacent layers are placed smoothly next to each other with almost a uniform distribution 

of voids between them. It can be seen in Figure 16(b) - (c) that the presence of CNC (0.5CNC-

ABS and 1CNC-ABS) have altered the uniformity of voids along the thickness. This suggests that 

CNCs have modified the fracture surface morphology by better adhesion between adjacent layers 

that causes uneven surface fractures that affect the uniformity and distribution of voids. Increasing 

the CNC content to 1.5 wt% has facilitated the separation of layers as shown in Figure 16(d). 

 

 
Figure 16. SEM images of fracture surface for LD samples failed in tensile (a) ABS (b) 0.5CNC-ABS (c) 

1CNC-ABS (d) 1.5CNC-ABS. 
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Figure 17 shows the fracture surface of LD samples failed under short beam shear tests. 

As shown in Figure 17(a), a wide crack is seen in the neat ABS samples indicating an easy 

separation of layers in the absence of CNC. The nano-stitching effect of CNC represented in 

Figure 17(b) - (c) for 0.5CNC-ABS and 1CNC-ABS samples, has resulted in very narrow cracks 

in these cases inferring crack bridging capability of CNC. Figure 17(d) further elucidates that 

agglomeration of CNCs in 1.5CNC-ABS samples deteriorates the adhesion of contiguous layers. 

 

 
Figure 17. SEM images of fracture surface for LD samples failed in short beam test (a) ABS (b) 0.5CNC-

ABS (c) 1CNC-ABS (d) 1.5CNC-ABS. 
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3.1.5 Thermomechanical properties 

Table 5 presents the dynamic thermo-mechanical properties of the samples below and 

above Tg. At 25 °C (below Tg), increasing the CNC content slightly reduces the storage modulus 

(E'). A plausible reason is inhomogeneous dispersion of CNC that can lead to forming 

agglomerates (see Figure 15(d)), and thus reduce the stiffness by not allowing effective binding 

between CNCs and ABS. Initially, the presence of moisture because of incomplete water 

evaporation before depositing CNC on the ABS substrate was deemed as a potential culprit. 

Spaying pure water (without CNC) on the LD samples and comparing the properties with those of 

the neat ABS samples (see Figure 20) showed no difference in the tensile properties, and thus 

disproved the assumption that incomplete evaporation is the main cause for stiffness reduction. In 

contrast, at 125°C, the addition of CNC at concentrations larger than 0.5 wt% increases the rubbery 

modulus (Er: the storage modulus above Tg) with a maximum 10% enhancement in 1CNC-ABS. 

Such an increase implies that CNC can reinforce the ABS and inhibit the chain segmental motion 

in the CNC-ABS samples above Tg, which is directly related to the rubbery modulus. Furthermore, 

the average value of tan δ (the ratio of the loss to the storage modulus) increases with CNC content 

indicating that the ability for energy damping is enhanced. Addition of CNC did not affect the Tg, 

according to Table 5. 
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Table 5. Dynamic mechanical analysis 

Sample 
E' at 25°C 

[MPa] 

Er at 

125°C 

[MPa] 

Tg [°C] tanδ at Tg 

ABS 1046.7±130 3.121±0.4 100.53±0.

4 

0.1338±0.009 

0.5CNC-

ABS 

951.6±78 3.16±0.4 99.41±0.9 0.1419±0.01 

1CNC-ABS 885±5 3.44±0.6 100.36±0.

8 

0.151±0.01 

1.5CNC-

ABS 

860.4±45 3.32±0.6 101.39±1 0.173±0.04 

 

 

3.1.6 Mechanical properties 

The effect of CNC content on the tensile (LD and TD) properties of CNC-ABS samples 

are plotted in Figure 18. A single factor (CNC effect) ANOVA test was carried out to analyze the 

results between each test group of samples with and without CNC, as presented in Table 6. The 

difference between the mean values of each group is considered to be significant for a P value 

smaller than 0.001, and an F ratio (F/FCritical) larger than 1. 

The elastic modulus of the CNC-ABS samples containing CNC is enhanced; however, the 

trend is different in the longitudinal (LD) and transverse printing directions (TD). In the LD 

samples, spraying CNC with 0.5, 1 and 1.5 wt% concentrations increase the average elastic 

modulus by 8%, 20%, and 15%, respectively compared to that of neat ABS, as shown in Figure 

18. This enhancement is statistically significant for 1CNC-ABS and 1.5CNC-ABS as indicated by 

the ANOVA results (P < 0.001 and F ratio > 1) shown in Table 6. For TD samples, spraying CNC 

up to 0.5 wt% concentrations increases the modulus by 15% verified by ANOVA results. 

Increasing the CNC concentrations to 1 and 1.5 wt% do not statistically affect the modulus 

according to Figure 18 and Table 6. The enhancement of modulus in both tensile directions 
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suggests that the presence of CNC between the printed ABS layers can stiffen the samples. The 

enhancement of the modulus is the result of an increase in the apparent modulus of the CNC-ABS 

due to the contribution of the higher elastic modulus of CNC (150 GPa) that can increase the 

apparent modulus of CNC-ABS system in comparison with that of neat ABS (2.2 GPa).  

The tensile strength of LD and TD CNC-ABS follows a similar trend to that of the modulus. 

Spraying CNC with 0.5 wt%, 1 wt%, and 1.5 wt% concentrations increase the strength of LD 

samples by 17%, 25%, and 8%, respectively that are statistically significant according to the 

ANOVA results. For TD samples, only 0.5CNC-ABS show an increase of 27% in the strength 

compared to that of neat ABS. Increasing the CNC concentration higher than 0.5 wt% reduces or 

does not statistically affect the tensile strength of TD samples. The increase in strength can be 

attributed to a better interlayer strength as CNC can increase adhesion between neighboring layers 

by mechanical interlocking between the adjacent layers via increasing the surface roughness and 

surface area of contact. Numerous hydroxyl groups available on the surface of CNCs can form 

physical and possibly covalent bond with polymer chains [184] and act as nano-stitches between 

the layers to improve the interlayer adhesion.  In addition, the change of fracture modes in CNC-

ABS samples can be another potential reason to increase the strength. 
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Table 6. ANOVA test results for tensile (longitudinal and transverse print) properties of nCNC-ABS samples 

Sample Sum 

of 

square

s 

P 

value 

F 
ratio 

Sum of 

squares 

P 

value 

F 

ratio 

Sum of 

squares 

P 

value 

F 
ratio 

Sum of 

squares 

P 

value 

F 

ratio 

 LD Modulus LD Strength LD Strain at break LD Toughness 

0.5CNC-

ABS 
0.079 0.101 0.019 43.33 1×10-5 22.17 

9×10-10 0.004 8×10-4 0.182 0.012 1.97 

1CNC-ABS 0.429 0.001 2.145 90.73 2×10-6 33.10 1×10-7 0.403 0.15 0.105 0.033 1.24 

1.5CNC-

ABS 
0.238 0.001 4.73 11.91 0.001 4.06 

2×10-6 0.626 0.05 0.088 0.122 0.56 

 TD Modulus TD Strength TD Strain at break TD Toughness 

0.5CNC-

ABS 
0.545 0.001 3.41 23.51 

7.6×10-

4 
5.74 

1.1×10-

4 

0.225 0.34 0.026 0.059 0.91 

1CNC-ABS 
0.009 0.717 0.03 4.79 0.022 1.51 

3.8×10-

5 

0.406 0.15 0.021 0.016 1.67 

1.5CNC-

ABS 

4.2×1

0-5 
0.991 

2.7×10-

5 
56.85 5×10-6 18.02 

2.1×10-

4 

0.108 0.63 0.064 4×10-

4 

5.34 

 

F ratio: the ratio of F/FCritical 

LD: Longitudinal printing direction 

TD: Transverse printing direction 
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Figure 18. Effect of CNC content on tensile properties of the CNC-ABS samples. Error bars show one 

standard deviation. 

 

The increase in tensile strength using spraying CNC is higher compared to methods in 

which CNC is mixed with ABS. It has been reported [185] that addition of 2.1 wt% CNC to ABS 

using a master batch method, increases tensile strength by 6.25% and modulus by 30%. In 

comparison, we show that the tensile strength of LD-1CNC-ABS and TD-0.5CNC-ABS samples 

increases by 25% and 27%, respectively. 0.5CNC-ABS samples contain 2.5 wt% CNC and 1CNC-

ABS samples contain 3.7 wt% CNC as shown by TGA results demonstrating the effectiveness yet 

simplicity of the introduced method.  

There is an optimum condition, i.e., 1CNC-ABS for LD and 0.5CNC-ABS, for which the 

tensile strength reaches a maximum. As the CNC concentrations increases to 1.5 wt% for LD and 
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1 and 1.5 wt% for TD, strength reduces. The strength of TD 1.5CNC-ABS samples is significantly 

lower (by 35%) than that of neat ABS. The lower strength indicates that interlayer adhesion and 

hence reduce the load transfer across the layers have reduced. Increasing CNC concentration 

increases the chance of both agglomerates and CNC multilayer formation (Figure 15(d)) that can 

potentially result in poor adhesion between layers and slippage of CNC with respect to each other, 

followed by reduction of interlayer strength and load transfer capability.  

Although the trends in the tensile elongation at break and fracture toughness are not 

statistically significant according to the ANOVA results, they are following a trend like that of the 

tensile strength. For TD 0.5CNC-ABS samples, the elongation at break increases by ~10% and 

decreases for higher CNC concentrations. Furthermore, the toughness (the area under the stress-

strain curve), shows an increase by ~20% and 30% for 0.5CNC-ABS samples in LD and TD 

directions respectively, suggesting higher energy absorption before the catastrophic failure. 

However, the toughness of TD 1CNC-ABS and 1.5CNC-ABS samples are lower even than that of 

neat ABS samples implying the pronounced effect of agglomeration and multilayer formation in 

the final fracture. The high standard deviation for the toughness data might be since toughness 

considers both stress and strain, and consequently, any experimental fluctuations due to CNC 

agglomeration or void formation becomes amplified. 
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Figure 19. Effect of CNC content on interlayer shear strength of the CNC-ABS samples. Error bars show 

one standard deviation. 

 

Figure 19 demonstrates the effect of CNC content on the interlayer shear strength (ILSS) 

of samples for both longitudinal and transverse printing directions. ILSS of LD sample is higher 

than that of TD sample at each CNC concentration. The addition of 0.5 wt% CNC to neat ABS 

increases the ILSS of LD and TD samples by 13% and 44%, respectively. These are significant 

improvements in the ILSS based on ANOVA test results presented in Table 6. This is particularly 

important as the separation of the layers is the main reason for the low strength values of 3D printed 

polymer parts. Enhancement of ILSS, in this case, can be due to the adhesive effect of CNC on 

adjacent layers, as it was seen in Figure 17(b) and (c). The adhesion effect of CNC is more 

pronounced for TD samples (44% improvement) suggesting that CNC nano-stitching effect leads 

to a larger relative improvement of interlayer adhesion in weak samples (TD samples) compared 

to strong samples (LD samples). The 1.5CNC-ABS sample exhibited the lowest ILSS due to the 

weak interlayer adhesion between layers corroborating the effect CNC agglomeration similar to 
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the trend observed in tensile tests. The improvement in ILSS can be related to the enhancement of 

tensile strength in LD and TD samples. There is a chance that depositing CNC suspension in large 

droplets that place on top of each other results in formation of these agglomeration sites. Our 

hypothesis is that if carrier droplets are small enough, they can distribute the particles more evenly 

across the substrate and better prevent aggregation for higher concentrations. One of the future 

works can be using the deposition system that is introduced in the next section to uniformly deposit 

micron size CNC carrier droplets while they are being 3D printed. 

 

 
Figure 20. Effect of spraying water on tensile properties of ABS samples. Error bars show one standard 

deviation. 

 

Assessing the thermo-mechanical properties and interlayer adhesion of CNC-ABS samples 

indicates that spraying the aqueous suspension of CNC with 0.5-1 wt% concentrations 



 

66 

 

 

 

 

 

 

significantly improves the tensile strength and modulus by 33% and 20% in longitudinal and 

transverse printing direction, respectively and the interlayer shear strength by 44%. This 

improvement indicates that spraying the aqueous CNC suspensions during 3D printing is an 

efficient yet simple technique to effectively disperse and distribute CNC to improve the properties 

of 3D-printed polymers, and thus is a departure from status quo where nanomaterials are added to 

the filaments through costly processing methods. This method does not only improve thermo-

mechanical properties of the final part, but it is adjustable to any FDM printer enabling fabrication 

of functionally graded parts without interrupting the 3D printing process or altering the filaments 

prior to print.  

 

3.2 Nanoparticle Spray Deposition in Composite Manufacturing [186]2 

Successful spray deposition of CNC particles that lead to enhanced properties of the 3D 

printed parts motivated us to test the feasibility of this method in another manufacturing area before 

moving forward with designing and investigating the SAA nanoparticle delivery system. This 

project employs two scalable coating techniques, slot die and spray coating (see Figure 7), to apply 

cellulose nanocrystals (CNCs) on the surface of glass fibers with the goal of enhancing interfacial 

interactions between glass fibers and epoxy and, consequently, the strength of fiber-reinforced 

composites. The quality of the cellulose coatings and the interfacial shear stress (IFSS), assessed 

via the single fiber fragmentation test (SFFT), are determined as a function of the method and 

conditions used to coat the fibers and compared for two methods. In addition, a comparison with 

 
2 Reprinted with permission from “Scalable coating methods for enhancing glass fiber-epoxy interactions with 

cellulose nanocrystals”, by Ejaz Haque, et al., 2021. Cellulose, 28, 4685-4700, Copyright 2021 by Springer. 
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glass fibers coated with identical CNC formulations using a conventional laboratory-scale dip 

coating technique is provided. Results from scalable spray coating method were found to be 

comparable or superior to the dip coating technique, with spray coating outperforming dip coating 

by up to 18% on average depending on the coating applied. Further analysis was conducted on 

coating morphology, fracture behavior, elemental composition, and surface loading. The observed 

differences can be used to determine which technique is most appropriate for a given application.  

Similar characterization techniques were utilized in this project as well. The liquid jet was 

visualized with the high-speed diffuse back illumination system. TGA assessed the CNC content 

coated on glass fiber in all three coating techniques. The mass of coating adhered to the surface of 

rovings was determined using TGA, and the results are reported in Table 7. All samples were 

brought from room temperature to 600°C. Changes in mass were monitored with respect to 

temperature, and it was observed that for all samples, mass loss plateaued at approximately 580°C 

at the latest. Though 600°C is insufficient to completely remove all organic material from the fiber 

surface, this plateau indicated that a stable char was achieved, and this temperature could be used 

as a suitable basis for comparison between coatings. DC samples yielded consistent results that 

generally tracked with the solids content of the coating solution (i.e., the mass lost for the 5EM 

1CNC sample was approximately the sum of the mass lost from the 1CNC and 5EM samples 

individually). SC samples performed similarly except for a slightly lower result for the 5EM 

coating. SD samples did not follow such clear trends, likely a consequence of coating 

inhomogeneity. The 1CNC solution and, to a lesser extent, the 5EM solution failed to spread 

evenly across the GF surface. Instead, they pooled toward the edges of rovings which means an 

inhomogeneous coating.  



 

68 

 

 

 

 

 

 

Spray coating provided up to a 37% improvement in IFSS over uncoated fibers and up to 

an 18% improvement over fibers that were dip coated in equivalent coating formulations. 

Additionally, TGA revealed distinct decomposition peaks for SC coatings and broader, 

temperature-shifted peaks for SD coatings. This suggests that entrapment of CNCs within a 

network of emulsion polymers occurred less in SC samples, potentially allowing for more 

interactions between CNCs and the fiber and matrix. It can thus be concluded that spray coating 

can yield higher interfacial shear strengths. 

 

Table 7. Mass (%) of coatings removed from chopped GF rovings by TGA. Averages are for 3 samples, 

and error is 1 standard deviation. 

Sample Average mass loss (%) 

Uncoated 0.8 ± 0.1 

Dip Coated (DP) 1CNC 2.3 ± 0.3 

Slot Die (SD) 1CNC 4.2 ± 0.8 

Spray Coated (SC) 1CNC 2.1 ± 0.3 

DC 5EM 3.9 ± 0.1 

SD 5EM 7.2 ± 0.6 

SC 5EM 2.8 ± 0.2 

DC 5EM 1CNC 6.7 ± 0.7 

SD 5EM 1CNC 4.8 ± 0.03 

SC 5EM 1CNC 6.1 ± 0.3 

 

 

3.3 Supercritical Assisted Atomization [187]3 

Since spray nanoparticle deposition was proved as an efficient way in enhancing 

functionality and properties of the manufactured parts in the feasibility studies, this section is 

focused on fundamental understanding of jet breakup and spray formation mechanisms in SAA 

 
3 Reprinted with permission from “Experimental analysis of supercritical-assisted atomization”, by Shadi Shariatnia, 

et al., 2021. Physics of Fluids, 33, Copyright 2021 AIP Publishing LLC.  
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system. This understanding paves the way for refining SAA as a precise method of Nanoparticle 

delivery in various systems. To accomplish these objectives, we designed and built an SAA system 

(illustrated in Figure 8) and resolved the jet breakup and spray characteristics via utilizing different 

optical diagnostics. For this purpose, the spray formation process using either CO2 or Nitrogen 

(N2) as the atomization fluid is portrayed via shadowgraphy and laser diffraction techniques. 

Furthermore, we leverage the linear instability analysis to delineate the dominating instability 

mechanisms at different flow conditions. Before diving deep into the analysis of SAA system and 

its characteristics, the thermophysical properties of the water-CO2 and water-N2 systems at 

equilibrium as a function of pressure and temperature is discussed. This is specifically important 

in explaining the behavior of the jet in SAA system.  

3.3.1 Thermophysical Properties 

Comparing the mole fraction of the dissolved N2 in the N2-water system with the CO2 in 

CO2-water system at room temperature versus pressure in Figure 21 shows that the concentration 

of dissolved CO2 in water is considerably higher than that of N2. In addition, increasing the 

pressure does not significantly affect the solubility of N2 in water, while the solubility of CO2 

increases with pressure until it reaches a plateau past the critical pressure of the CO2-water binary 

system. [188, 189]  
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Figure 21. Mole fraction of the dissolved gas in water versus gas pressure at room temperature are 

adapted from the experiments conducted by Diamond et al. and Sun et al. [188, 189]. 

 

Due to the sensitivity of the thermophysical properties of the CO2-water binary system to 

the temperature and pressure variations, we further discuss its phase diagram adopted from 

Diamond et al. [188] including the solubility of CO2 in water as shown in Figure 22. The 

knowledge gained from the phase equilibria is key to define the limits of applicability of the 

proposed experimental conditions considered in this study with respect to the saturation lines and 

critical point of the CO2-water system at equilibrium as shown in the shaded area. Figure 22 shows 

the isopleths of CO2 solubility in the water on a pressure-temperature phase diagram calculated by 

thermodynamic models. [188] Q1 denotes the equilibrium state between H2O-ice, CO2-clathrate-

hydrate, CO2-bearing water and CO2-vapor. The quadruple point Q2 represents the equilibrium 

state between CO2-clathrate-hydrate, CO2-bearing water, CO2-liquid and CO2-vapor. LCEP (lower 

critical endpoint) which occurs at 31.5 ºC and 7.5 MPa is the critical point of the CO2-water system 

at equilibrium that is slightly different than the critical condition of the pure CO2 (31.7 ºC and 7.38 

MPa). Our experimental condition (shaded area) expands over the vapor-CO2 and liquid-CO2 
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bearing water regions above and below the Laq-LCO2-V line, and thus spans from the two-phase 

region to single-phase supercritical fluid and a wide range of solubilities. We have designed test 

cases representing temperatures and pressures lower, higher, and very close to the critical point of 

the CO2-water binary system at equilibrium to study the effect of a wide range of phase behaviors 

and the corresponding fluid properties on the breakup. In the remainder of the paper, we refer to 

subcritical (supercritical) conditions being lower (higher) than the critical pressure or temperature 

of the CO2-water binary system at equilibrium. 

The reduction in surface tension is one factor that can facilitate the atomization process 

and lead to a shorter liquid core and generation of finer droplets in gas-assisted atomization 

systems as shown in the classic studies of Lefebvre. [190] The surface tension forces that oppose 

distortion of the liquid surface have a critical role in dictating the size of the droplets, specifically 

at lower jet speeds where inertial forces are not strong enough to overcome the surface tension 

effects. Surface tension effects can also be important to breakup small-scale liquid structures in 

high-speed jets. [190] To investigate the role of gas dissolution in the water on the interfacial 

tension of the CO2-water system, the diffusion coefficient of CO2 versus pressure at a constant 

temperature (40 ºC) that are adopted from the experimental data of Tewes et al. [191] is illustrated 

in Figure 23a. The diffusion coefficient initially reduces with an increase in pressure from 3 to 4 

MPa; however, it monotonically increases with pressure beyond 4 MPa and peaks close to the 

critical pressure of the CO2-water system (dashed vertical line). [191] 
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Figure 22. Phase diagram of the water-CO2 binary system with selected isopleths of CO2 solubility in the 

aqueous solution. LCEP denotes the lower critical endpoint of the system and Quadruple point Q1 shows 

the equilibrium between H2O-ice, CO2-clathrate-hydrate, CO2-bearing water and CO2-vapor (Ice–Cla–

Laq–V). The quadruple point Q2 indicates the equilibrium between CO2-clathrate-hydrate, CO2-bearing 

water, CO2-liquid and CO2-vapor (Cla–Laq–LCO2 –V). Reprinted with permission from [188]. The shaded 

area represents the experimental conditions considered in this study. 

 

The mole fraction of the dissolved CO2 in water plotted versus temperature and pressure in 

Figure 23b corroborate that CO2 solubility in water also increases with pressure and decreases 

with an increase in temperature. Consistent with the diffusion coefficient data portrayed in Figure 

23a, Figure 23b also shows that after reaching the critical pressure, the solubility does not increase 

drastically with an increase in pressure. Figure 23c illustrates the variation of interfacial tension 

of the CO2-water system versus temperature and pressure extracted from the experimental data 

reported by Bachu et al. [192] This figure shows that the interfacial tension decreases by 38% from 

3 MPa to 9 MPa. [193] It can be deduced that the increase in the solubility of CO2 in water with 
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pressure is correlated with a decrease in the interfacial tension of the CO2-water system. In 

addition, the interfacial tension increases with a decrease in the solubility (Figure 23b) as the 

temperature increases to the critical temperature. The interfacial tension drastically drops near the 

critical temperature of the CO2-water system, (i.e., 31.5 ºC shown by the vertical dashed line in 

Figure 23c) for all pressures.  

These results indicate that the proximity to the critical temperature and pressure of the 

binary system has a profound effect on reducing the interfacial tension due to the sharp increase 

in gas diffusion and solubility in water. Figure 23d-e represents the solubility and interfacial 

tension of the N2-water system. The solubility of N2 in water is much smaller than the solubility 

of CO2 in water (also shown in Figure 21); however, it is more sensitive to the temperature 

variation compared to the solubility of CO2 in water, particularly at higher pressures. Figure 23e 

shows that the interfacial tension of the N2-water system is significantly higher than CO2-water, 

especially at higher pressures and it drops sharply with an increase in temperature.  
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Figure 23. (a) Diffusion coefficient of CO2 in water at 40℃ as a function of pressure adopted from Tewes 

et al. [191] Vertical dashed line indicates the critical pressure; (b) solubility of CO2-water binary system 



 

75 

 

 

 

 

 

 

as a function of temperature at various pressures adopted from Diamond et al. [188]; (c) interfacial 

tension of CO2-water system as a function of temperature at various pressures adapted from [192] 

Vertical dashed line indicates the critical temperature; (d) solubility of N2-water system as a function of 

temperature at various pressures adapted from [189]; (e) interfacial tension of N2-water system as a 

function of temperature at various pressures adapted from [194]. 

 

 
Figure 24. Density (open blue square and left axis) and viscosity (solid green circle and right axis) of the 

CO2-water system versus pressure at 25℃ adapted from [193]. 

 

In contrast to surface tension, the density and viscosity of the CO2-water system are not 

very sensitive to an increase in pressure as shown in Figure 24. In fact, by increasing the pressure 

from 3 to 9 MPa at room temperature, the viscosity and density only increase by 4.5% and 5%, 

respectively. [195] The viscosity data adopted from McBride-Wright et al. [195] indicate that 

increasing the temperature of the CO2-water system at 7.5 MPa from room temperature to the 

critical temperature of 31.5 ºC results in about 15% drop in viscosity; indicating that temperature 

has a more profound effect on the viscosity at higher temperatures (i.e. above 45ºC). In summary, 

solubility and interfacial tension are the two important parameters that vary noticeably between 

N2-A and CO2-A cases.  
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3.3.2 Pressure Effects on Primary Breakup 

Figures 25-28 visualize the CO2-A and N2-A cases in the near-nozzle region and at the 

early stages of spray development for different test conditions outlined in Table 1. It is noted that 

the nozzle has multiple injection orifices and the out-of-focus structures, as annotated in Figure 

25c, belong to one of the neighboring plumes. The spacing between orifices is such that plumes 

do not interfere with each other, especially at the early stages of the spray development as evident 

in Figure 25a and 25d.  

 

   

   

Figure 25. High-speed images (500,000 fps) comparing the primary breakup in (a-c) N2-A, and (d-f) 

CO2-A jet. All cases are conducted at GLR = 0.2, Tinj = 25 ºC, Pinj = 9 MPa developing with time from 

left to right with a 2 𝝁s time interval between the frames. The scale bar is identical (200 𝝁m) for all 

images. 

 

The GLR is kept constant at 0.2 for all cases reported in this subsection. Figure 25 

compares the primary breakup of N2-A (Figure 25a-c) with those of CO2-A (Figure 25d-f) at 25 

ºC and 9 MPa injection pressure. This figure shows the evolution of the liquid jet from left to right 

with a 2 𝜇s time interval between the frames. A bulged liquid core in CO2-A is evident in Figure 
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6e, that emerges as a gas bubble very close to the nozzle (~ one orifice diameter down the nozzle) 

that expands radially (Figure 25f) and squeezes the liquid axially due to the inertial forces imposed 

by the expanding gas bubble. As a result, the edges of the liquid core become thinner and deform 

into relatively long ligaments. These ligaments and liquid structures elongate axially before 

breaking up into small droplets very close to the nozzle. Similar deformations pertaining to a 

bulged core due to the emergence of gas bubbles and their expansion and ligament formation have 

been observed in the spray images of effervescent atomizers. [196, 197]  

The liquid core in N2-A does not exhibit any evident expanding gas bubbles, and the created 

ligaments are significantly shorter in contrast to the CO2-A at comparable times (Figure 25 a-c). 

In fact, the ligaments formed in CO2-A have an aspect ratio (length to diameter) of about 10-15 

while the ligaments in N2-A represent a 3-5 range aspect ratio. The droplets that eventually break 

from high-aspect-ratio ligaments are expected to be smaller as will be further discussed in the 

following subsections. The discrepancies observed in the breakup process of these two cases at the 

same injection conditions are mainly related to the smaller amounts of the dissolved N2 in water 

since the other thermophysical properties of these two cases are not significantly different. The 

lower dissolved N2 concentration suggests that the main underlying breakup mechanism, in this 

case, is not the emergence of gas from the liquid phase and the subsequent formation and the burst 

of the gas bubbles. The differences in the ligament sizes can also be attributed to the lower surface 

tension of the CO2-water system at 9 MPa compared to the N2-water system (29.65 vs. 66.09 mN/m 

for CO2), [193] which makes the interface more prone to deformation at scales much smaller than 

the liquid jet.  

 



 

78 

 

 

 

 

 

 

N2 

Pinj=3 

MPa    

N2 

Pinj=6 

MPa    

CO2 

Pinj=3 

MPa    

CO2 

Pinj=6 

MPa    

Figure 26. High-speed images (500,000 fps) comparing the primary breakup in (a-b) N2-A, and (c-d) 

CO2-A jet; both at GLR = 0.2, Tinj = 25ºC, and different injection pressures with 2𝝁s time intervals 

between the frames. The scale bar is identical (200 𝝁m) for all images. 

 

Figure 26 illustrates the difference in spray behavior at lower pressures for both N2-A and 

CO2-A. The structure of the liquid core does not portray noticeable bubble formation at 3 MPa for 

both cases (Figure 26a (1-3) and c (1-3)). Even at 6 MPa, N2-A does not exhibit major bubble 

formation in the liquid core. However, it is evident from Figure 26b and d that formation of the 

gas bubbles and ligaments and liquid core bulging initiates above 3 MPa for the CO2-A and 

intensifies with an increase in pressure (Figure 25f and 26d) as the solubility of CO2 in water 

increases with pressure.  
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Figure 27 represents a higher resolution image of the primary breakup and at a later time 

compared to Figure 26. The injection pressure of 7.5 MPa is also included in this figure. Figure 

27 (a-d) visualizes the CO2-A liquid jet injected into ambient pressure and room temperature at 

the same snapshots (23.81 𝜇s) and 3, 6, 7.5, and 9 MPa injection pressure, respectively. It is evident 

from Figure 27 a-d that increasing the injection pressure from 3 to 7.5 MPa has significantly 

reduced the intensity of the black pixels; lighter shades of gray are noticeable in the spray area. 

This suggests that the binary system exhibits a lower density, which can be attributed to the 

separation of the dissolved CO2 and the formation of a two-phase bubbly flow due to 

depressurization. This observation is consistent with the microscopic images of the early breakup 

of effervescent atomization that depict a lighter expanded area filled with gas bubbles surrounded 

by the darker regions associated with the liquid. [197] Since the diffusion coefficient of CO2 in 

water reaches a maximum very close to the critical pressure of the binary system (i.e., 7.5 MPa) 

as illustrated in Figure 23a and leads to increased solubility of CO2 in water (Figure 23b-c), it is 

expected that a larger volume of the jet core contains dissolved gas. These effects tend to facilitate 

the emergence of the gas bubbles from the liquid phase due to depressurization, particularly at 7.5 

MPa (Figure 27c). Figure 27e-h exhibits almost similar color intensity in the liquid jet core for 

N2-A; suggesting that jet core density has not been drastically affected by the dissolved N2. In 

addition, the liquid jet appears wider for the CO2-A that is linked to the radial expansion of the gas 

bubbles in the jet core at this early stage of break up that is absent in the N2-A case since the 

solubility of N2 in water is insignificant. 
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Pin j= 3 MPa Pin j= 6 MPa Pin j= 7.5 MPa Pin j= 9 MPa 

Figure 27. High-speed images (420,000 fps): visualizing the effect of injection pressure on the early 

development of spray: (a – d) CO2-A, and (e – h) N2-A. All images are captured at 23.81 𝝁s after the start 

of injection into atmospheric pressure at Tinj = 25 ºC and GLR = 0.2. The scale bar (100 𝝁m) is identical 

for all the images. 

 

The length of the liquid core and the spray cone angle are depicted in Figure 28a-b to 

represent the overall spray behavior for CO2-A and N2-A. The measurements are made on a fully 

developed and stabilized plume one millisecond after the start of injection for 10 different shots 

for each case. The quasi-steady liquid length is consistently determined from the high-speed 

imaging using a 3% threshold of maximum intensity as recommended by Siebers. [198] Spray 

cone angle represents the angle between two lines drawn from the tip of nozzle tangent to the outer 

margin of the plume after injection. Figure 28c demonstrates an example of the liquid core length 

and spray cone angle measurement at 3 MPa for the CO2-A. Figure 28a-b shows that by increasing 

the injection pressure from 3 to 9 MPa, the length of the liquid core decreases while the spray cone 

angle increases for both N2-A and CO2-A; however, the liquid core is substantially shorter, and 

the spray angle is wider for the CO2-A. 
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Figure 28. Effect of the injection pressure on the (a) liquid core length; (b) spray cone angle; (c) 

exemplified liquid core and spray cone angle measurement for CO2-A at GLR = 0.2, Pinj = 3 MPa, Tinj = 

25 ºC; and (d) exemplified wavelength measurement on liquid jet (λjet) and ligaments (λl) for CO2-A jet 

for Pinj = 7.5 MPa, Tinj = 31.5 ºC and GLR= 0.2. 
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Interestingly, the contrast between the liquid core length in CO2-A and N2-A is more 

noticeable at the injection pressure of 6 and 7.5 MPa; closer to the critical point of the CO2-water 

system than at 3 and 9 MPa. Since the main difference between CO2-A and N2-A spray at the same 

injection condition is the lower concentration of the dissolved gas in case of the N2-A spray, this 

behavior suggests that the breakup mechanism is linked to the expansion and burst of the dissolved 

gas bubbles that disintegrate the liquid core more intensely for the CO2-A at comparable pressure, 

liquid density, and viscosity. The higher concentration of CO2 in water compared to N2 at the same 

injection pressure, particularly near the critical point justifies this observation. The acceleration 

and inertia of the liquid ligaments increase with pressure and at a greater rate for CO2-A. Thus, the 

higher momentum resulting from the ligament breakup scatters the smaller droplets further 

outward leading to a wider spray cone angle by increasing the injection pressure. Figure 28d 

exemplifies the instability wavelengths measurement (shown with short solid lines), which 

measure the distance between two visible consecutive peaks seen at the periphery of the jet liquid 

core and ligaments that will be used for the linear instability analysis. 

3.3.3 Temperature Effects on Primary Breakup 

The effects of the temperature of the injected mixture on the jet primary breakup are 

presented in Figure 29a-d for the CO2-A and in Figure 29e-h for the N2-A. The high-speed images 

were captured at the same time after the start of injection (i.e., 19.05 𝜇s) for all cases. The injection 

pressure is kept constant at 7.5 MPa for all cases and the mixture temperature prior to injection 

varies between 19-35 °C. Figure 29a-b illustrate that the liquid core is shorter at lower 

temperatures (i.e., 19 and 25 °C); however, at 31.5 °C, the liquid core is longer, and the ligaments 
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are shorter than those of 19 and 25°C. This behavior is linked to the decrease in the CO2 solubility 

in water with an increase in temperature that drops from 2.6 to 2.1 mol% by increasing the 

temperature from 19-31.5°C at 7.5 MPa. As discussed in Figure 25-26, bubble formation, growth, 

and burst are the main mechanisms responsible for the breakup of the liquid core containing 

dissolved gas. At the supercritical temperature of 35 °C shown in Figure 29d, the overall shape of 

the spray is significantly different: the liquid core is invisible, the small-scale structures are 

scattered more radially outwards compared to the lower temperatures (Figure 29a-c). In contrast, 

in Figure 29a-b ligaments are more visible and in the case of Tinj= 19 ºC (Figure 29a), ligaments 

break up into small droplets is also evident. In addition, the surface tension of the CO2-water 

system drastically drops by increasing the temperature from 31.5 to 35 °C (Figure 23c) that makes 

the interface more prone to deformation and disintegration as comparing Figure 29c and d 

indicate. Figure 29e-h portraying the jet breakup for N2-A reveals that increasing the temperature 

does not significantly modify the liquid jet behavior. At 35 ºC (Figure 29h) where surface tension 

decreases however, the instabilities are more pronounced, and a shorter liquid core is observed in 

N2-A.  

Therefore, the temperature of the injected mixture affects the liquid jet breakup from three 

different perspectives: (1) solubility decreases with an increase in temperature (Figure 23a and c); 

(2) the interfacial tension decreases with an increase in temperature and drastically drops near the 

critical temperature (Figure 23b and e). As a result, increasing the temperature pose two 

contradictory effects on the atomization process: while the capillary breakup is potentially 

enhanced due to the lower surface tension, the smaller amount of the dissolved gas in liquid implies 

that there are fewer gas bubbles in the mixture to expand, burst and eventually shatter the liquid 
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core. Since the surface tension plays a more dominant role after the primary breakup and on the 

small-scale liquid structures, [199] the change in solubility is the main factor driving the primary 

breakup with an increase in temperature that is more pronounced near the critical point of the CO2-

water system.  

 

    

    

Tinj = 19 °C Tinj =25 °C Tinj =31.5 °C Tinj =35 °C 

Figure 29. High-speed images (420,000 fps): visualizing the effect of mixture temperature on the early 

development of the spray: (a – d) CO2-A and (e – h) N2-A. Pinj = 7.5 MPa and GLR= 0.2. All snapshots 

are captured at 19.05 𝝁s. The scale bar (100 𝝁m) is identical for all images. 

 

    

    

Tinj = 19 °C Tinj = 25 °C Tinj = 31.5 °C Tinj = 35 °C 

Figure 30. High-speed images (420,000 fps): visualizing the effect of mixture temperature on the early 

development of the spray: (a – d) CO2-A and (e – h) N2-A jet. Pinj = 9 MPa and GLR= 0.2. All snapshots 

are captured at 19.05 𝝁s. The scale bar (100 𝝁m) is identical for all images. 
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By increasing the injection pressure to 9 MPa (supercritical) (Figure 30) the spray shapes 

for both N2-A and CO2-A do not significantly change by varying the temperature. Comparing 

Figure 29d and Figure 30d reveals that at 7.5 MPa and 35 ºC the CO2-A spray is developed wider 

compared to the 9 MPa and numerous small droplets are detected at the periphery of the shattered 

jet. The diffusion coefficient increases near the critical pressure (Figure 23a) and then decreases 

by increasing the pressure to 9 MPa. Thus, more CO2 is dissolved in water at 7.5 MPa than 9 MPa 

and eventually, the separation of the dissolved gas in liquid amplifies the jet instabilities and 

promotes the jet break up. Therefore, 7.5 MPa and 35 ºC create a unique condition to facilitate the 

breakup as surface tension decreases, and gas solubility increases simultaneously.  

 

    

   
 

Tinj = 19°C  Tinj = 25°C Tinj = 31.5°C Tinj = 35°C 

Figure 31. High-speed images (420,000 fps): visualizing the effect of mixture temperature on the early 

development of the spray: (a – d) CO2-A: Pinj =3 MPa and GLR =0.2; (e – h) CO2-A: Pinj =6 MPa and 

GLR =0.2. All snapshots are taken at 19.05 𝝁s. The scale bar (100 𝝁m) is identical for all images. 

 

  Finally, we focus on subcritical injection pressures (3 and 6 MPa) with injection 

temperature varying between 19 to 35 ºC for CO2-A that according to the phase-diagram depicted 

in Figure 21 represents a two-phase system at equilibrium. Since the solubility is quite lower at 
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subcritical pressures, we expect that the major mechanism driving the instability in these cases is 

the ejection of a two-phase bubbly flow more like the effervescent atomization rather than 

separation of the dissolved CO2 as discussed for 7.5 and 9 MPa. Figure 31a shows that a relatively 

large gas bubble appears within the liquid core at 19 ºC that grows with time. By increasing the 

temperature from 19 to 25 ºC, the solubility decreases. As a result, the liquid core length increases 

more noticeably at 3 MPa (Figure 31a and b). By approaching the critical temperature (Figure 

31c and g), the liquid core decreases for both 3 and 6 MPa, again more evidently for 3 MPa. Both 

cases exhibit much smaller liquid structures and visible droplets at 35 ºC (Figure 31d and h) 

compared to 31.5 °C as the surface tension reaches a minimum at 35 ºC (Figure 23c). At Pinj = 6 

MPa, increasing the injection temperature does not affect the spray morphology significantly 

(Figure 31e and f). This behavior is related to the solubility of CO2 in water that decreases more 

drastically at lower subcritical pressures (e.g., 3 versus 6 MPa) with an increase in temperature as 

Figure 23b depicts.  

In summary, at subcritical pressures, the breakup is enhanced at subcritical temperatures 

where the CO2 solubility in water is higher. Near the critical pressure, the solubility is enhanced 

noticeably and increasing the temperature further lowers the surface tension where both effects 

promote atomization. At supercritical pressures, the solubility does not significantly increase 

compared to the solubility at the critical pressure; therefore, increasing the temperature mainly 

affect the surface tension. Thus, the early stages of spray morphology do not vary visibly with the 

temperature at supercritical pressures.  
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3.3.4 Pressure Effects on Secondary Breakup 

Gas-to-liquid mass flow rate ratio (GLR) is a critical parameter in promoting the dissolved-

gas atomization as it significantly influences the SMD. [200] SMD is defined as the diameter of a 

sphere with the same volume-to-surface area ratio as the droplet of interest. [201] To investigate 

the effects of GLR on SMD, GLR is varied from 0.025 to 4 by controlling the CO2 (N2) mass flow 

rate through the pump, keeping the water mass flow rate constant for CO2 (N2)-A systems. The 

measured SMD versus GLR at 25 ºC with different injection pressures at three locations 

downstream of the nozzle, i.e., 10, 15, and 20 cm is plotted in Figure 32. To portray the sensitivity 

of SMD to GLR, we magnified a portion of the graph on the same plot to focus on the lower GLRs. 

It is observed from Figure 32 (a-c) that the mean droplet size decreases with an increase in the 

injection pressure as GLR increases. As the magnified plots depict, the rate of SMD reduction 

decreases with an increase in GLR. After a certain GLR, the SMD does not change noticeably and 

the rate of SMD reduction reaches a plateau; further increasing GLR does not notably change the 

mean droplet size. However, for lower injection pressures (e.g., 3 and 6 MPa), the droplet size 

becomes invariant at higher GLRs compared to that of 7.5 and 9 MPa. Comparing the SMD versus 

distance from the nozzle at the same injection pressure in Fig. 13 (a-c) depicts that SMD at a 

further distance with respect to the nozzle is less affected by an increase in the GLR for all injection 

pressures.  

It is shown in Figure 32 (a-c) that the difference between SMD of 7.5 and 9 MPa injection 

pressure increases with distance from the nozzle that can be linked to the secondary atomization. 

To illustrate this effect on the relationship between the SMD and GLR, Figure 33 compares SMD 

at three different vertical locations with respect to the nozzle for each injection pressure, i.e., 3, 6, 
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7.5, and 9 MPa. The focus is on lower GLRs in this figure where the rate of change of SMD is 

much higher. Figure 33 illustrates an interesting behavior at 7.5 MPa: closer to the nozzle at 10 

cm, the droplet size drops and reaches that of 9 MPa by a small increase in GLR from 0.025 to 

0.05 and it remains unchanged with an increase in GLR and further from the nozzle (i.e., 15 and 

20 cm). Therefore, a more uniform distribution along the axis of the spray is achievable at 7.5 

MPa. However, SMD continuously decreases with distance from the nozzle at lower (3 and 6 MPa) 

and higher injection pressures (9 MPa) compared to 7.5 MPa. This trend corroborates that at 7.5 

MPa, smaller droplets (SMD ~ 3 µm) are formed mainly due to the primary atomization closer to 

the nozzle. It can be deduced that the secondary atomization is responsible for SMD decrease at 

injection pressures away from the critical point (i.e., 3, 6, and 9 MPa) and further away from the 

nozzle. The overall trend reveals that an increase in the dissolution of CO2 in water near the critical 

pressure of the water-CO2 system at 7.5 MPa enhances the primary atomization irrespective of the 

GLR. In general, the smallest droplet size can be created with an injection pressure of 7.5 MPa 

and 0.05 < GLR < 0.2 at 10 cm downstream of the nozzle. In addition, since SMD does not vary 

significantly with the distance from the nozzle at 7.5 MPa (Figure 32c) it corroborates a more 

uniform droplet distribution is achievable at the critical pressure which significantly improves the 

system’s efficiency. This behavior has significant implications for designing supercritical-assisted 

atomization systems as small droplet sizes are generated at low GLRs by operating near the critical 

pressure of the mixture, and thus there is no need for excessive use of the assisting fluid or 

increasing the injection pressure to achieve the same mean droplet size is more homogenous.  
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Figure 32. SMD as a function of GLR at different injection pressures measured axially w.r.t the nozzle at 

(a) 10 cm, (b) 15 cm and (c) 20 cm for CO2-A at 25 ºC. 
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Figure 33. SMD as a function of GLR measured at (a) 3 MPa, (b) 6 MPa, (c) 7.5 MPa, and (d) 9 MPa 

injection pressures for CO2-A at 25 ºC. 

 

Figure 34 shows the variation of SMD with respect to GLR where N2 is utilized as the 

atomization gas. Like CO2-A, increasing the GLR and injection pressure decreases the SMD. 

However, the rate of SMD reduction is lower compared with CO2-A and a plateau is not reached 

within the tested GLRs even up to a GLR equal to 4. Using either CO2 or N2, the droplet sizes 

become smaller further away from the injection nozzle due to the secondary atomization. The 

SMD is approximately a factor of two larger in N2-A spray for all tested injection pressures and 

GLRs. This is consistent with the behavior of the primary break up illustrated in Figure 27 that 

showed the lower mole fraction of dissolved N2 in water and higher surface tension of the N2-
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water mixture retard the atomization process compared to CO2-A that eventually leads to larger 

droplet sizes.  

Figure 35 compares the relative span factor (RSF) for CO2 (N2)-A at different GLRs to 

better demonstrate the effect of GLR on the SMD size distribution. Lower RSF values imply a 

more uniform droplet size distribution. The relative span factor (RSF) is a non-dimensional 

parameter defined as 
𝐷𝑣90−𝐷𝑣10

𝐷𝑣50
 where Dv90 (Dv10) are arithmetic mean diameters representing 

90% (10%) of the total volume of liquid droplets with diameters larger than median value; the 

median diameter implies 50% of the droplets are larger than the median and 50% are smaller. [202] 

Figure 35 shows that CO2 has generated a more uniform distribution of droplet sizes (lower RSF) 

compared to N2 at all tested GLRs and injection pressures while RSF decreases with an increase 

in pressure for both N2-A and CO2-A sprays. In general, the increase in GLR has a more 

pronounced effect on lowering the RSF for N2-A spray compared with CO2-A. For example, by 

increasing GLR from 0.05 to 2 at 3 MPa injection pressure and 25 ºC temperature, the RSF of 

CO2-A spray stays almost the same, while the RSF of N2-A experience a 12.5% reduction. The 

changes in RSF versus pressure is more noticeable for the CO2-A. At 7.5 and 9 MPa, CO2-A 

exhibits a lower RSF, i.e., a very narrow droplet size distribution compared to N2-A at the same 

pressure. Particularly, the lowest RSF occurs near the critical point, i.e., at 7.5 MPa for all tested 

GLRs. This behavior corroborates our observation from Figure 33 that showed SMD did not 

change notably at different spray cross-sections at 7.5 MPa. Figure 35 depicts that further 

increasing the pressure to 9 MPa has an adverse effect on RSF. This behavior confirms our earlier 

observation that degassing of the dissolved CO2 in water that increases near the critical point is the 

main mechanism driving the liquid instability.  



 

93 

 

 

 

 

 

 

3.3.5 Temperature Effects on Secondary Breakup 

According to the SMD vs. GLR plots at Tinj= 25 ºC shown in Figure 33, the SMD curve 

reaches a plateau at GLRs above 0.2 for CO2-A; indicating that there is no need for supplying 

excessive amounts of CO2 in the system to achieve small droplets for CO2-A. Therefore, to 

investigate the effect of injection temperature on droplet sizes, the injection temperature is 

increased from 25 to 31.5 and 35 ºC and SMD is measured at a constant GLR = 0.2. 

Figure 36 demonstrate a slight increase in SMD by increasing the temperature and 

decrease in SMD with an increase in injection pressure for both N2-A and CO2-A. For the CO2-A 

spray at subcritical pressures (i.e., 3 and 6 MPa), the increase of SMD with temperature is more 

evident than at near-critical and supercritical pressures (i.e., 7.5 and 9 MPa) where SMD remains 

almost identical at 25 ºC, 31.5 ºC, and 35 ºC. Particularly at 9 MPa, the variation of SMD with 

temperature is negligible (less than one micron). This observation suggests that although the 

solubility of CO2 reduces and the amount of dissolved gas in the mixture decreases with an increase 

in temperature, the surface tension reduction promotes the breakup process for supercritical 

pressures at higher temperatures. In other words, the effect of lower solubility is compensated by 

the lower interfacial tension of the mixture above the critical point that reaches a minimum at 35 

ºC (Figure 23c). However, at subcritical pressures where a two-phase mixture prevails, the 

solubility of gas and bubble growth mechanism plays a more important role in facilitating the 

breakup process than the reduction in interfacial tension with a temperature increase; thus, at 

subcritical pressures, SMD is more sensitive to the changes in solubility with temperature. These 

results are consistent with the high-speed images of spray (Figures 29-31). 
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Figure 34. SMD as a function of GLR at different injection pressures measured axially w.r.t the nozzle at 

(a) 10 cm, (b) 15 cm and (c) 20 cm for N2-A at 25 ºC. 
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Figure 35. RSF of droplet sizes as a function of injection pressure for CO2-A and N2-A sprays measured 

at 10 cm axial location at Tinj= 25 ºC for (a) GLR = 0.02, (b) GLR = 0.05, (c) GLR = 2. 
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SMD measured for N2-A varies more noticeably with temperature compared to CO2 at all 

pressures. As was shown in Figure 23d, although the solubility of N2 in water is much lower than 

CO2, it reduces more steeply with temperature. Increasing temperature from 25 ºC to 35 ºC results 

in a ~15% reduction in solubility of N2 in water versus ~ 9% for CO2. [189] Consequently, less 

dissolved N2 implies fewer bubbles formation that negatively affects the atomization process and 

leads to an increase in the droplet sizes with an increase in temperature. It is noted that in contrast 

to the CO2-A, such gas bubbles were not visible in high-speed images of N2-A. 

The RSF of droplet sizes at GLR equal to 0.2 at 25, 31.5, and 35 ºC for both N2-A and 

CO2-A at 10 cm from the nozzle is shown in Figure 37. For CO2-A spray, the lowest RSF occurs 

at 35 ºC for all pressures except for 7.5 MPa where the lowest RSF occurs at 25 ºC. This behavior 

corroborates that increasing the temperature at the critical pressure does not have a profound effect 

on the homogeneity of the droplet distribution close to the nozzle. Away from the critical pressure 

however, the surface tension reduction at 35ºC enhances the droplet size homogeneity across the 

spray cross-section. By increasing the temperature in N2-A, RSF varies more evidently compared 

to the CO2-A consistent with the wider SMD range observed in Figure 36. In summary, by 

operating near the critical pressure of the CO2-water mixture, smaller droplets and homogenous 

size distribution can be achieved even at subcritical temperatures. At supercritical pressures where 

the solubility does not significantly increase compared to the solubility at the critical pressure, 

smaller droplets with a narrow size distribution are obtained at supercritical temperatures due to 

lower surface tension. Operation at subcritical pressures where less amount of gas is dissolved in 

water the mix creates much larger and less uniform droplet size distribution, especially at 

supercritical temperatures. Thus, by operating near critical pressure and subcritical or near-critical 
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temperatures, the need for ultrahigh pressures, high temperatures, and high GLR to generate a 

more uniform droplet size can be eliminated in CO2-A systems. 

 

 
Figure 36. SMD as a function of injection pressure for N2-A and CO2-A measured at 10 cm from the 

nozzle at different injection temperatures and pressures. 

 

 
Figure 37. RSF of droplet sizes as a function of injection pressure for CO2-A and N2-A sprays measured 

axially from the nozzle at 10 cm for GLR = 0.2 for Tinj= 25 ºC, 31.5 ºC, and 35 ºC. 
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3.3.6 Linear Instability Analysis  

Although the behavior of the liquid jet containing dissolved gas has a non-linear nature and 

involves an amalgamation of different instability mechanisms, it is still useful to study the 

predictions of linear instability theory; especially, to identify the wavelengths with the fastest 

growth rates. Disintegration and breakup of a liquid jet and droplet formation is widely accepted 

to be a result of the growth of different hydrodynamic instabilities, mainly Kelvin-Helmholtz (KH) 

or shear instability and Rayleigh-Taylor (RT). RT instability can result from the fluid acceleration 

acting at the liquid-gas interface that has primarily been exposed to the KH instabilities risen 

because of the interfacial shear between the liquid and gas. While the liquid jet becomes unstable 

after injection and breaks up into ligaments due to KH instabilities, the breakup and droplet 

formation is mainly attributed to the growth of RT instabilities arising from density difference and 

acceleration imposed on the liquid-gas interface. [203-205]  For a heavy fluid over a light fluid, 

the classical RT instability theory neglects the effects of viscosity and surface tension and suggests 

the instabilities of a flat free surface in such system grow exponentially with a growth rate of 𝜔 =

[𝑘
𝜌2−𝜌1

𝜌2+𝜌1
𝑔]1/2, where 𝜔 denotes the temporal growth rate, k is the wavenumber, g is the 

gravitational acceleration and  𝜌1 and 𝜌2 indicate the density of the light and heavy fluids, 

respectively. [206] By neglecting the effects of surface tension and viscosity shorter wavelength 

can grow indefinitely since both surface tension and viscosity potentially damp short wavelengths. 

However, Chandrasekhar instability theory suggests [207] that there is a finite RT wavelength 

(𝜆𝑅𝑇) with a maximum growth rate that depends on both acceleration (a) and surface tension (σ) 

as follows, 
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𝜆𝑅𝑇 = 2𝜋√
3𝜎

(𝜌𝑙−𝜌𝑔)𝑎
, (1) 

where 𝜌𝑙  and 𝜌𝑔 refer to the liquid and gas density, respectively. In general, four physical 

phenomena control the hydrodynamic instability: (1) inertial differences across the shear layer that 

contribute to the KH (shear) instability, (2) acceleration imposed on the interface that contributes 

to the RT instability, (3) viscous effects, and finally (4) surface tension that activates the capillary 

instability. Equation 3 shows the dispersion equation developed by Joseph et al., [208] indicating 

the temporal growth rate of instabilities as a function of wavelength where the four dominating 

effects are taken into account. It is worth noting that although this relation was obtained for the 

instability analysis of viscous potential flows with an initially planar interface, it has been shown 

to provide useful insights into the instability of round liquid jets at high injection pressure. [209] 

𝜔 = −𝑘2 𝜇𝑙+𝜇𝑔

𝜌𝑙+𝜌𝑔
± [𝜌𝑙𝜌𝑔𝑘2 (

𝑢𝑙−𝑢𝑔

𝜌𝑙+𝜌𝑔
)

2

− 𝑘
𝜌𝑙−𝜌𝑔

𝜌𝑙+𝜌𝑔
𝑔 −

𝑘3𝜎

𝜌𝑙+𝜌𝑔
+ 𝑘4 (

𝜇𝑙+𝜇𝑔

𝜌𝑙+𝜌𝑔
)

2

]

1

2

, (3) 

where 𝜔 denotes the temporal growth rate of instabilities, k is the wavenumber, g is the 

gravitational acceleration that can be replaced with the acceleration at the liquid-gas interface, and 

 𝜌𝑙, 𝜌𝑔, 𝜇𝑙, and 𝜇𝑔  indicate the density and viscosity of the liquid and gas, respectively. 

Since different instability mechanisms dominate at different length scales, we investigate 

the growth rate of instabilities for both liquid jet and ligaments. The liquid jet has a circular cross- 

section and ligaments are detected on the periphery of the core jet in the high-speed images of the 

spray (Figure 28d). For this analysis, density, viscosity, and surface tension of the liquid have 

been obtained from the experimental data portrayed in Figures 23-24. The initial velocity of the 

jet right at the nozzle exit before the growth of non-linear instabilities is estimated given the 
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pressure difference between the liquid mixture and the ambient air, the nozzle diameter (125 𝜇m), 

and the density of the CO2-water or N2-water mixture for injection pressures of 7.5 and 9 MPa. 

We selected these two injection pressures for this analysis as we showed earlier that the instability 

mechanisms became more complex at critical and supercritical pressures where the competing 

effects of surface tension and solubility are simultaneously involved. To calculate the velocity and 

acceleration of the liquid jet (ligaments), we manually tracked the head of the liquid core 

(ligaments) identified on the selected high-speed images in consecutive frames and measured the 

distance traveled by the tip of the liquid core (ligaments) over each time interval. Since the 

gravitational acceleration is insignificant compared to the calculated acceleration, we replaced it 

with the acceleration of the jet (ligaments) in Eqn. 2, measured by manual post-processing of the 

high-speed images. Table 8 outlines the fluid properties, velocity, acceleration of the jet and 

ligaments, and experimental and theoretical RT wavelengths, and capillary time scales. 

 

Table 8. Properties of the liquid jet/ligaments and unstable wavelengths and capillary breakup time. 

Case 
Pinj 

(MPa) 

𝜎  

(N/m) 

ul  

 (m/s) 

a×106 

(m/s2) 

D 

(𝜇m) 

𝜆 (𝜇m) 

Experiment 

𝜆𝑅𝑇 

(𝜇m) 

𝑡 (𝜇s) 

Experiment 

𝑡𝜎 

(𝜇s) 

CO2-A 

jet 
7.5 0.0296 122.1 8.0 117.0 19.1 20.8 95.2 234.8 

9 0.0296 134.4 8.8 109.0 17.2 19.9 128.5 211.1 

CO2-A 

ligament 
7.5 0.0296 128.0 9.9 18.5 11.7 18.7 4.8 14.8 

9 0.0296 138.3 9.9 15.3 10.6 18.6 9.5 11.1 

N2-A  

jet 

7.5 0.0669 121.0 7.8 119.0 27.6 31.5 119.0 158.8 

9 0.0661 133.1 8.7 117.0 25.4 29.9 114.3 155.7 

N2-A  

ligament 
7.5 0.0669 124.2 9.2 19.1 14.9 29.2 9.5 10.2 

9 0.0661 136.1 9.7 17.5 13.8 28.2 9.5 9.0 

 

Figure 38 shows the real part of the growth rate of instabilities obtained from Eqn. 2 as a 

function of wavelength for the liquid jet for CO2-A (Figure 38a-b) and N2-A (Figure 38c-d) at 
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two different injection pressures (Pinj= 7.5 and 9 MPa, both at Tinj=25 ºC) using the parameters 

discussed above and detailed in Table 8. The positive values of the growth rate indicate unstable 

regions. To identify the dominating factor driving the instabilities, the contribution of surface 

tension, viscosity, combined inertia and acceleration, and inertia has been plotted individually in 

Figure 38. Considering all contributing effects, the growth rate of instabilities is higher for the 

CO2-A than N2, increasing with the injection pressure, which can be attributed to higher velocity 

and acceleration and lower surface tension for CO2-A. This is consistent with the snapshots of the 

spray development (Figures 29-30) and SMD measurements (Figure 33) that showed longer 

breakup length and larger SMD for N2-A at the same injection pressures and temperature. The 

range of the unstable wavelengths predicted by the growth rate analysis, i.e., O (10-5 m) is 

consistent with the wavelengths measured from the high-speed images during the first 23 µs after 

the start of injection. Unstable wavelengths at the periphery of the liquid jet (λjet) and the 

wavelength detected on the ligaments (λl) are exemplified in Figure 28d.  

It is observed from Figure 38 that the surface tension has a stabilizing effect at sub-

millimeter wavelengths as neglecting surface tension drastically increases the growth rate in the 

presence of the inertial forces and acceleration. The stabilizing effect of surface tension is more 

pronounced for N2-A mainly due to the higher surface tension of N2-water compared to the CO2-

water mixture (Table 8) as the higher values of the growth rate indicate (Figure 38c-d). Viscous 

forces do not affect the instability of small wavelengths (i.e., sub-micron) and exhibit a stabilizing 

effect at wavelengths larger than ~10 𝜇m. As the viscosity of the CO2-water mixture is slightly 

higher than the N2-water mixture at the same injection pressures and temperature, neglecting the 

viscosity marginally increases the growth rate of the CO2-water jet. Finally, neglecting the inertia 
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and acceleration terms in the dispersion equation results in a lower growth rate of the liquid jet for 

both CO2 and N2-A; more in CO2-A. When the combined effect of inertia and acceleration term is 

considered, and other terms are neglected (i.e., the square symbol purple line) the jet is highly 

unstable in both cases. Figure 38 shows that by neglecting either acceleration (dashed orange) or 

inertia (dotted blue), the jet remains unstable; indicating that both effects are important in the 

promotion of instability.  

The most unstable wavelength in both cases is consistent with the experiments (i.e., O(10-

5 m). The same analysis was performed for instabilities of ligaments. Since the rheological 

properties of the ligaments and the liquid jet are the same and their velocities and accelerations are 

close (slightly higher in case of ligaments in Table 8), similar behavior as the liquid jet is observed. 

The only difference in the case of ligament instabilities is that the most unstable wavelength shifts 

toward smaller wavelengths (not shown here for the sake of brevity). This is consistent with our 

experimental observations where the wavelengths formed on the ligaments are shorter than the 

wavelengths observed at the edge of the jet (Figure 28d). 
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Figure 38. The real part of the linear growth rate of instabilities calculated for the liquid jet as a function 

of wavelength for (a) CO2-A at Pinj = 7.5 MPa, (b) CO2-A at Pinj = 9 MPa (c) N2-A at Pinj = 7.5 MPa, and 

(d) N2-A at Pinj = 9 MPa cases. Tinj= 25 ºC for all cases. 

 

To decouple the effects of the inertia and acceleration terms on driving the liquid jet and 

ligament instabilities, the most unstable RT wavelength is calculated using the linear instability 

analysis of Chandrasekhar shown in Eqn. 1[207]. The theoretical RT wavelengths are compared 

with the measured wavelengths detected from the high-speed images in Table 8. The predicted 
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wavelengths for the jet are consistent with the experimental results; however, the theoretical 

wavelengths on the ligaments are longer than the experiments. This behavior suggests that the 

ligaments are more susceptible to capillary breakup. To explore the effect of the capillary breakup, 

we invoked the following equation proposed by Marmottant and Villermaux [210] that predicts 

the capillary breakup timescales of a cylindrical liquid jet as follows: 

𝑡𝜎 = √
𝜌𝑙𝐷3

𝜎
𝑓(𝑅𝑒). (4) 

where D, 𝜌𝑙 , and σ represent the jet (ligament) diameter, liquid density, and surface tension 

coefficient, respectively. Re is defined as 𝑅𝑒 = √
𝐷𝜎𝜌𝑙

2𝜇𝑙
2  and 𝑓(𝑅𝑒) is reported based on the 

experiments conducted in that same study. The capillary break-up time according to Eqn. 3 for N2-

A and CO2-A jets and ligaments are presented in Table 8. The breakup times are captured in high-

speed images where the first visible droplet is separated from the ligament. It is noted that a few 

droplets smaller than the resolving power of our system might have been broken from the 

ligaments earlier than reported in Table 8. The capillary timescale calculated for the jet and 

ligaments attributed to the CO2-A is greater than the experimental breakup time. Especially, for 

CO2-A at 7.5 MPa injection pressure, the measured timescales and wavelengths are much smaller 

than at 9 MPa case. The difference between the predicted and measured capillary timescales 

reduces for N2-A. Particularly, a good agreement is observed for the ligaments generated through 

N2-A while a comparison of the theoretical RT and experimental wavelengths shows a shorter 

wavelength than theoretical RT for the ligaments of N2-A. This observation suggests that the 

acceleration effects caused by the separation of the dissolved gas and bubble burst are the main 
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mechanism driving the instabilities for CO2-A. Therefore, for lower amounts of dissolved gas as 

in N2-A, capillary breakup plays a major role in promoting the ligament breakup.  

It is worth noting that the effect of the dissolved gas and the separation of the gas bubbles 

that lead to jet breakup and the non-linear effects inherited in the breakup process is not directly 

accounted for in the linear instability analysis presented in this section. In experiments, a two-

phase mixture (CO2/N2-saturated water including CO2/N2 bubbles) is injected into ambient air 

which undergoes a phase change due to depressurization upon injection. According to the phase 

diagram (Figure 22), the solubility of CO2 and N2 in water reduces by decreasing the pressure 

(i.e., degassing). The degassing process exerts higher interfacial shear force and higher 

acceleration due to the spontaneous burst of the bubbles and both effects enhance the growth of 

instabilities during the early stages of the jet development (O(10) µs) considered in this study. The 

higher concentration of dissolved gas in CO2-A, is attributed to a larger volume of bubbles that 

expand and burst, which justifies higher velocity and acceleration experimentally measured for the 

liquid jet, and especially higher acceleration for the ligaments. Consequently, the role of the 

dissolved gas in enhancing the growth of instabilities is indirectly reflected in the inertia and 

acceleration terms of the linear instability analysis and their combined effect exhibits a higher 

growth rate for CO2-A at comparable pressures. However, the spontaneous effect of the bubble 

burst in shattering the liquid jet that occurs at a fraction of microsecond has not been included in 

this theoretical analysis.  

3.3.7 SMD Prediction Models 

In this section, we first introduce the model of Lund, which is commonly used as a 

benchmark for predicting the SMD in effervescent atomization. We then introduce the 
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methodologies used for developing an empirical SMD model in this work and compare the 

experimentally measured SMD with model predictions. Equation 5 represents the model of Lund:  

𝑆𝑀𝐷 = 3 √
3

2
√2𝜋𝐷3√1 +

3𝜇𝑙

√𝜌𝑙𝜎𝐷

3

, (5) 

where 𝐷, 𝜌𝑙 , σ and 𝜇𝑙 represent the ligament diameter, density, surface tension, and viscosity, 

respectively. To better represent the comparison between the experimental measurements of SMD 

data obtained for N2-A and CO2-A with the model of Lund, we deployed two different machine 

learning (ML) analyses, i.e., multiple-regression and gradient boosting to train a predictive model 

of SMD. Droplet sizes obtained from laser measurements for different injection pressures, GLR, 

axial distance from the nozzle, solubility of the dissolved gas in water, and injection temperature 

have been incorporated to train the abovementioned ML models. As part of an exploratory data 

analysis prior to model training, we created a correlation matrix based on Pearson’s Product-

Moment correlation, [211, 212] to find the pairwise correlation of the independent input variables. 

The correlation matrix is commonly used to summarize the data and find the existing patterns 

between variables for large datasets as a diagnostic input for ML analyses. Stronger correlations 

are represented by a higher correlation coefficient (C). With SMD representing the response 

variable, GLR shows the highest correlation (C= 0.55) among the independent variables, followed 

by the solubility of the atomization gas (C= 0.50), injection pressure (C= 0.38), axial distance from 

the nozzle (C= 0.24), and injection temperature (C= 0.12). These correlations were expected as we 

showed the significance of GLR and gas solubility on the SMD predictions in Figures 31-33. The 

injection temperature exhibits the weakest correlation with the SMD. This is expected as Figure 

36 depicts less than a one-micron difference in SMD by increasing the temperature from 25 to 35 
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ºC keeping the same injection pressure for CO2-A. Therefore, the effect of temperature variation 

has not been included in this model and the SMD measured at 25 °C is considered in the ML 

analysis. 

Figure 39 portrays the distribution of SMD as a function of the solubility of the atomizing 

gas in water using a box plot. This figure portrays the integrated SMD measurements obtained at 

25 ºC for all variables including different injection pressures, GLR, axial distance from the nozzle, 

and the solubility of the dissolved gas in water. Box plots graphically represent the minimum and 

maximum data points excluding the outliers (diamond symbols in Figure 39) by lower and upper 

whiskers, and the interquartile range using a box. The lower bound of the box, the line in the 

middle, and the upper bound of the box shows the first quartile, median and thirds quartile, 

respectively. Each value of the solubility in the plot corresponds to a certain pressure and atomizing 

gas as annotated in Figure 39. This plot shows that CO2-A generates smaller and a more uniform 

SMD distribution as the solubility increases with pressure. Overall, it also predicts smaller droplets 

compared with N2-A. Particularly, it is evident from this figure that the lowest and the narrowest 

SMD size distribution occurs at 7.5 MPa for CO2-A. This behavior is consistent with SMD vs. 

GLR shown in Figures 31-33. 
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Figure 39. SMD distribution as a function of solubility of the dissolved gas for all experimental data set 

for both N2-A and CO2-A including different injection pressures, GLR, axial distance from the nozzle, 

and solubility of the dissolved gas in water at Tinj= 25 ºC. 

 

For training the multiple-regression and gradient-boosting ML algorithms utilized in this 

study, 75% of the total empirical data points are used and 25% is employed as test cases. This 

model is developed based on the measured SMD for 3-9 MPa pressure, 0.02-4 GLR, 0.03-2.5 

mol% gas solubility, and axial distance from the nozzle, i.e., 10, 15, and 20 cm. Investigating the 

data also indicates that SMD has a log-normal distribution; thus, the prediction model has been 

developed for ln(𝑆𝑀𝐷) as displayed in Figure 40 compared to the experimentally measured 

values. The accuracy of each model is evaluated based on the R2 coefficient of determination that 

is 0.79 and 0.99 for the multiple-regression and gradient boosting methodologies, respectively. 

The multiple-regression model presents the following empirical relationship between SMD and 

the playing parameters: 

ln(𝑆𝑀𝐷) =  −7.37 × 10−2𝑃 − 0.27 𝑆 − 0.25 𝐺𝐿𝑅 − 0.03𝐿 + 2.96. (5) 
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where P, GLR, S, and L represent the injection pressure, gas-to-liquid ratio, the solubility of the 

dissolved gas in water, and axial distance from the nozzle, respectively. As was shown earlier, the 

effects of temperature on SMD prediction are much less pronounced compared to the injection 

pressure and GLR, and thus was removed from this analysis. Unlike the multiple-regression model, 

the gradient boosted tree does not offer a straight-forward relationship between the independent 

and response variables. However, the gradient boosted tree model more accurately predicts the 

non-linear relationship between SMD and independent variables as it is not constrained by the 

linearity assumption. [213, 214] Moreover, the gradient boosted model is a powerful ensemble-

based model that allows achieving higher accuracies by combining multiple algorithms to improve 

otherwise weak models. [215, 216] Gradient boosting starts by fitting a model to the response 

variable. Then it fits a second model to the residuals of the first model (i.e. the difference between 

the outcome of the first model and the tested dataset); thus, models are improved sequentially until 

the desired accuracy is achieved. [217, 218] 
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Figure 40. Predicted 𝐥𝐧(𝑺𝑴𝑫) versus measurements using (a) multiple-regression and (b) gradient 

boosted tree ML methodologies. The same training set has been used for both methods. 

 

Figure 41 compares the experimental measurements of SMD for CO2-A and N2-A as a 

function of the injection pressure with the predictions of Lund, multiple-regression, and gradient 

boosting models. The measured SMD shown in this figure is attributed to GLR of 0.02 and 10 cm 

from the nozzle at 25 ºC. The ligament diameters implemented in the Lund model are captured 

from the high-speed images and the corresponding rheological properties (i.e., density, surface 

tension, and viscosity) of the gas-liquid mixtures are obtained from Figures 23-24. The model of 

Lund correctly predicts that N2-A generates larger droplets compared to CO2-A. This figure also 

shows that the gradient boosting model closely predicts the measured SMD. However, the model 

of Lund significantly overestimates the droplet sizes for both CO2-A and N2-A. The shortcomings 

of this model are attributed to the fact that (1) the effects of relative velocity between the ligaments 

and the surrounding gas medium as well as acceleration of the liquid at the liquid-gas interface 

that becomes considerable due to the bubble burst are not accounted for in this model, and (2) it 
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does not consider the effect of secondary atomization. In addition, the gas-assisted atomization 

near the critical point triggers a sudden increase in the diffusion and a drop in surface tension that 

have not been accounted for in the literature to date. 

 

 
Figure 41. Comparison of SMD predicted by the Lund, multiple-regression and gradient boosting models 

with the experimental measurements as a function of injection pressure, at Tinj = 25 °C, GLR = 0.02, and 

L = 10 cm for (a) CO2-A and (b) N2-A. 

 

3.3.8 Secondary Breakup Regimes 

Comparing the Lund SMD model predictions with the experimental measurements 

revealed that secondary atomization is one of the key players in dictating the final size of the 

droplets that form downstream of the injection nozzle. In addition, as Figure 33 suggests, the 

droplet sizes significantly vary with distance from the nozzle for both subcritical and supercritical 

pressures. At 7.5 MPa injection pressure, however, a very uniform distribution of the droplets was 

observed. Thus, in this section, we focus on different secondary atomization regimes that involve 
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the deformation of the droplets resulted from the primary breakup of the liquid jet. According to 

the experimental data in the literature, the secondary droplet breakup mechanisms have been 

categorized into five different modes based on the Weber number (We) and Ohnesorge number 

(Oh). [199, 219] We is defined as the ratio of inertial to surface tension forces as We=
𝜌𝑔𝑢𝑙

2𝐷

𝜎
, 

where 𝜌𝑔 and 𝜎 represent the ambient gas density and surface tension of the gas-water mixture and 

ul corresponds to the ligament velocity and D is the characteristic length, i.e. the ligament diameter 

that is closely related to the diameter of the primary droplets [220]. We is commonly used to 

analyze the likelihood of ligaments and droplets undergoing further breakup; however, the viscous 

effects affect the breakup regime governed by We. Viscosity retards droplet deformation by 

dissipating the incoming energy to the liquid. [199] Oh calculated as 𝑂ℎ =
𝜇𝑙

√𝜌𝑙𝜎𝐷
, denotes the ratio 

of viscous to surface tension forces where 𝜌𝑙  and 𝜇𝑙 represent the density and viscosity of the gas-

water mixture. With an increase in viscosity, We required for initiating the breakup increases. 

Oscillatory deformation, i.e., vibrational breakup mode occurs for We less than 12. At these 

conditions, the inertial forces are not strong enough to completely overcome the surface tension at 

the liquid-gas interface. Although the droplets undergo mild deformation, they might not 

experience further breakup. [221] however, oscillations at the natural frequency of the droplet 

might generate a few droplets comparable to the size of the parent droplet. For We between 12 to 

20, droplets experience the bag breakup mode, which entails the deformation of the droplets into 

a thin balloon-like structure that further shatters into smaller droplets. [222] For We between 20 to 

80, different modes of breakup (aka multimode regime) have been observed. Finally, for We 

between 80 to 800, the shear breakup regime that involves deformation of the droplet into a thin 
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disk-shaped structure and deflection of the periphery of this disk into smaller droplets downstream 

of the flow is expected. [223] Droplets with We greater than 800 fall under the catastrophic breakup 

regime where parent droplets experience extreme deformation into various-shape fragments and 

small droplets. [219] This phenomenon typically occurs in internal combustion engines and shock 

tubes where the liquid is injected into a very high-pressure environment. The values reported for 

the critical We varies in the literature. In this study, the critical We is adopted from Chryssakis et 

al. [223]  

 

   

t = 14.29 𝜇s t = 19.05 𝜇s t = 23.81 𝜇s 

Figure 42. High-speed images (420,000 fps): visualizing the ligament breakup and droplet formation in 

CO2-A: Pinj= 7.5 MPa, Tinj=19 °C and GLR= 0.2. The scale bar (100 𝝁m) is identical for all images. 

 

To generate the secondary breakup map based on the aforementioned breakup regimes, the 

diameter of the ligaments is used as the characteristic length obtained from the high-speed images. 

Figure 42 depicts the breakup of a ligament into multiple primary droplets resulted from CO2-A 

at 7.5 MPa and 19 ºC. By inspecting this figure, we realized that the size of the primary droplets 

(~8.9 𝜇m) is very close to the diameter of the ligament (~10.1 𝜇m) before the breakup. Since such 

primary droplets may not be as visible as in Figure 42 for other cases, we approximated the 

primary droplet sizes with the ligament diameter. Finally, to calculate the liquid velocity, we 

Ligament 
Break-up Droplets 
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manually tracked the ligaments identified in the high-speed images in the consecutive frames and 

measured the distance the ligament tips traveled over each time interval.  

 

 
Figure 43. Map of the secondary breakup regime as a function of We and Oh. The experimental 

measurements represent injection pressures of Pinj= 3, 6, 7.5, and 9 MPa, Tinj= 25 ºC, GLR= 0.2 for CO2-

A and N2-A. 

  

Figure 43 illustrates the map of the secondary breakup regime as a function of We and Oh 

numbers for our experimental measurements that fall under Oh < 0.06 implying that the inertia 

forces are dominant to viscous forces. [152] According to this segmentation, the breakup of liquid 

droplets for N2-A (at all injection pressures) and CO2-A (at subcritical pressures) undergo the 

oscillatory vibration that might create secondary droplets the same size as the primary droplet they 

originated from. Especially for low Oh flows as in this study, drop distortion and vibration is the 
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key destabilization mechanism of the primary droplets. We increases at higher injection pressures 

as (1) it increases the relative velocity between the liquid and gas and (2) the dissolution of CO2 

in water leads to surface tension reduction with an increase in pressure. Thus, the highest We is 

achieved for the CO2-A at 7.5 and 9 MPa injection pressure, which also results in the smallest 

SMDs as expected. At critical and supercritical pressures (i.e., 7.5 and 9 MPa, respectively), the 

droplet breakup regime shifts toward the bag breakup regime. It is noted that the secondary breakup 

map has been structured based on the experimental observation of droplet breakup exposed to a 

stream of high-speed surrounding gas or a high-pressure. On the other hand, comparing the size of 

the ligaments before breakup at 7.5 and 9 MPa obtained from the high-speed images (Table 2) 

with SMD at 10 cm with respect to the nozzle depicts about 80% reduction in the size of the liquid 

fragmentations at GLR equal to 0.2. At lower pressures where the breakup map suggests 

oscillatory deformation, the droplet size reduction is about 50%. Therefore, these observations 

suggest that a subsequent breakup is involved that causes the SMD to be much smaller than 

expected from the oscillatory and bag breakup regimes. Thus, the drag force imposed by the 

ambient air is not entirely responsible for initiating the breakup and the critical We is not suitable 

for describing the droplet breakup in gas-assisted atomization. A similar conclusion was earlier 

drawn for the analysis of the effervescent atomization. [196] Since the main mechanism behind 

the droplet breakup in this study is due to the degassing and burst of the bubbles of the dissolved 

gas, the subsequent droplet breakup is linked to relatively large local and spontaneous forces 

exerted from the expanding bubble that breaks up the parent droplets into much smaller droplets 

at a very short timescale. Measurements of droplet velocities and morphology of the child droplets 
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are further needed to better understand the subsequent breakup mechanism of the primary droplets 

in gas-assisted atomization systems that is beyond this work.  

 

3.4 Deposition of Particle-Laden Droplets Created by SAA 

3.4.1 CNC carrier droplet characterization 

Fundamental understanding of the effect of different spray parameters and physical 

properties of the injection mixture on the size of carrier droplets that is especially crucial for 

designing the nanoparticle delivery system that was fully discussed in previous section led to design 

of experiments for this part. Here the fine and homogenous droplets that are created by the SAA 

system are used to inject and deposit CNC-laden droplets on a solid substrate that further evaporate 

and leave nanostructures with different morphologies that will be investigated. 

The laser diffraction system is used for real-time measurement of SMD at 10, 15, and 20 

cm axially located downstream of the nozzle. These points are selected to fully represent the whole 

spray plume. Figure 44 plots the measured SMD as a function of GLR for different injection 

pressures and axial locations. It is observed in Figure 44 (a-c) that for each injection pressure, the 

mean droplet size decreases as GLR increases and the rate of SMD reduction decreases with an 

increase in GLR and reaches a plateau at the GLR of 0.2. At this point, increasing GLR does not have 

a noticeable effect on the SMD and hence this value (i.e., GLR= 0.2) is selected for spray deposition 

experiments. 

At each GLR and axial distance, increasing the injection pressure results in the formation 

of droplets with smaller sizes. This is owed to the higher solubility of CO2 in water and lower 

interfacial tension of CO2-water mixture at higher pressures as was indicated in Table. 3. The 
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combined effects enhance the primary breakup of the liquid jet due to the burst of dissolved gas 

bubbles and surface capillary breakup. As a result, the variation of droplet sizes by changing 

injection pressure is more evident in cases where measurement is performed closer to the nozzle 

(i.e., 10 cm axial distance in Figure 44a) compared to measurements further away from the 

injection orifice (i.e., 15 and 20 cm from the orifice in Figure 44b, and 44c). It is also evident that 

for each injection pressure, increasing the axial distance between the injection orifice and SMD 

probe from 10 cm in Figure 44a to 20 cm in Figure 44c, results in smaller mean droplet sizes and 

their size does not vary significantly with GLR. This can be attributed to the “secondary breakup” 

of droplets that occurs at locations further away from the nozzle. The secondary breakup is referred 

to a process in which the droplets exposed to high shear forces breakup into multiple smaller 

droplets. 
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Figure 44. SMD measurements as a function of GLR for different injection pressures and an axial 

distance of (a) 10 cm, (b) 15 cm, and (c) 20 cm from injection orifice. 
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Figure 45a shows the measured SMD as a function of injection pressure at 1 cm axial 

distance with respect to the nozzle and for three different concentrations of CNC in the suspension 

(i.e., 0.2, 0.5, and 2wt%). Similar to Figure 44, increasing the injection pressure reduces the 

droplet sizes. The droplet sizes breakup into smaller droplets at locations further away from the 

orifice due to the secondary breakup. The sharpest decrease in the droplet is achieved at 7.5 MPa 

injection pressure that is close to the critical pressure of the CO2-water mixture. The proximity to 

the critical pressure enhances the diffusivity of CO2 in water and the creation of more bubbles inside 

water upon injection that enhances the atomization process and reduces the droplet size. Further 

increasing the injection pressure to 9 MPa has a negligible effect on the droplet size. This can be 

attributed to the maximum diffusion coefficient of CO2 in water that occurs at 7.5 MPa, [224] 

which in turn results in minimum surface tension value for the water-CO2 mixture at this pressure. 

[225] In addition, increasing the concentration of nanoparticles in the injection mixture, from 

0.2wt% to 2wt%, increases the overall size of the carrier droplets. The viscosity of the aqueous 

suspension increases from 1.2 to 4 mPa.s by increasing the concentration from 0.2 to 2wt%. This 

enhancement (~three-fold) in viscosity of the injection mixture leads to an average of ~54% growth 

in droplet sizes of the spray. It is well established that an increase in liquid viscosity results in the 

formation of larger droplets as it suppresses the breakup process by dampening the interfacial 

perturbations between the liquid and gas upon injection that eventually break it up to multiple 

droplets. [226, 227] The direct effect of droplet sizes on the dynamics of solvent evaporation which 

in turn influences the assembly of nanoparticles and architecture of nanostructures formed on the 

substrate is discussed in the next section. 
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Figure 45. SMD as a function of pressure for different CNC concentrations measured at an axial distance 

of 15cm and GLR=0.2. 

 

3.4.2 Nanostructure patterns 

In this section, we discuss the CNC patterns that form after the evaporation of the liquid 

droplets generated through atomization of the aqueous CNC suspension. We study the effects of 

different process parameters on the created nanostructure on a glass substrate. Figure 46 visualizes 

the polarized micrographs of otherwise transparent CNC nanostructures that are formed on the 

substrate upon droplet evaporation for different injection pressures. The glass substrates are 1cm 

by 1cm. Figure 46 illustrates the architecture of nanostructures for various injection pressures for 

0.2wt% (left column) and 2wt% (right column) CNC concentration. The main pattern of assembled 

nanostructures in these top-view micrographs can be categorized in one of the three shapes: (1) 

ring-shape, where the majority of nanoparticles accumulate along the edge of the evaporating 

droplet, (2) homogenous distribution, where particles scatter across the surface area of the 

evaporating droplet, and (3) transition stage, where there is still a distinct ring-shape structure and  
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some particles are also scattered within the center of the evaporating droplet. It is illustrated in 

Figure 4 6a1-d1 that regardless of the injection pressure, the droplets with diameters smaller than 

~5.5 𝜇m exhibit a homogenous distribution, while droplets larger than ~7.5 𝜇m have generated a 

ring- shaped structure, and droplets with diameter sizes in between the two thresholds (i.e., between 

5.5 to 7.5 𝜇m) represent a transition between the two identified regimes. All three patterns were 

observed for all injection pressures as the droplet size distribution envelopes the detected 

thresholds. In Figure 46a2-d2 that illustrate droplets with a higher concentration of CNC particles 

(i.e., 2wt%), the homogenous distribution, transition, and ring structure occurs for < 9.5 𝜇m, ~9.5-

11.5 𝜇m, and > 11.5 𝜇m droplet sizes, respectively. It is noted that at least 6 images were taken at 

different locations of the same substrate; all of which were in great agreement with the threshold 

detected in these figures. 
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Figure 46. Polarized microscopy of CNC patterns after evaporation of water in CNC aqueous suspension 

droplets on a glass substrate located at 15cm axial distance for 0.2 wt% CNC concentration for (a-1) 3 

MPa, (b-1) 6 MPa, (c-1) 7.5 MPa, and (d-1) 9 MPa injection pressures and 2 wt% CNC concentration for 

(a-2) 3 MPa, (b-2) 6 MPa, (c-2) 7.5 MPa, and (d-2) 9 MPa injection pressures. The 10 𝜇m scale bar is 

identical in all images. 

 

Figure 47 demonstrates the profile/height measurements of assembled nanostructures 

upon evaporation for droplet sizes varying from 5 to 13 𝜇m and different concentrations (0.2wt%, 

0.5wt%, 2wt%). Combined with top-view micrographs presented in Figure 46, they provide a 3D 

realization of the shape of assembled CNC nanostructures. In Figure 47, the droplets have been 

injected at 9 MPa. We discussed the effect of injection pressure on the nanoparticle patterns in 

Figure 4 6 and showed that droplets with the same size and concentration shared the same pattern 

regardless of the injection pressure. The profilometry height measurements indicate that 
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nanostructures represent a ring, disk, or dome shape. A ring pattern that is identified with two peaks 

on the height profile is referred to the accumulation of nanoparticles along the edge of the droplet 

(labeled as “ring” in the top view in Figure 46). A dome forms when nanoparticles are captured 

at the interface during evaporation and mainly remained in the center after droplet evaporation i.e., 

only one peak is observed on the height profile. The dome structure was identified as “transition” 

in the top view depicted in Figure 46. Finally, a disk pattern forms when the height profile is nearly 

flat at the center. This indicates nanoparticles are scattered more uniformly across the surface area 

of the droplet compared to the dome and ring and. The disk pattern was identified as 

“homogenous” in the top view Figure 46. Figure 47 shows that by decreasing the droplet size 

from 13 µm (red) down to 5 µm (blue), the assembly of particles transits from ring-shape to a 

dome-shape structure for all CNC concentrations. The 9µm droplet (green) represents the 

transition between ring to a disk- shape structure. By increasing the concentration of CNC, the 

transition from a ring structure to disk occurs at larger droplet sizes. As will be discussed in the 

next section, the droplet size and concentration directly affect the evaporation rate of the solvent, 

which in turn influences the particle advection and diffusion and ultimately the nanoparticle 

patterns. 
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Figure 47. Profilometer height measurement of CNC nanostructures created on substrate after 

evaporation of water in droplets as a function of droplet diameter. CNC concentrations are 0.2, 0.5, and 

2wt% and the injection pressure is 9 MPa. 
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In summary, by controlling the droplet sizes we can engineer the desired pattern (ring, 

dome, disk) for different concentrations. The use of SCO2 enables achieving a very uniform 

distribution of droplet sizes within the spray that facilitates achieving a uniform distribution of 

CNC with the desired pattern on the substrate. The injection pressure can directly control the 

overall size of droplets within the spray plum and can be adjusted to the size requirements of the 

specific application where the spray deposition system is being used. To quantitatively 

demonstrate the control over the nanostructure patterns with the injection pressure Dv90 

measurement using laser diffraction method is plotted vs. injection pressure for variable 

concentrations plotted in Figure 48. Dv90 indicates the mean diameter size that represents 90% 

of the total volume of the existing liquid droplets Figure 48 shows that at 7.5 MPa injection 

pressure and 0.2wt% CNC concentration, 90% of droplets are smaller than 4 𝜇m in size. Based on 

the microscopic images and height profilometry, droplet sizes smaller than 4 𝜇m will represent a 

homogenous nanoparticle distribution. As a result, most of the deposited nanostructures will 

exhibit a disk-shape structure. The information from this measurement combined with detailed 

discussions on the 3D architecture of fabricated micro/nanostructures have important implications 

in designing practical deposition systems to ensure that majority (> 90%) of droplets fall under a 

certain category (i.e., ring versus homogenous distribution). 
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Figure 48. Dv90 as a function of injection pressure for different CNC concentrations measured at an axial 

distance of 15cm and GLR=0.2. 

 

3.4.3 Evaporation-induced nanoparticle assembly 

In this section, we will explore the CNC assembly in micron-size evaporating droplets. 

[228, 229] In order to find the link between the dynamics of droplet evaporation and the formation 

of a specific pattern upon evaporation, two main parameters are identified: (1) droplet evaporation 

rate that is linked to the convective transport of CNC as the droplet edge recedes back during 

droplet evaporation; and (2) the Brownian diffusion rate of CNC in water. It has been shown that 

in the absence of other competing mechanisms e.g., external forces, special treatment of the 

substrate or solvent, the competition between the convective and diffusive transport of particles 

dictates the final pattern after droplet evaporation. [230] The ratio of the convective to diffusive 

transport of particles during water evaporation is represented by the non-dimensional Péclet (Pe= 

r2/Dte) number, where ‘r’ is the droplet radius, ‘D’ is the particle mass diffusivity in the liquid 

phase and ‘te’ is the droplet evaporation time. For millimeter-sized droplets, it has been shown 
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[231] that the ring pattern is typically favored for Pe >1 as the convective rate surpasses the 

diffusive rate. A reduction in the Pe, which implies a diffusion-dominated transport, is known to 

mitigate the ring formation toward a more uniform particle distribution. [232] 

Our SMD measurements of the spray suggest that the droplet sizes are below 20 microns 

for which measuring the droplet evaporation rate is experimentally very challenging. As an 

alternative approach, there are various mathematical and analytical models to calculate the 

evaporation rate of a sessile droplet. [233-235] Larson’s model (Equation 6), which is applicable 

for semispherical sessile droplets, is commonly used as one of the most accurate models that has 

been verified empirically. [233] This model is more accurate when the Bond number is smaller 

than 0.1 (𝐵𝑜 =
𝜌𝑔𝑅ℎ0

𝜎
) and the Capillary number (𝐶𝑎 =

𝜇𝑢𝑟

𝜎
) is smaller than 1. Bo is the ratio of 

the gravitational to surface tension forces and accounts for the initial shape of the droplet whereas 

Ca is the ratio of viscous to capillary forces and accounts for deformation of the droplet during 

evaporation. Here 𝜌, g, R, h0, 𝜎, 𝜇, and ur are the density, gravitational acceleration, contact line 

radius, initial droplet height, liquid-air surface tension, liquid viscosity, and average radial velocity 

due to evaporation, respectively. We first compare the experimentally measured evaporation rate 

for a 1 𝜇l droplet (~ 1 mm in radius) deposited on a glass substrate with the predictions of the 

Larson’s model. The evaporation rate has been measured with a timer at room condition (i.e., 25℃ 

temperature and ~40% relative humidity). Comparing the Bo (~0.07) and Ca (O(10-8)) for the largest 

droplet (i.e., 1mm radius) indicates that the droplet has a spherical cap shape and satisfies the 

requirement for using the Larson’s model (Equation 6):  

𝑚̇(𝑡) = −𝜋𝑅𝐷(1 − 𝐻)𝐶𝑣(0.27𝜃 + 1.3) (6) 
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Where R, D, H, Cv, and 𝜃 are the droplet radius (1mm), water vapor diffusivity (2.42E-05 m/s), 

relative humidity (40%), saturated water vapor concentration [236] (23.2 g/mm3), and droplet 

contact angle (0.369 rad), respectively. The contact angle is measured on an image that is taken 

normal to a back-illuminated droplet deposited on a solid substrate. Larson’s model predicts 709 

seconds for a 1 mm droplet to evaporate and our experimental measurement indicated 718 seconds, 

which is in close agreement with the model prediction. The translational diffusion coefficient of 

CNC in DI-water measured by DLS for 0.2, 0.5, and 2wt% concentration is 7.18×10-12, 6.7×10-12, 

and 4.3×10-12 m2/s, respectively. The diffusion coefficient reduces with concentration due to the 

packed space hindering the freedom of particles to transport. [237] We use this data along with the 

evaporation rate obtained from Larson’s model and droplet sizes captured by the laser diffraction 

measurements to calculate Pe.  

Figure 49 shows the calculated Pe as a function of droplet size for different CNC 

concentrations. By increasing the droplet size for each concentration, the evaporation time is also 

increased while the diffusion coefficient is constant for the same concentration. This results in 

higher Pe at higher concentrations. According to Figure 49, the corresponding Pe for a droplet size 

of 13 𝜇m is 1.27, 1.37, and 2.13, for 0.2, 0.5, and 2.0 wt% concentration, respectively. Pe >1 indicates 

the domination of the convective transport of CNC particles towards the edge of the droplet 

induced by the evaporation of DI-water and formation of a ring-shape structure as was depicted in 

Figure 47. Droplets within the 6-8 𝜇m diameter range have an average Pe of 0.7, 0.8, and 1 for 

0.2, 0.5, and 2.0 wt% concentration, respectively. These cases where convective and diffusion rates 

are almost equal were identified as the transition between ring and dome shape structures in Figure 
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46. It is noted that Peclet does not provide a complete picture of the pattern engineering 

phenomenon and cannot describe the assembled patterns for droplets smaller than 3 𝜇m. For 

instance, Pe for 0.2 and 0.5 wt% CNC in a 3 µm-droplet is almost similar (0.33, 0.34), however, 

the patterns are different. This can be either due to the fact that for small droplets where the ration 

of surface area to the volume is large, evaporation time does not follow the Larson’s model and 

Peclet cannot be calculated accordingly. In addition, as evaporation advances in extremely small 

droplets (i.e., ~5 nm in diameter) the Knudsen number gets larger than 0.01, where continuum 

approximation does not stand, and regular Navier-Stokes equations cannot be applied. Knudsen 

number (Kn) is defined as the ratio of the mean free path line of moving particles to a physical 

length scale within the system (i.e., droplet radius). In these cases, molecular dynamic (MD) 

simulations, Lattice-Boltzmann, and statistical analyses are powerful tools to study the evaporation 

induced self-assembly of particles, and this has been one of the areas highlighted in future 

directions of this research. 

It is noted that pure CNC is almost hydrophilic, and thus tends to form a ring. However, 

various observed patterns for different concentrations and different droplet sizes imply that in 

addition to the particle shape, level of hydrophilicity, the droplet size, and particle mass 

concentration also play a role in determining the final pattern. For instance, Figure 47 showed that 

for a 9 µm-droplet, the pattern changed from a ring at 0.2 and 0.5wt% to a disk at 2wt%. Our results 

showed that increasing the ratio of mass concentration to droplet size tends to change the pattern 

from ring to dome as the particles are captured at the interface between the evaporating liquid and 

the surrounding air before they get a chance to accumulate at the droplet periphery and dry as a 

dome or disk after liquid evaporation. 
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Figure 49. Peclet number as a function of droplet sizes for different CNC concentrations. 

 

3.5 Evaporation Induced Self-Assembly of Hybrid Nanoparticle Systems 

Achieving desired performance from self-assembly of nanoparticles (NPs) is very 

challenging due to the complex nature of interactions among the constituent building blocks. 

Understanding the self-assembly of nano-colloids through evaporation of particle-laden droplets 

to fabricate tailored functional and multi-material nanostructures is one of the major goals of this 

research. The particle-particle and particle-solvent interactions, as well as the hydrodynamic forces 

within an evaporative droplet (i.e., capillary and Marangoni flow) are the main driving factors that 

define the formation of the final nanostructure. In this section, a nanoparticle-agnostic approach 

that allows the fabrication of nanostructures with precisely engineered patterns is introduced. 

Evaporative droplets of aqueous suspensions of Carbon Nanotubes (CNTs), Graphene 

Nanoplatelets (GNPs) and Boron Nitride Nanotubes (BNNTs) represent NPs of different elemental 
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composition (i.e., carbonaceous and ceramic) with different sizes and shapes (i.e., nanotube, 

nanoplatelets) are investigated. CNCs are utilized as a platform to make hybrid nanoparticle 

systems (HNPS) of CNC and the secondary NP (i.e., CNC-CNT, CNC-GNP and CNC-BNNT). 

This section capitalizes on fundamental understanding of the repulsive-attractive interactions in 

this hybrid system and their effects on the final patterns that are created.  

3.5.1 Hybrid nanoparticle system formation 

The first step in formation of a hybrid system of CNC and CNT/GNP/BNNT nanoparticles 

is dispersion and stabilization of these NPs in DI-water as the solvent and understanding their 

‘weak’ amphiphilic interactions. CNC has proved to be efficient in dispersing and stabilizing 

hydrophobic pristine CNTs, GNPs, and BNNTs in water without the need for functionalization or 

using a dispersant agent as shown in Figure 50a. CNCs poses abundant hydroxyl groups (-OH) 

that form hydrogen bonds with water molecules, and negatively charged sulfate half-ester groups, 

that make them a great agent to disperse the hydrophobic nanoparticles (GNP, CNT, and BNNT) 

in water. It is evident in this figure (Figure 50a) that in the absence of CNC, the hydrophobic 

CNT, GNP and BNNT settle in a few minutes after the sonication, while they remain stable and 

dispersed in water in the presence of CNC even after months from sonication. Figures 5b and 51c 

show the efficacy of CNC in dispersing otherwise sedimented hydrophobic CNTs, GNPs and 

BNNTs in water by investigating the 𝜉-potential data and dynamic light scattering (DLS) 

measurements of HNPSs with different mass ratios in water. Higher electrical potential at the 

interface of the dispersed colloids and the solvent (i.e., higher zeta potential values) indicates 

higher hydrophilicity of HNPS and is desirable for stability of HNPS dispersion. However, it 

should be analyzed in conjunction with the DLS measurements, which is an indication of the size 
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of the colloid that is formed. Changing the ratio of CNC in the HNPS, alters the magnitude of the 

negative charge (𝜉-potential value), suggesting it controls and tailors the degree of amphiphilicity 

of these hybrid systems in water. Increasing the ratio of CNC in all the HNPSs, increases the 

hydrophilicity of the system (Figure 50b), while decreasing this ratio results in formation of 

hydrophobic HNPSs. Maximum value of electrical potential for GNP-CNC, CNT-CNC and 

BNNT-CNC hybrids is achieved at 1:4 (61 mV), 1:1 (52 mV) and 1:20 (59 mV) ratios respectively, 

exhibiting higher electrical charge on their surface compared to CNC (51 mV) itself. These ratios 

also exhibit the smallest hydrodynamic diameters. The optimum dispersion in water is the result 

of increased hydrophilicity of hybrid colloids at a specific ratio with smallest hydrodynamic 

diameters. These measurements can quantify the degree of hydrophilicity of the HNPS and 

distinguish the CNC-NP ratio that best disperses in water. However, in order to find the other end 

of the spectrum and determine the degree of hydrophobicity, Z-potential test cannot be performed 

as HNPSs immediately sediment in water. As a result, in samples with lower ratios of CNC to NP, 

water contact angle (WCA) measurements are performed to show the relationship between NPs 

mass fraction and HNPS hydrophobicity by depositing a pure water droplet on a thin film of HNPS. 

Increasing the mass ratios of CNT, GNP, or BNNT to CNC’s in the HNPS, increases WCA, 

indicating that hydrophobicity of HNPS increases (Figure 50d). The WCA measurement was 

performed on all various ratios of HNPS films, and the plot only shows the “hydrophilic-dominant” 

sample next to the “hydrophilic-hydrophobic-balanced” ones (i.e., CNT-CNC (5:1), GNP-CNC 

(12:1), BNNT-CNC (1:1)). These measurements show that regardless of the shape, size or type of 

the NPs, by changing the mass fraction of constituent NPs the amphiphilicity degree of HNPSs 

can be engineered.  
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Figure 50. (a) Dispersion and stability of HNPSs with different ratios in DI-water, (b) zeta-potential, (c) 

hydrodynamic diameter, and (d) Water contact angle measurement on HNPS films with different ratios. 

  

3.5.2 Morphology of nanostructures created through evaporation of droplets 

After understanding the role of CNC in defining and engineering the amphiphilicity degree 

of aqueous colloidal suspensions of HNPS and recognizing the corresponding ratio of the two ends 

of amphiphilicity spectrum, the next step is to deposit droplets containing these NPs on a substrate 

and study the resultant self-assembly of system upon evaporation. It is worth noting that the 
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interaction of HNPS with substrate is another aspect affecting the final assembly. However, a 

neutral substrate (i.e., glass) has been used in all of the experiments to keep the wettability of the 

substrate constant and benchmark this effect. Figure 51 shows microscopy images of the patterns 

created upon evaporation of droplets with hydrophilic (based on 𝜉-potential measurements) 

dominant and hydrophobic (based on contact angle measurements) dominant CNC to NPs ratios 

deposited on a glass substrate. Since CNCs are transparent crystals, polarized light is used in 

microscopy to better visualize them in the hybrids (white shiny features). In addition, SEM images 

and height profile measurements of the created nanostructures are presented to better visualize and 

quantify these structures. 

Starting from the hydrophilic-dominant ratios (i.e., GNP-CNC 1:4, CNT-CNC 1:1, BNNT-

CNC 1:20), a ring-shaped structure (CRE) is deposited along the edge of droplet as can be seen in 

Figures 51a, 51i and 51e. Since the border of droplet pins to the substrate upon deposition, as 

evaporation advances across the surface, an outward capillary flow initiates to compensate for the 

mass loss along the contact line and drags the Nano-colloids toward the edges [238]. In a 

hydrophilic sample, these colloids are uniformly dispersed in water and possess a large surface 

energy, indicated by high electrical charge (according to 𝜉-potential measurement). Their strong 

attraction to water molecules along with their small hydrodynamic diameter (according to DLS 

measurement) facilitates their migration towards the edge of droplet by the capillary flow. The 

outward capillary flow that initiates upon evaporation of the solvent, pulls the CNC-bonded NPs 

towards the contact line, and accumulates them at the periphery. Taking a closer look within the 

ring (i.e., magnified images) better reveals the accumulation of previously dispersed HNPSs in 

this region after completion of evaporation.  
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Figure 51. HNPS patterns vs. NPs’ ratio and concentration. Effect of ratio of NPs to CNC labeled as 

(m:n) at 0.2 wt% concentration: GNP-CNC: (a) Hydrophilic-dominant HNPS, (b) hydrophobic-dominant 

HNPS, (c) SEM image of hydrophobic state, and (d) height distribution from edge to center of droplet 

(blue is hydrophobic- and orange is hydrophilic-dominant). (e)-(h) and (i)-(l) similar to (a)-(d) for BNNT-

CNC and CNT-CNC, respectively. Effect of HNPS concertation: hydrophobic states of (m) GNP-CNC, 

(n) BNNT-CNT, and (o) CNT-CNC at 0.05 wt% concentration. Non-specified scale bar: 15 µm. 

 

Decreasing the ratio of CNC in the HNPS and shifting the amphiphilicity of the system 

towards hydrophilic-hydrophobic-balanced state, reduces the electrical charge on the surface of 

the HNPSs (from 𝜉-potential data). At this point, the ring structure disappears and the loose-packed 

aggregates that are formed, create a disk-like structure (Figures 51b, 51j and 51f). The aggregated 

HNPSs oppose the outward capillary flow and mainly trap in the air-liquid interface of the droplet. 
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As evaporation proceeds, these HNPSs move with the interface and deposit across the surface area 

of the droplet, forming a disk structure. The pattern transition (from ring to disk) is best represented 

in the profilometry measurements in Figures 51d, 51l and 51h. In the hydrophilic-dominant ratios 

(orange-colored region), the maximum height is achieved at the edge as the NPs reside along the 

periphery of the droplet. Hydrophilic-hydrophobic-balanced ratios (blue-colored region) on the 

other hand show a uniform height distribution from edge to the center of the droplet. It is interesting 

to note that WCA of all HNPSs that formed a disk-shaped nanostructure is 47˚±2 independent of 

their type (Figure 50d). SEM micrographs of the same samples in Figures 51c, 51k and 51g 

visualize the morphology of HNPS and the structures they create. The monolayer distribution of 

hydrophobic-dominant CNT-CNC 5:1, GNP-CNC 12:1 and BNNT-CNC 1:1 samples is evident 

in these SEM figures, where the GNP-CNC, CNT-CNC and BNNT-CNC hybrids are laid on the 

substrate. Decreasing the concentration of nanoparticles in the aqueous suspension alters the final 

pattern, as there is not enough HNPS to cover the whole surface area of the droplet and a 

pining/depinning mechanism acts along the three-phase interface of the droplet. The inward lateral 

capillary flow drags the edge of the droplet inward, while the friction force opposes this movement. 

These two forces alternatively overcome each other and form the stranded structures illustrated in 

Figures 51m, 51n and 51o [112, 239]. Increasing the concentration (i.e., number of HNPS in the 

suspension) pins the periphery of droplet to the substrate and suppresses this effect. The 

observations in Figure 51 indicate the crucial role of amphiphilicity degree and concentration of 

NPs in defining the final pattern that is formed on the substrate. In the next section we will discuss 

the effect of amphiphilicity on the intermolecular force balance that defines the architecture of the 
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assembled nanostructures regardless of the hydrodynamic forces induced by evaporation of the 

water.  

  
Figure 52. Intermolecular force measurement by AFM for HNPS of various mass ratios of (a) CNC-

GNP, (b) CNC-CNT, and (c) CNC-BNNT, in air and in water. 

 

3.5.3 Force balance investigation 

To analyze and quantify the interactions among NPs and investigate the force balance in 

different HNPSs, AFM measurements are performed. Figure 52 shows the intermolecular forces 

among HNPSs with different mass ratios (i.e., amphiphilicity degree) that are measured by coating 

the tip of AFM, both in air and water. The reported forces are the resultant force of all 

intermolecular adhesive and repulsive interactions (i.e., Van der Waals, electrostatic, hydrogen 

bond, capillary forces, and physical interactions, etc.) that the HNPS-coated tip of the AFM 

experiences in tapping (approaching and detaching) the HNPS film on the substrate. It is evident 

in Figure 52 that increasing the ratio of CNC in the CNC-NP hybrid increases the intermolecular 

force in both mediums. Although the magnitude of forces is higher when the HNPSs are immersed 

in water, the trend of changing the force with the ratio of CNC in HNPS is similar for both air and 

water measurements. The molecules of CNC attach to CNT, GNP and BNNT through strong 

covalent bonds between hydroxyl groups on CNC and defected regions of the CNT, GNP and 
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BNNT [240], as well as polar-π interactions between CH in CNC and carbon rings in GNP and 

CNT, [241]  and BN in BNNT. However, as we mentioned earlier, the strong covalent bonds do 

not participate in the self-assembly. The attractive force in hydrophilic-dominant GNP-CNC 

system (i.e., ring-shaped nanostructure) is 153.6nN in water and 76.5nN in air, while it decreases 

to 78.5nN and 48.4nN for hydrophilic-hydrophobic-balanced GNP-CNC (i.e., disk-shaped 

nanostructure) in water and air, respectively (Figure 52a). Hydrophilic-dominant and hydrophilic-

hydrophobic-balanced CNC-CNT have an attractive intermolecular force of 99.3nN and 71.4nN 

in water, and 52.6nN and 37.6nN in air, respectively (Figure 52b). The intermolecular forces in 

hydrophilic-dominant and hydrophilic-hydrophobic-balanced CNC-BNNT system are ~42nN and 

26.1nN n water and 23.6nN and ~19nN in air, respectively (Figure 52c), which are smaller than 

intermolecular forces in carbonaceous HNPSs due to less interaction of CNC molecules with BN 

ceramic NPs.  

The higher force in hydrophilic HNPSs (i.e., higher ratio of CNC) that is measured with 

AFM is the result of an increase in attractive forces, from the competition between repulsive 

electrostatic forces and van der Waals, polar, or hydrogen bonds [242] all in form of attractive 

forces; and it is the amphiphilicity degree that determines the prevailing force. For example, in 

CNC-GNP 8:1 and 1:20 hybrids, the intermolecular forces in water are 85% and 76% higher than 

air due to the hydrogen bonds that HNPSs have with water (polar protic solvents with hydrogen 

atom connected to electronegative atom, e.g., O). The difference (85% vs 76%) is also due to 

higher amount of CNC molecules in the hydrophilic-dominant HNPS that increases the number of 

hydrogen bonds with water. AFM measurements presented in Figure 52 prove that the 

intermolecular force balance and the corresponding 3D nanostructures that are fabricated is 
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governed by HNMS amphiphilicity degree, and hydrodynamic forces do not alter its overall trend. 

Force measurements also reveal that polar solvents form hydrogen bonds with HNPS. However, 

hydrogen bonds are directional forces [243] that are responsible to orient the HNPSs in the 

repulsive-attractive-directional force balance that engineers the final pattern of the self-assembly 

process. AFM results report the resultant intermolecular forces, but individual attractive, repulsive, 

and directional forces must be distinguished using molecular dynamic (MD) simulations which is 

beyond the scope of this research. 

3.5.4 Functionality of multi-material nanostructures 

CNC, GNP, CNT and BNNT have been extensively studied and proven as excellent 

choices as coating, reinforcement, or additive agents to improve mechanical, chemical, electrical, 

and thermal properties in various fields. [244-246] Hybrid nanoparticle systems are a new frontier in 

efficiently tailoring the properties and adding multi-functionalities. In order to highlight the 

importance of fundamental understanding of the self-assembly process of multi-material systems 

and the architecture of 3D nanostructures that they create on the functionality, the electrical 

conductivity of CNC-GNP and CNC-CNT with different amphiphilicity degrees (ring- and disk-

shaped nanostructures) investigated. Droplets containing CNC-GNP and CNC-CNT, with 

amphiphilicity degrees according to Figure 50, were deposited to cover the glass substrate with 

either all rings or all disks upon completion of evaporation. The sheet electrical resistivity of the 

nanostructures was then measured as shown in Figure 53. Pure pristine CNT and GNP were 

fabricated as a film for comparison and data validation and exhibit the lowest sheet resistivity as 

was expected. Higher resistivity (lower conductivity) is recorded for hydrophilic-dominant CNC-
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GNP (4-1) and CNC-CNT (1-1) that form a ring-shaped nanostructure in which conductive GNPs 

and CNTs only exist in the periphery. By shifting to more hydrophobic state and depositing disk-

shaped nanostructure with CNC-GNP (1-12) and CNC-CNT (1-5) hybrids, the sheet resistivity 

decreases (conductivity of samples increases). This is due to the spread of the network of 

conductive NPs over the whole surface area of the droplet that enables movement of electrons. 

These results highlight the functionality of these multi-material coatings and capability of tailoring 

this functionality.  

 

 
Figure 53. Sheet electrical resistivity of HNPSs with different amphiphilicity degrees. 

 

3.5.5 Multi-material nanostructures deposited through SAA 

 Finally, in this section, nano-colloidal droplets containing GNP-CNC that are created by 

the SAA system are deposited on a glass substrate and the patterns of assembled nanostructures 

upon evaporation, as well as their functionality is characterized. Figure 54 demonstrates the spray 

Deposited Rings 

Deposited Disks 
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deposited GNP-CNC nanostructures, using different concentration of the 12-1 GNP to CNC ratio 

to prevent formation of ring-shaped structures. A stencil mask [247, 248] was placed on the 

substrate prior to injection to get deposition only on desired places. The substrates were then used 

to investigate the functionality of deposited HNPS. Figure 55 shows the corresponding polarized 

microscopic images of the deposited nanostructures. It is interesting that the assembled GNP-CNC 

structures that cover the whole area of a relatively large substrate (25mm by 76mm) are consistent 

with the patterns that were observed in a single GNP-CNC droplet in Figure 51b. This pattern is 

achieved by utilizing hydrophobic-dominant ratio of GNP-CNC system, and regardless of the 

deposition system (SAA or manual pipette deposition) similar morphology is observed in the 

evaporation induced assembly of NPs.  

 

 

Figure 54. (a) 0.2wt%, (b) 1wt%, (c) 3wt%, (d) 10wt%, GNP-CNC deposited with 30 𝜇m droplets, and 

(e) 10wt% GNP-CNC (12-1) deposited with 18 𝜇m droplets. Droplets are created by SAA system. The 

20scale bar is identical on all images.  

(a) (b) (c) (d) (e) 
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Figure 55. Polarized microscopic images of (a) 0.2wt%, (b) 1wt%, (c) 3wt%, (d) 10wt%, GNP-CNC (12-

1) deposited with 30 𝝁m droplets, and (e) 10wt% GNP-CNC (12-1) deposited with 18 𝝁m droplets. The 

scale bar is identical on all images. 

 

To better understand the 3D structure of the deposited HNPSs, profilometry measurements 

are performed, as illustrated in Figure 56. By increasing the concentration of HNPS in the injected 

(a) 

(b) (c) 

(e) (d) 
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mixture, the thickness of the deposited structures increases from ~1.5𝜇m in 0.2wt% to ~5𝜇m in 

10wt% sample. In addition, the 10wt% HNPS that has been delivered with smaller droplets (18 

𝜇m compared to 30 𝜇m) shows a smoother deposition indicating the efficacy of engineering 

process parameters (i.e., spray settings and material composition) in tailoring the surface properties 

(i.e., surface roughness).  

 

 

(a) 

(b) 



 

144 

 

 

 

 

 

 

 

 

 
Figure 56. Profilometry of (a) 0.2wt%, (b) 1wt%, (c) 3wt%, (d) 10wt%, GNP-CNC deposited with 30 

𝝁m droplets, and (e) 10wt% GNP-CNC (12-1) deposited with 18 𝝁m droplets.  

(c) 

(d) 

(e) 
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As it has been discussed before (in Section 3.5.4), the multi-material systems that are 

deposited exhibit different functionalities (i.e., structural, electrical, thermal, etc.) depending on 

the NPs that form the HNPS. Table 9 compares the sheet electrical resistivity of the samples in 

Figure 54 measured with a four-point probe. Depositions with lower concentrations of HNPS (i.e., 

0.2wt%, 1wt%, and 3wt%) did not allow the passage of electrical current, as there is not enough 

material on the substrate to make a continuous network of conductive GNPs. This can be remedied 

by increasing the injection duration to deposit more material. Both 10wt% samples allow the 

passage of the electrical current, and the sample created by smaller droplets shows lower resistivity 

compared to the one fabricated by larger droplets. This is due to the smoother surface and better 

connectivity of the GNP grid on the substrate. This again shows the highly tunability of the system 

in achieving desired outcome, from material selection to the functionality and degree of the 

functionality that can be reached. The novel multi-material deposition system is not only highly 

tailorable to the desired outcome, but it is very precise (i.e., nano-scale deposition resolution), 

simple, fast (i.e., millisecond time scales) and compatible with any material and substrate. Main 

takeaways, specific applications and future direction of this research are further discussed in the 

next section. 

Table 9. Sheet electrical resistivity measurements 

Sample 
Sheet Resistivity 

(Ohm/Sq) 

Pure GNP 5.38 

10wt% GNP-CNC (12-1), deposited by 18 

𝜇m carrier droplets 
970 

10wt% GNP-CNC (12-1), deposited by 30 

𝜇m carrier droplets 
1890 
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4. SUMMARY AND CONCLUSION 

 This research investigates engineering bottom-up fabrication of functional multi-material 

nanostructures through evaporation-induced self-assembly of nano-colloidal droplets created and 

deposited through supercritical assisted atomization system. For this purpose, feasibility of 

integration and efficacy of controlled deposition of droplets containing cellulosic nanoparticles 

(i.e., CNC) to improve the functionality and properties of 3D printed as well as composite parts 

was fully studied first, and below are the main conclusions from these studies: 

• Real-time incorporation of CNC within polymer parts during 3D printing by spraying 

aqueous CNC suspensions through an atomization system working with pressurized air in 

an FDM printer was proved feasible.  

• Assessing the thermomechanical properties and interlayer adhesion of CNC-ABS samples 

indicates that spraying the aqueous suspension of CNC with 0.5–1 wt% concentrations 

significantly improve the tensile strength and modulus by 33% and 20% in longitudinal 

and transverse printing direction, respectively and the interlayer shear strength by 44%.  

• This improvement indicates the nano-stitching effect of CNC to improve the adhesion 

between adjacent layers and thus the ultimate strength. This proves that spraying the 

aqueous CNC suspensions during 3D printing is an efficient yet simple technique to 

effectively disperse and distribute CNC to improve the properties of 3D-printed polymers, 

and thus is a departure from status quo where nanomaterials are added to the filaments 

through costly processing methods.  
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• Utilizing cellulose nanocrystals in glass fiber coatings demonstrates improvement in 

interfacial interactions in epoxy composites. Improvements previously achieved at lab 

scale are matched or exceeded herein using two industrially scalable methods.  

• Spray coating (SC) provided up to a 37% improvement in IFSS over uncoated fibers and 

up to an 18% improvement over fibers that were dip coated (DC) in equivalent coating 

formulations. Additionally, TGA revealed distinct decomposition peaks for SC fibers. This 

suggests more interactions between CNCs in SC fibers.  

Second, the focus shifted towards fundamental understanding of the breakup mechanisms 

and droplet formation in supercritical CO2 assisted atomization system as an efficient and fast way 

of creating fine and homogenous droplets that deliver the nanoparticles on targeted locations 

within the substrate. This section was extremely crucial to fine tune the parameters that define the 

deposition parameters and characteristics of the carrier droplets. Main findings from this section 

are summarized below: 

• The primary breakup mechanism for CO2-assisted atomization is governed by the 

formation, growth, and burst of the dissolved CO2 in water that appears as a bulged liquid 

core close to the nozzle that squeezes the liquid into forming long ligaments and eventually 

shatters the liquid core.  

• Near the critical pressure of CO2-water mixture, the solubility of CO2 is enhanced 

noticeably and increasing the temperature further lowers the surface tension where both 

effects promote atomization.  
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• The lowest SMD is captured at 7.5 MPa where CO2 solubility reached a maximum. 

Operation at critical pressure leads to the finest and the most homogenous droplet size 

distribution that does not vary with temperature noticeably.  

• The SMD for CO2-A decreases with an increase in pressure and GLR. At pressures above 

the critical pressure, relative span factor (RSF) increases; and droplet sizes remain almost 

unchanged for GLRs above one. Therefore, applying excessive pressure above critical 

pressure and further increasing the gas mass flow rate do not lead to finer and a more 

homogenous droplet size distribution.  

• For CO2-water mixture injected at the critical pressure (7.5 MPa) and at subcritical 

temperatures (20ºC and 25ºC), increasing the temperature reduces the solubility and 

increases the droplet size while interfacial tension does not vary drastically. At supercritical 

temperatures (35ºC and 40ºC), increasing the temperature beyond the critical temperature 

enhances the atomization by lowering the surface tension while the solubility does not 

change drastically. The overall spray features include smaller liquid length, wider spray 

angle, and smaller SMD for CO2-A for all test cases. 

Comprehensive understanding of the underlying mechanisms in the SAA enabled 

deposition of CNC carrier droplets that were created using this system and investigating the 

evaporation induced self-assembly of CNCs and the nanostructures that they leave on a glass 

substrate. Below is a summary of main conclusions from this study: 

• Microscopic visualization of the assembled nanoparticles on the substrates illustrates that 

morphology of nanostructures falls into three main categories: (1) ring-shape pattern, 

where the majority of nanoparticles accumulate along the edge of the evaporating droplet, 
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(2) homogenous distribution or disk pattern, where particles scatter more uniformly across 

the surface area of the evaporating droplet, and (3) transition stage, where there is still a 

distinct ring-shape structure yet some particles are scattered within the edges of the 

evaporating droplet. 

• The profilometry height measurements combined with micrographs provide a 3D 

visualization of the assembled nanostructure and show that they either form a ring, disk, or 

dome-shaped architecture. Increasing the mass concentration to droplet size ratio shifts the 

morphology of assembled nanoparticles from ring to dome as the particles are trapped at 

the liquid-air interface before they get a chance to move towards the edge of the droplet. 

• For each CNC concentration and regardless of the injection pressure, there is a droplet size 

threshold range above which the assembled nanostructures exhibit a ring pattern and below 

that they exhibit a homogenous distribution. For concentration of 0.2wt%, the lower and 

upper bounds of the threshold are 5.5 𝜇𝑚 and 7.5 𝜇𝑚, respectively while for 2wt% CNC 

concentration these values increase to 9.5 𝜇𝑚 and 11.5 𝜇𝑚, respectively. 

• The injection pressure on the other hand dictates the size of the majority of droplets within 

the spray plume and can be used to design a system where the bulk of droplets fall under 

one of the identified nanostructure patterns. 

• The size of the carrier droplets strictly influences the evaporation rate of solvent in particle-

carrier droplets upon deposition on the substrate. The evaporation rate in turn, affects the 

prevalence of convective to diffusive transport of particles that is represented by Peclet 

number.  
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• The evaporation time is prolonged by increasing the droplet size for each concentration, 

which results in Pe >1 that indicates the higher rate of convective transport of particles to 

diffusive transport leading to accumulation of particles along the periphery of the droplet 

and formation of a ring-shaped structure. At Pe <1 where the diffusive movement of CNCs 

is dominant, a dome-shaped structure is formed for all tested concentrations. At Pe ~1, 

droplets fall in the transitional region where both ring and dome-shaped structures are 

observed. 

Finally, cellulose nanocrystals are utilized as a platform to program the self-assembly 

process and tailor the formation of the final created structure. CNC-bonded nanoparticles form a 

hybrid system that regardless of the size, shape or elemental composition of the involved NPs can 

control the patterns that are left on the substrate. Main conclusions from this section are 

summarized below:  

• SEM and polarized microscopic visualization and profilometry measurements showed that 

depending on the amphiphilicity degree of the HNPS, which is defined by the ratio of CNC 

to CNT, GNP or BNNT, as well as the concentration of these hybrids in the suspension, 

the final structure can take a form of a ring or dis-shaped structure.  

• AFM measurements correlated the pattern of evaporation-induced self-assembly to the 

amphiphilicity degree by comparing the resultant intermolecular forces among molecules 

of CNC, water, and NPs. AFM was used to measures the resultant forces of all ‘weak’ 

interactions that a self-assembly system probe along. It was shown that the main 

intermolecular forces in patterning are van der Waals (attractive), electrostatic repulsion 

(repulsive) and hydrogen bonds (directional).  
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• Finally, sheet electrical resistivity of droplets containing HNPSs of different ratios 

deposited on a glass substrate demonstrated the efficacy of tailoring the pattern of 

nanostructure on the functionality of the deposited hybrid material. While hydrophilic-

dominant disk-shaped CNC-CNT and CNC-GNP have higher sheet resistivity, moving 

toward more hydrophobic HNPS ratios shift the shape of nanostructure to a disk-shape 

structure where conductive NPs are better connected, and they can lower the electrical 

resistivity of the sample.  

This research introduces a nanoparticle-agnostic approach for precisely controlling the 

bottom-up fabrication of nanostructure in evaporation-induced self-assembly systems. It also 

highlights the importance of engineering the self-assembly on the functionality of the final multi-

material systems. The immediate application of engineering the morphology of evaporation 

induced self-assembly of nanoparticles that are created through supercritical assisted atomization 

of nano-colloidal droplets are: (i) graded functionality and (ii) uniform/homogenous coatings. 

Precise control over the concentration and ratio of materials within the hybrid nanomaterials 

systems and on-demand tailoring this balance enable us to deposit selective quantities and 

materials in specific locations and hence accommodates design for graded properties. The 

combination of materials that we can control and have studied provide structural, electrical, 

thermal, magnetic, optical, audio, etc. properties.  

Further investigating the deposition, nanostructure formation, refining the system and 

properties of the final patterns that are formed, and their functionalities are among the areas that 

can be focused. Below is a list of potential areas that can be studied in future works: 
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• An immediate application of the nanostructure engineering process that has been developed 

in this work is the deposition of functional micro-patterns and coatings is specifically 

important in confined spaces such as wearable devices (e.g., Apple watch, Fitbit, …), 

where functionality is required in a limited space and packed structures. Consumable 

electronics market is moving toward smaller and thinner form factors, and more slick 

designs, which makes shifting away from conventional part manufacturing and use of 

nano/micro-structures inevitable. For example, fabrication and investigation of antennas 

that require to wrap around other structures are just one example where conductive lines 

with specific dimensional resolution and structures are deposited on flexible substrates in 

an interesting area of study. Our group has started working on this topic by depositing 

hybrid system of GNP-CNC on foldable substrates (both fabric and plastic) using the SAA 

system with a stencil mask to get the required geometrical design for antenna.   

• Fabrication of conductive lines on unconventional substrates (e.g., rollable, foldable, 

stretchable, etc.) is another fast-growing and interesting area of work. Conductive lines on 

flexible substrates that stretch require more sophisticated design. Entangled CNTs create a 

conductive grid/network/line that stays intact and does not break even when the substrate 

is stretched (entangled CNTs act like a spring that conform to deformations of the substrate, 

instead of brittle conductive lines that disconnect the electrical current). The work in this 

area has also been started in our research group using the conductive HNPS and SAA 

system developed in this research, and electrical properties of deposited nanostructures are 

being characterized.  
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• Substrates made from nanocellulose are widely used in optically transparent screens and 

flexible devices. Depositing conductive lines (e.g., with CNT or GNP) with controlled 

patterns can be achieved using our methodology with the understanding that CNC which 

is the platform to tailor the amphiphilicity and hence distribution of secondary nanoparticle 

is available outside the droplet and on the substrate as well and material composition of the 

hybrid nanoparticle system needs to be adjusted accordingly.  

• As this technology becomes more mature, new horizons in micro 3D printing might appear, 

where combinations of rings and disks on top of each other can create unique and 

complicated 3-dimensional structures. 

• In general, controlled multi-material deposition and pattern engineering are each a 

powerful module in fabricating unique geometrical features with functional materials. 

Imagine depositing CNC-CNT rings on top of each other on a substrate to resemble micro-

hollow-pillars that not only have electrical conductivity properties, but also act as a 

structural feature on the substrate for thermal management and cooling properties by 

providing micro-fluidic flow channels. Another example is deposition of disks with desired 

thicknesses that not only define the roughness and texture of the surface but also add 

functional material properties embedded in the deposited disks. 
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