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ABSTRACT 

 

          The process of nano-droplet formation is crucial to the development of 3D 

nano-inkjet printing. In this thesis, nano-droplet formation is numerically 

characterized using dissipative particle dynamics (DPD). Due to size constraints 

and challenges in the development and optimization of 3D nano-inkjet printer 

nozzles, experimental means to characterize the nano-droplet formation process is 

currently impractical. Hence, numerical method becomes a valuable tool to 

characterize this process effectively. Dissipative particle dynamics (DPD) and 

many-body DPD (MDPD) are employed in this work to study nano-droplet 

formation process. Such mesoscale particle-based Molecular Dynamics (MD) 

simulation techniques provide cost effective means to study such systems. 

 This project starts by investigating agglomeration, which is a process that 

leads to nozzle clogging in 3D nano-inkjet printing. Nozzle clogging is one of the 

major hurdle in the development of 3D nano-inkjet printing today. Using DPD, a 

UV ink system, which comprises of oligomers and monomers of polyethylene 

glycol (PEG) and polystyrene (PS) with benzophenone (BZP) as the photo-

initiator, is modelled. The results show that a 3:1 ratio of PEG to PS provides the 

best morphology in terms of particle uniformity, agglomerate size, and particulate 

dispersion. A surfactant, sodium dodecyl sulphate (SDS), is added to the model to 

improve these agglomeration behaviors. It is found that SDS can help to prevent 

further agglomeration while reducing the average size of the agglomerates from 
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520 Å to 440 Å and improving their distribution from 7 clusters to 14 smaller 

clusters. 

 Next, a nano-nozzle together with UV ink system is modelled using MDPD 

to simulate the process of nano-droplet formation through a 3D nano-inkjet nozzle. 

Comparison with microscale experiment confirms that the model gives good 

agreement and consistency within 10% range of error. The validated model is 

subjected to varying temperature and pressure in order to predict the influence of 

these external parameters on nano-droplet formation. It is found that higher 

temperatures and applied pressures increase droplet velocity and reduce droplet 

break-up time. In addition, higher temperatures increase the droplets’ diameter 

while higher effective pressures reduce it. The MDPD simulation also revealed that 

apart from ink agglomeration, ink deposition on the nozzle’s wall is another 

potential source of nozzle clogging. Simulation results show the addition of 

surfactant can effectively reduce such ink deposition. Only a small amount of 

surfactant between the interval of 0.2-3.0 wt% is sufficient to reduce ink deposition 

by 60%. Increasing the amount of surfactant beyond 3.0 wt% does not give better 

improvements. To further reduce ink deposition, other de-agglomeration 

techniques are suggested to modify the interaction between ink and wall of nozzle. 

This can be achieved via physical or chemical techniques such as electric field or 

application of a non-wetting coat. By combining these de-agglomeration 

techniques, it is shown that ink deposition can be reduced by nearly 92%.  

 Thus, nano-droplet formation in 3D nano-inkjet printing and challenges in 

its breakthrough such as agglomeration, which can lead to nozzle clogging, may be 
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numerically studied by MDPD, as a cheaper alternative approach, and providing 

approximate guidelines for further experimental research and development. 
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CHAPTER 1   INTRODUCTION  

 

          This thesis aims to investigate in detail the process of nano-droplet 

formation, which is important in the development of 3D nano-inkjet printing. The 

thesis focuses on agglomeration and ink deposition, which is one of the main 

challenges in the breakthrough of 3D nano-inkjet printing because it can potentially 

lead to nozzle-clogging. Computational dissipative particle dynamics (DPD) 

simulation technique, a mesoscale numerical approach, is used in this work due to 

its cost effectiveness and also because its length and time scale fitted the scope of 

the problem. In this chapter, the background of the project is introduced, followed 

by the research objectives and an overview of this thesis report.  
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1.1 BACKGROUND 

 

1.1.1 Additive Manufacturing  

          Additive manufacturing is a rapidly developing fabrication technique which 

is predicted to play a key role in industrial manufacturing. It creates 3D physical 

objects from the bottom-up by adding each cross-sectional layer of material layer-

by-layer [1]. By rapid prototyping of a 3D model in computer-aided design (CAD) 

software, the complete digital format can be transformed into a physical object in 

three dimensions. Additive manufacturing provides increased freedom in 

engineering design as compared to conventional manufacturing techniques, 

enabling the creation of physical objects in more advance shapes and geometries. 

There are many different additive manufacturing processes differentiated by the 

method of creating each layer, such as polyjet (3D inkjet printing), 

stereolithography, fused deposition modeling, laminated object manufacturing, 

selective laser sintering, and electron beam melting. Various categories of additive 

manufacturing processes are shown in Figure 1.1 [2-4].   
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Figure 1.1: Processes in additive manufacturing. 

 

 Industrial demand is an important factor driving the continuous 

development of additive manufacturing. For instance, additive manufacturing can 

create advanced materials with complex structures in order to fulfill the need in the 

aerospace industry. This demand is heavily driven by aerospace conglomerates 

such as NASA, the German Space Center (DLR), Aerojet/Rocketdyne, and 

Snecma. [5]. Apart from the aerospace industry, additive manufacturing is also 

important in biomedical applications for the fabrication of tissues and organs to 

heal the human body [6]. These are some examples of the importance of additive 

manufacturing to industrial manufacturing and scientific processes.       

 

1.1.2 3D Inkjet Printing  

  3D inkjet printing is an additive manufacturing technique that combines 3D 

printing and inkjet printing technology. 3D printing is a process originally invented 
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at MIT in 1990. The 3D printer prototype deposited powdered material in thin 

layers which are selectively bound by droplets through continuous-jet inkjet 

printing. By repeating this layer-by-layer formation, unbound materials could 

subsequently be removed to obtain a 3D printed object [7]. 3D printing is evolving 

over three distinct phases [8]. Currently, 3D printing technology is still in the first 

phase, which is that of prototyping and developing new designs. Changing styles of 

manufacturing from subtractive to additive techniques eschews traditional 

processes such as molding, casting, machining, and forming. Thus, final products 

are not limited by the capabilities of the tools used in the manufacturing processes. 

If the performance of 3D printing is promoted and enlarged in scale for industrial 

manufacturing, it will continue to the next phase. The second phase of 3D printing 

is industrial production of goods that can be finished into final products. As a 

consequence of direct digital manufacturing, human workforce in almost all 

manufacturing processes can be reduced, allowing rapid production that will 

greatly decrease production time while increasing the amount of goods produce. 

For the last revolutionary phase, 3D printers could be used in almost every house 

as household appliances. This last phase might be achieved by hugely reducing the 

production cost of 3D printers and the raw materials required for printing, leading 

to a direct reduction of its purchase price and operating cost. Almost every house 

may be no different to a factory in the future. 

          Inkjet printing is a technology modernized by breakthroughs in 3D printing. 

Instead of printing on a single plane like a conventional inkjet printer, 3D inkjet 

printing adds layers of materials on top of each other sequentially until these layers 
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form a 3D structure [9]. There are two standard types of conventional inkjet 

technologies: drop on demand (DOD) and continuous inkjet [10]. DOD is a more 

modern inkjet technology compared to continuous inkjet because multiple nozzles 

are used in DOD printing with 2 and 3 dimensional applications. Both methods 

have different manners of generating ink droplets.  Uniformly-sized small droplets 

are produced with high accuracy in the DOD technique by digital signal response. 

In continuous inkjet, droplet formation is separately generated from a continuous 

stream of liquid by harmonic modulation of jet velocity. The modulation frequency 

can be adjusted to provide high speed printing with moderate quality. For DOD 

inkjet technology, piezoelectric, thermal, and electromagnetic actuators can be 

applied to control ink drop dispensing and improve the accuracy and precision 

[11]. 

          Technological advancements in conventional inkjet printers led to its 

development into 3D inkjet printing. The main advancement was the progress in 

printhead movement that allows printing in three dimensions. Another important 

factor was the ability to solidify liquid ink to obtain 3D structural connection of 

each droplet. These advances allow 3D inkjet printing to possess good speed, high 

precision, fine details, smooth surface of product, and the flexibility to use various 

types of printing materials [11]. Because of these advantages, 3D inkjet technology 

is adopted in many 3D inkjet printer models from additive manufacturing 

companies such as Polyjet (Stratasys) [12].  
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1.1.3 3D Inkjet Printing in Nanoscale 

The rapid advent and decreasing costs of additive manufacturing are 

leading to material production in the nanometer scale. A number of printing 

technologies are currently available for creating submicron physical structures 

[13] . These structures can be printed using a wide range of materials, from 

biomaterials to nanomaterials in engineering research and actual manufacturing. 

While printing in the nanoscale can be generalized to many materials with different 

properties, an appropriate material may be chosen as a representative prototype. 

Polymers are ideal materials as they are frequently used in modern additive 

manufacturing techniques and inkjet printing [10, 14] and they are compatible with 

many printing methods [13]. Other potential materials include metals and ceramics, 

but the usage of these materials is constrained by manufacturing complexities such 

as relatively high processing temperatures. For instance, a temperature of 537K is 

needed in the crucible for sintering of metal droplets generated from a pneumatic 

DOD generator [15]. Similar high temperature heat treatment is required in other 

experimental studies as well [16, 17]. High sintering temperatures are also needed 

for ceramics and some processing techniques rely on high temperature control of 

rheological variables to allow proper droplet formation [18-21]. In contrast, 

polymers can be printed at lower temperatures. For example, polymers can be 

printed in the form of hot melt inkjet inks that solidify on a substrate [22]. Another 

method is the printing of polymer colloidal suspensions which deposits the 

polymer on a substrate after the solvent vaporizes [23, 24]. For 3D inkjet printing, 

the main type of ink being used nowadays with exceptional performance is 
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polymeric ultraviolet (UV) curable ink which mainly composes of oligomers, 

monomers, photo-initiator and additives [25, 26]. The greatest advantage of such 

ink is its UV light curability. When each layer is completely printed on the 

substrate, the layer is solidified by UV light layer-by-layer. This allows 3D inkjet 

printing to be one of the most advance additive manufacturing technologies. 

At this moment, one of the main challenges of modern additive 

manufacturing in nanoscale applications is nozzle clogging due to ink 

agglomeration [14]. Due to the length scale involved is extremely small, then, 

experimental appoarch is difficult and expensive, hence, computational 

characterization can be a potential and more attractive alternative to investigate 3D 

nano-inkjet printer nozzles to overcome size constraints. In this thesis, nano-

droplet formation in these nozzles will be characterized computationally. 

Rheological properties in relation to nozzle clogging due to ink agglomeration will 

be investigated. To effectively investigate and study this phenomenon, dissipative 

particle dynamics (DPD) can be used to provide numerical characterization to 

determine the dynamic fluid flow and static droplet properties in 3D nanoscale 

DOD inkjet printing. DPD is a coarse-grain method that allows a reduction of the 

degrees of freedom for particles , thus overcoming the limit of atomistic length 

scales in conventional fully atomistic molecular dynamic simulations. Therefore, 

the advantages of this mesoscale simulation technique is highly compatible for 

investigating the dynamics of nanoscale inket nozzle clogging.   
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1.2 SIGNIFICANCE & INNOVATION 

          Trending to very small scale of resolution in 3D printing, one of the main 

challenges in the breakthrough of 3D nano-inkjet printing is agglomeration. The 

problem can potentially disturb printing process and lead to nozzle clogging 

especially very small scale that it becomes extremely severe. Not only 

agglomeration but nano-droplet formation is also most important concern in the 

development of 3D nano-inkjet printing. Due the size constraints and challenges in 

experimental approaches to optimize 3D nano-inkjet printer nozzles, computational 

methods seem to offer a more practical alternative than experimental methods 

which is impractical nowadays. Utilizing the Dissipative Particle Dynamics (DPD) 

method, it can better significant cost effectiveness in computation compared to 

classical Molecular Dynamics (MD) as a particle-based mesoscale simulation 

mean. DPD addresses the limits on the time and length scale inherent in classical 

MD simulations and provide length and time scale of simulation fitted the scope of 

the problem by coarse graining and reducing the degrees of freedom for each 

particle. Moreover, DPD is an obviously suitable computational method for UV 

curable ink in 3D printing technology with high nature of compatibility because it 

can effectively capture hydrodynamic behavior of various polymeric systems as its 

all important details will be presented in the second chapter of this thesis. Thus, 

DPD simulation method promises to be a good choice providing numerical 

understanding at low cost with standardly acceptable predictability in comparison. 
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1.3 RESEARCH OBJECTIVES 

          This research work composed of three main objectives. The first objective is 

to numerically investigate the agglomeration morphology of a UV ink model 

commonly used in 3D inkjet printing through DPD simulation. The agglomeration 

behavior of components mimicking commercial 3D inkjet ink will be studied to 

determine methods of preventing and reducing agglomeration and nozzle clogging. 

The use of additives to stabilize the system, improve rheological properties, and 

uniformly distribute the particles will be investigated.  

The second objective is to numerically characterize nano-droplet formation 

in 3D nano-inkjet printing. A small nozzle is used to form nano-droplets via many-

body dissipative particle dynamics (MDPD) simulation that allows free-surface 

fluid dynamics between gases and liquids during nano-droplet formation to be 

implemented. The nano-droplet formation of a polymeric UV ink with proper 

MDPD parameters is investigated through comparisons with existing experimental 

results.  The effects of important physical parameters in nano-droplet formation, 

such as temperature and pressure will also be studied. 

The last objective is to investigate the dynamics of polymeric ink 

deposition on the nozzle’s wall, which is also a potential source for nozzle 

clogging especially at the tip of the nozzle. The effects of surfactant on such 

depositions during the nano-droplet formation process will also be studied. The 

study will be done for both the general case of a UV ink based on proper MDPD 

parameters in order to understand the effect of each attraction parameter and a 

specific case of a commercial ink in order to determine the actual dynamics of the 
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ink and nozzle in industrial applications. Additives such as surfactants can be a 

physical strategy to de-agglomerate the particles. Combinations of physical and 

chemical conditions will enable greater optimization of the printing process by 

reducing agglomeration in printing fluid before printing and enhancing properties 

such as the smoothness of droplet deposition for greater uniformity and quality. 
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1.4 THESIS OVERVIEW 

This thesis is organized as follows. All the simulation methods and 

fundamental knowledge is presented in Chapter 2. The research methodology and 

simulation results for achieving each objectives is discussed in Chapters 3, 4, and 5 

respectively. The study of agglomeration morphology of a UV ink model 

commonly used in 3D inkjet printing is laid out in Chapter 3. Numerical 

characterization of nano-droplet formation in 3D nano-inkjet printing is described 

in detail in Chapter 4. Finally, the effects of surfactants during nano-droplet 

formation to reduce and control agglomeration is discussed in Chapter 5. Chapter 6 

will finally conclude all the important findings, recommendations and future 

impact of the thesis. 
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CHAPTER 2  LITERATURE REVIEW 

           

          The literature review begins by looking at the different UV ink compositions 

typically used in inkjet inks. The agglomeration of nanoparticles will then be 

discussed with a focus on agglomeration of polymeric ink system. The different 

numerical techniques that have been used to study the agglomeration process will 

additionally be introduced. Next, the concepts of dissipative particle dynamics 

(DPD) simulation will be reviewed and the general concepts of polymer 

simulations through DPD techniques will be given. Lastly, the need for many-body 

dissipative particle dynamics (MDPD) to better model the free surface problem in 

nano-droplet formation is explained. 
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2.1 UV INK COMPOSITIONS 

          Due to the wide variety of inkjet ink compositions, it is important to choose 

the most relevant type. There are four categories of inkjet ink: phase-change, 

water-based, solvent-based, and ultraviolet (UV) ink. Phase-change inks are a poor 

choice for extremely small nozzles because they are hot melt inks requiring high 

temperatures and nozzle clogging can occur easily [22]. Solvent-based inks either 

dry too rapidly creating nozzle clogging, or dry too slowly causing imperfections in 

the 3D printed product [27]. Water-based inks require porous substrates which are 

unsuitable for industrial applications because of incompatibility between industrial 

printheads and formulation of water-based ink. Like solvent-based ink, these inks 

are also difficult to dry or cure into solid state. Water- and solvent-based inks also 

require more extraction to get rid of the solvent and the water [28]. In contrast, UV 

curable ink can provide better reliability to a printhead and is more appropriate for 

3D nano-inkjet printing. For example, UV ink does not evaporate so it is easy to 

control the amount of printed droplet. It also provides faster printing speed, wider 

range of use of rigid substrates and better shade of colors because of 

implementation of photopolymers. Another advantage is that it can be cured easily 

and rapidly by exposure to UV light [29]. These advantages led to greater support 

of UV ink or photopolymeric ink in commercial 3D inkjet printers such as the 

Polyjet from Stratasys, photopolymerization desktop printers (The Pegasus Touch 

from FSL3D, XFab and OWL Nano), and Objet Geometries Ltd.’s Polyjet (Eden 

family). Most photopolymers used in commercial 3D inkjet printing are cured by 

UV light through photopolymerization [12]. When UV light is radiated on each 
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layer, photopolymerization begins by an initiation step through a photochemical 

process, then a propagation step before finishing with a termination step (see 

Figure 2.1 for illustration). The details of mechanisms is different based on the type 

of photopolymerization, and this can be mainly categorized into, cationic , anionic  

and coordination polymerization [30]. 

 

 

 

 

 

 

 

Figure 2.1: Photopolymerization process [31]. 

 

          From Figure 2.2, UV ink normally composes of oligomers, monomers, 

photo-initiator, pigments, and additives, with the major component being oligomer 

of photopolymers [31]. These components are further discussed in the subsections 

below and the molecular structures used in this study are appeared in Figure 2.3. 

 

 

https://en.wikipedia.org/wiki/Cationic_addition_polymerization
https://en.wikipedia.org/wiki/Anionic_polymerization
https://en.wikipedia.org/wiki/Coordination_polymerization
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Figure 2.2: UV ink composition vs. solvent-based ink [31]. 

 

2.1.1 Polymers, Oligomers, and Monomers  

          The photopolymers considered here are styrene and ethylene glycol [32-34], 

which are typically seen in UV ink compositions. Polystyrene is chosen because at 

present, it is one of the most commonly used commercial photopolymers in 3D 

inkjet printing. Main properties of polystyrene (PS) are clear, durable, light, good 

processability, hard, and rather brittle. It is a widely used plastic because of those 

properties and inexpensive price per unit weight. Due to these advantages, its 

applications are common in industrial and packaging sectors for many decades. 

Also, in commercial 3D inkjet printing, polystyrene provides amazing properties in 

a wide range of outstanding applications [35].                  

          For ethylene glycol, its main function is to lower and optimize the viscosity 

of UV ink as a viscosity modifier [28, 36-38]. Almost all UV inkjet ink are high 

viscous fluids because they are mostly composed of polymers. Thus, it is necessary 

https://en.wikipedia.org/wiki/Plastic
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to have ethylene glycol in the main photopolymer composition to reduce the 

viscosity. This is especially important in nanoscale 3D inkjet printing as the flow 

path and nozzles are extremely small. Polyethylene glycol (PEG) is currently 

mainly applied in the biomedical field for 3D printing. In tissue engineering 

application, copolymers and blends of other biopolymers with nondegradable PEG 

have been created, such as block copolymers of PEG with poly(L-lactide) (PLLA), 

PLGA, and PCL to increase wettability, biocompatibility, or softness of  3D-

printed scaffolds [39, 40]. PEG and polypropylene glycol (PPG) are FDA-

approved because of their superior biocompatibility and biodegradability in 

biomedical applications to create high quality, biocompatible and biodegradable 

3D printing of synthetic tissue scaffolds [41]. 

          PEG and PS are not only considered for commercial 3D printing [35], they 

are also used in many other interesting applications. It is thought that 3D nano-

inkjet printing with PEG and PS may support and improve the product process for 

some of these applications in the future. For instance, it can be used to fabricate 

multifunctional micro- and nano-porous structures due to phase separation in 

immiscible polymer blends of PEG and PS. This is achieved through a new 

technique of lithography by spin coating of the polymer blend followed by a 

rinsing of deionized water to eliminate PEG [42]. The periodic striping pattern with 

microscale pore sizes can be developed on the surface of the thin films by spin-

casting polystyrene (PS) and polyethylene glycol (PEG) at a ratio of 70/30 in a 90 

wt% benzene solvent. [43]. Another interesting application is as foams, which are 

highly porous materials with many interesting physical and mechanical properties 



17 

 

such as high stiffness, low specific weight, high thermal conductivity, and high gas 

permeability [44]. In a similar application, PEG/PS blends that undergo physical 

CO2 foaming process display a unique bimodal cellular structure, in which the 

large-size cells are occupied by PEG particle. Due to the foaming condition, the 

average size of smallest cells is less than 20 μm [45]. In the case of block 

copolymers, PEG and PS block copolymers can be used to produce polymersomes: 

spherical vesicles with a bilayer architecture formed by the self-assembly of 

amphiphilic block copolymers in an aqueous environment. Its main applications 

are in drug delivery, cell-tracking, or as nanoreactors [46]. PEG and PS also can be 

used as commercial resin and graft polymer for polymeric support of solid-phase 

methods for syntheses of organic compounds and biomolecules such as peptides 

and oligonucleotides [47].  

 

2.1.2 Photo-initiator 

          In this model, benzophenone (BZP), a well-known commonly used photo-

initiator, is selected as the main photo-initiator. It has been shown that BZP is 

compatible to be used with PEG and PS in photopolymerization [48, 49]. 

 

2.1.3 Surfactant as Additives 

          Sodium dodecyl sulfate (SDS) is the most widely used of the anionic alkyl 

sulfate surfactants [50]. SDS is an anionic surfactant which can reduce polymer 

bead hydrophobicity and create additional support in charge stabilization of the 
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suspension. It contains amphiphilic properties which have both hydrophilic (polar) 

head (SDSH) and lipophilic (apolar) tail (SDST) molecules. SDS is considered for 

use with the polymeric ink system because PEG is polar, whereas PS is non-polar. 

For BZP, it is slightly non-polar because of C=O bond. Thus, SDS as a surfactant 

may potentially create good results to the system in term of reducing and 

controlling agglomeration.  

 

 

 

 

 

 

 

 

 

Figure 2.3:  Chemical structure of the UV ink’s compositions in this simulation. 

(A) Styrene (B) Ethylene glycol (C) BZP as the photo-initiator (D) SDS as the 

surfactant composing of SDSH and SDST [51]. 
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2.2 AGGLOMERATION OF NANOPARTICLES 

          Agglomeration of particles is a common phenomenon where tiny particles 

interact and attach together to form larger agglomerates [39, 40, 52, 53]. 

Nanoparticles with naturally high surface energy have greater tendencies to form 

large clusters of agglomerates. These agglomerates need to be broken up and 

dispersed to maintain the consistency of the system and retain the properties of the 

nanoparticles [54]. As 3D nano-inkjet printing requires the formation of nano-

droplets, polymer agglomeration is an important phenomenon which is crucial for 

controlling print quality and to prevent nozzle clogging. Due to the difficulty in 

experimental observations of nanoscale agglomeration, numerical studies become 

especially useful in understanding such phenomenon. In this section, various 

numerical studies that were undertaken in published literature to characterize 

polymer agglomeration is first discussed. The parameters that are found to 

influence agglomeration are than enumerated and elaborated. Lastly, some 

techniques that can help to de-agglomerate nanoparticles to prevent nozzle 

clogging is reviewed. 

 

2.2.1 Numerical Methods used to characterize Polymer 

Agglomeration 

 Numerical methods that were used by researchers to characterize polymer 

agglomeration include discrete element modeling (DEM) [55], molecular dynamics 

(MD) simulations [56], and mesoscale methods [57-60].  

Modelling#_ENREF_56
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 The DEM method was introduced by Cundall and Stack in 1979 [61]. This 

is a technique that computes each particle’s position, velocities and accelerations at 

each time step, with suitable force models employed, according to Newton’s 2
nd

 

law. The DEM’s main advantage is its ability to resolve rotational motions. 

However, as it resolves both translational and rotational motions for each particle 

considered, this is a very computationally expensive method. This method was 

used by Peng et al in 2010 to study aggregation in nanoparticles suspensions [55]. 

Specifically, for polymer particles, Kroupa et al studied using DEM the stability of 

polymer particles colloidal systems. Their research developed a comprehensive 

force model that can accurately capture the behavior of polymer particles colloidal 

systems, and investigated the impact of velocity distribution and stability of the 

colloidal system to agglomeration behavior [62]. Whilst DEM has been shown to 

accurately model agglomeration behavior, the computation resource needed is a 

major pitfall of this method. Hence, it is generally restricted to smaller simulation 

setups.   

 MD simulation is similar to DEM, but less computationally intensive as it 

does not take into account rotation degree-of-freedom, and each particle is assumed 

spherical. It was initially developed by Fermi, Pasta, Ulam and Tsingou in 1955 

[63] and the validity of this numerical method was famously confirmed with the 

accurate prediction of physical properties of liquid argon by Rahman in 1964 [64]. 

The MD’s way to capture microscopic phenomena can be done by computing 

forces acting on each atom in a system at every time step, and then continuously 

updating the position and velocity based on the computed forces. The trajectories 
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of the whole MD system is computed using Newton’s 2
nd

 law of motion. With 

application of necessary conditions such as molecular mechanic force field, 

boundary conditions, temperature, pressure, ensemble, etc., the dynamic evolution 

of the system can be obtained through repeated calculation under the algorithm of 

an integrator’s scheme [65]. Although MD is a very useful molecular 

computational method, it is not suitable in to investigate the nano-droplet 

formation process, which is a mesoscale phenomena (in the range of 100-1000 nm) 

[66]. Due to computational cost, conventional fully atomistic MD are 

fundamentally limited to system sizes that are a few angstrom up to less than a few 

hundreds of nanometers and time scales that are a few femtoseconds up to below 

several microseconds [67].  

 The main drawback of the first two methods is the computational cost. 

Mesoscale methods aimed to overcome this by increasing the length scale 

considered beyond atomistic. From Figure 2.4 [68], there are several mesoscale 

particle-based methods, for example, grid-based techniques such as lattice 

Boltzmann method (LBM) and particle based method like dissipative particle 

dynamics (DPD)[57-59]. In this thesis, DPD is the chosen tool for analysis, due to 

two main reasons. First, although both DPD and LBM are widely applied for soft 

matter systems, especially colloidal suspensions which is being studied in this 

thesis, DPD is a off-lattice technique, so it does not incur lattice artifacts and is not 

affected by restrictions inducted by lattice as in LBM [69]. Second, DPD also 

conserves momentum with strict Galilean invariant thermostat that is consistent 

with macroscopic isothermal thermodynamics, and provides better hydrodynamics 
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result [70, 71]. These makes the application of DPD with polymer ink system more 

straightforward than LBM and the DPD is potentially one of the best mesoscale 

simulation techniques [68]. 

 

 

 

 

 

 

 

Figure 2.4: Dissipative Particle Dynamics: a mesoscale method for closing the 

void between the microscales and macroscales. 

 

2.2.2 Parameters that are found to influence Agglomeration 

 The parameters of interest that has been found to influence agglomeration 

include temperature and radius of gyration. In terms of temperature, Fiedler et al 

reported in 2007 that temperature significantly affects agglomeration and it is 

proportional to the particle’s kinetic energy and the coagulation efficiency (see 

Figure 2.5) [72]. Fiedler et al reported that agglomerates are larger at low 

temperatures. This is because coagulation of particles tends to occur after collision 

when kinetic energy of particles in collision is smaller than the effective potentials. 
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At lower temperatures, particles have low kinetic energy resulting in high 

agglomeration probability. When the temperature is sufficiently high, colliding 

particles will have enough energy to depart from the potential well.   

 

 

 

 

 

Figure 2.5: The snapshot of equilibrated 13,960 nanoparticles                                           

at 1800 K and 300 K [72]. 

 

          Through the use of MD coupled to a LBM solver, Jimenez [73] found that 

the number of monomers N in a cluster can be related to the radius of gyration 𝑅𝑔 

using a power law as shown in Equation 2.1. 

            𝑁 =  𝑘𝑓 (
𝑅𝑔

𝑎
)

𝐷𝑓

                                     Equation 2.1 

Here, 𝑁 is the number of particles in the agglomerates; 𝑎 is the average primary 

particle radius; 𝐷𝑓 is the fractal dimension; and 𝑅𝑔 is the radius of gyration that is 

the parameter that explains radial distance from the rotation point or the center of 

mass of an agglomerate. Thus, this physical parameter is one of an important tool 

in order to estimate the size of agglomerate [74-78]. 
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2.2.3 De-agglomeration 

          Because of the tendency of nanoparticles and molecules to agglomerate and 

settle, de-agglomeration is important to prevent nozzle clogging. In nanoscale 

additive manufacturing processes, nozzle clogging can be caused by high loading 

of nanomaterials due to both agglomeration within the printing materials and 

elevated velocity of agglomerates as it is illustrated in Figure 2.6. Further research 

is necessary to determine how different types of nanoparticles affect viscosity and 

how to induce these suspensions to flow freely though very small printing nozzles 

[14]. There are several common methods to break up agglomeration of 

nanoparticles such as rapid expansion of supercritical suspension (RESS), 

ultrasonication, organic solvents, pH modifiers, and surfactants. RESS harnesses 

the chemical properties of supercritical fluids or high-pressure gases to separate 

agglomerates via motion of the fluid through rapid expansion  [79]. This method 

can be applied effectively in the flow path before the nozzle to de-agglomerate and 

increase uniformity and stability of the printing fluid.  

          Surfactants are another viable alternative to disintegrate agglomerates. 

Surfactant and polymer interactions were studied through MD simulations [80] to 

prevent and stabilize small crystal agglomerates. Together with experiments with 

laser diffraction, it was observed that surfactants played an important role in 

controlling the size of the crystals to be significantly smaller than 4.7 𝜇𝑚 in 

suspension. Surfactants also heavily influence the total growth rate of each crystal.  

          Polymer entanglement can also be a barrier to nanoparticle agglomeration. 

As polymers have higher molecular weight, increases in their length leads to 
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greater entanglement among these polymer chains. Nanoparticles would require 

higher amounts of energy to break the barrier as a result of these entanglements 

[81].  

          Ultrasonication is another efficient method in de-agglomeration [82]. 

Research has revealed the underlying mechanisms of fragmentation by ultrasound 

based on the energy consumption required to break agglomerates and disperse 

primary size particles [83]. Agglomerates can be fragmented by their interaction 

with collapsing cavities in the liquid solution. The main cause of particle 

disintegration was the high pressure created by imploding cavitation bubbles in 

their surroundings [84]. Ultrasonication in colloidal suspensions can be used to 

stabilize dispersed colloids and decrease the size of agglomeration. Continuous 

ultrasonication can significantly reduce the size of agglomerates and re-

agglomeration of particles [85]. Ordinarily, ultrasonication is applied to a solution 

to create both mechanisms of erosion and fracture. Input energy is transferred to 

oscillate the liquid and the vibration causes nucleation and implosion of solvent 

bubbles. Bubbles nucleating and collapsing in the solution can fracture 

agglomerates effectively.  

          In order to create stable colloidal dispersions, the fragmentation of 

nanoparticles is not sufficient. Stabilization of the colloidal dispersions is also vital. 

Electrostatic fields can be applied in this regard [86-88]. It is essential to 

collectively consider the properties of solvent, the temperature of the system, and 

other parameters to ensure the electrostatic field can forestall and limit re-

agglomeration. An indicator for sufficient stability of the dispersion system is the 
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magnitude of the zeta (𝜉) potential [89], which is the parameter function of the 

surface charge on the particles. When the zeta potential is close to zero, the 

propensity to agglomerate in dispersed system is greater. At highly positive or 

negative values of zeta potential (less than -30 mV or more than 30 mV) [90], 

particles in the dispersed system repel each other, resulting in de-agglomeration 

and the prevention of re-agglomeration. The reason is that electrostatic repulsive 

forces overcome the attractive van der Waals forces. The practical value of the zeta 

potential required to prevent re-agglomeration depends on the solvent properties, 

concentration of ions in the solution, effective pH, and properties of the 

nanoparticles. One study [85] also recommended that electrostatic stabilization of 

aqueous dispersions at 𝜉 = −40 𝑚𝑉 can prevent newly formed particles from re-

agglomeration. Furthermore, the magnitude of zeta potential at 𝜉 = −29 𝑚𝑉 is 

able to mechanically break intermediate sized agglomerates.  

 

         

 

 

 

 

Figure 2.6: Comparison between individual nanoparticles and agglomerated 

nanoparticles through the tip of nozzle. 
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2.3 DISSIPATIVE PARTICLE DYNAMICS (DPD) 

          DPD simulations can play important roles in understanding the dynamics of 

droplet formation in 3D nano-inkjet printers. Through coarse-graining, DPD 

reduces the degrees of freedom of particles by clustering individual atoms into 

larger particles by averaging their effective conservative interaction potentials 

between the DPD particles [91, 92]. This approach neglects atomistic details, hence 

it speeds up computational times and increases computational efficiency. Coarse 

graining is an intermediate technique of mesoscale simulation to bridge the gap 

between atomistic and macroscopic simulations [93] as shown in Figure 2.7.  

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Multi scale in modeling [94]. 
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          DPD was devised and proposed by Hoogerbrugge and Koelman [95] to 

model microscopic hydrodynamic systems as stochastic particle simulations for 

isothermal fluid phenomena. By integrating features of both lattice gas automata 

and MD, DPD provides higher computational speed than molecular dynamics with 

more flexibility in simulation of microscopic hydrodynamic behavior than lattice 

gas automata. These properties are beneficial for the simulation of dispersed 

systems, especially colloidal suspensions. DPD was refined by Espanol and 

Warren [96] in 1995. The equations of dissipative and random forces were 

corrected and energy was conserved. Finally, DPD was fully developed by Groot 

and Warren [93] in 1997. 

The DPD method involves the clustering of molecules into an individual 

particle as the idea is presented in Figure 2.8 [92], where the number of molecules 

in each DPD bead is defined as the coarse graining parameter, 𝑁𝑚 [97-100]. The 

computational efficiency of the DPD simulation is increased by soft coarse-grained 

potentials which allows the moving of beads through between each other instead of 

the hard potentials such as Lennard-Jones (LJ) potentials [101]. The soft 

conservative force potentials, as the main advantage of the DPD technique, 

presents the hydrodynamic nature of mesoscale [92]. The overall simulation speed-

up of DPD with respect to fully atomistic MD can be approximated by 1000𝑁𝑚
8 3⁄  

for a given volume [67]. For instance, if 𝑁𝑚 equals to 5 and 9, the total speedup 

factor are roughly 7 × 104 and 4 × 105 respectively.  
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Figure 2.8: DPD particles represent clusters of atoms of molecules. They interact 

with each other through soft pairwise forces [92]. 

 

2.3.1 Theory of Dissipative Particle Dynamics                                                                                                                   

          Similar to MD, the dynamic evolution of each DPD particle follows 

Newton’s second law of motion [95]: 

∑ 𝐹𝑖𝑗
𝑗≠𝑖

=
𝑑𝒑𝑖

𝑑𝑡
                                         Equation 2.2 

𝑣𝑖 =
𝑑𝒓𝑖

𝑑𝑡
                                              Equation 2.3 

where  𝐹𝑖𝑗 is the summation of interparticle force exerted on particle 𝑖 by particle 𝑗. 

 𝑝𝑖𝑣𝑖 and 𝑟𝑖 are momentum, velocity and position vectors of particle 𝑖 respectively. 

As it was developed by Espanol and Warren [96] in 1995 and Groot and Warren 

[93] in 1997, the total force of DPD in Equation 2.4 composes of three kinds of 

forces exerted on each dissipative particle: 

𝐹𝑖𝑗 = 𝐹𝑖𝑗
𝐶 +  𝐹𝑖𝑗

𝐷 +  𝐹𝑖𝑗
𝑅                                 Equation 2.4 
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where  𝐹𝑖𝑗
𝐶  is the real repulsive conservative force, 𝐹𝑖𝑗

𝐷  is the dissipative force as a 

fictional effect that degrades velocity deviation among particles and 𝐹𝑖𝑗
𝑅 which is 

the random force. In Equation 2.5-2.7, these three components of force can be 

written independently in the term of exerted force of particle 𝑖 on particle 𝑗 as 

𝐹𝑖𝑗
𝐶 = 𝜔𝐶(𝑟𝑖𝑗)𝒆𝑖𝑗                                    Equation 2.5 

𝐹𝑖𝑗
𝐷 = −𝛾𝜔𝐷(𝑟𝑖𝑗)[𝒗𝑖𝑗 ∙ 𝒆𝑖𝑗]𝒆𝑖𝑗                          Equation 2.6 

𝐹𝑖𝑗
𝑅 = 𝜎𝜔𝑅(𝑟𝑖𝑗)𝜃𝑖𝑗𝒆𝑖𝑗                                 Equation 2.7 

where 𝒆𝑖𝑗 =  𝒓𝑖𝑗 𝑟𝑖𝑗⁄ ,  𝒓𝑖𝑗 = 𝒓𝑖 −  𝒓𝑗 ,  𝑟𝑖𝑗 =  |𝒓𝑖 −  𝒓𝑗|, and 𝒗𝑖𝑗 =  𝒗𝑖 − 𝒗𝑗. In the 

term of weight functions 𝜔𝐶, 𝜔𝐷, 𝜔𝑅 represent conservative, dissipative and 

stochastic position dependent weight functions respectively. 𝜃𝑖𝑗 is a Gaussian 

random variable with zero mean and unit variance, they are also self-governing for 

different pairs of particles and at different times [95].  With the symmetry property 

of  𝜃𝑖𝑗 = 𝜃𝑗𝑖 , the total conservation of momentum can be certified with the presence 

of the following random properties, 

 〈𝜃𝑖𝑗(𝑡)〉 = 0                                       Equation 2.8 

and 

〈𝜃𝑖𝑗(𝑡)𝜃𝑘𝑙(𝑡′)〉 = (𝛿𝑖𝑘𝛿𝑗𝑙 +  𝛿𝑖𝑙𝛿𝑗𝑘) 𝛿(𝑡 − 𝑡′)             Equation 2.9 

DPD forces interact within a sphere of cut-off radius, 𝒓𝑐, which is the range used 

for computation of conservative and non-conservative forces of the system. The 

parameters 𝛾 and 𝜎 are coefficients of the dissipative and random forces 

respectively. The relationship between these two coefficients is obtained by 
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Espanol and Warren [97] with the introducing of the Fokker-Plank equation to 

describe the path of particles in phase space, 

𝜕𝜌

𝜕𝑡
=  𝐿𝐶𝜌 +  𝐿𝐷𝜌                                  Equation 2.10 

where 𝜌 is the distribution function which gives the probability of a system having 

particles in position 𝒓𝑖, momentum 𝒑𝑖 at a discriminative time 𝑡, in the form of 

𝜌(𝒓𝑖, 𝒑𝑖 , 𝑡). 𝐿𝐶𝜌 is the Liouville operator of the Hamiltonian system interacting 

with conservative forces 𝐹𝐶  and  𝐿𝐷𝜌 is also the dissipative and random terms. If 

dissipative and stochastic forces are set to be zero, 𝐿𝐷𝜌𝑒𝑞 = 0. The Hamiltonian 

term will have a solution which is the canonical ensemble of Gibbs-Boltzmann 

distribution, 

𝜌𝑒𝑞(𝒓𝑖, 𝒑𝑖) = 𝑒𝑥𝑝(− ∑ 𝒑𝑖
2

𝑖 2𝑚𝑘𝐵𝑇 − 𝑈 𝑘𝐵𝑇⁄⁄ )          Equation 2.11 

as the solution of  
𝜕𝜌𝑒𝑞

𝜕𝑡
=  𝐿𝐶𝜌𝑒𝑞 = 0. 

It was found that there is a necessary condition in order to satisfy the solution of 

the Fokker-Plank equation and the condition of Gibbsian equilibrium which 

ensured the balance condition due to the equations of the system that is one of two 

weight functions, 𝜔𝐷and 𝜔𝑅, can be chosen arbitrarily when another one is fixed: 

𝜔𝐷(𝑟) = [𝜔𝑅(𝑟)]2                               Equation 2.12 

𝜎2 =
2𝛾𝑘𝐵𝑇

𝑚
                                      Equation 2.13 

Following the Equation 2.12 and 2.13, it is the theorem of fluctuation-dissipation 

for the DPD simulation where 𝑇 is the equilibrium temperature of the system and 

𝑘𝐵 is the Boltzman constant [96]. These equations are similar to a thermostat 

because they rely on relative velocities and the interactions among particles are 



32 

 

balanced, the hydrodynamics principle was preserved by an isotropic Galilean 

invariant thermostat that is mainly  used to conserve momentum with good 

consistency to macroscopic isothermal thermodynamics as it was mentioned earlier 

[102].  

          Due to the main difference from the hard Lenard-Jones potentials, soft 

repulsive potential is employed in DPD with the weight function of conservative 

force defined as a simple function in Equation 2.14, 

𝜔𝐶(𝑟𝑖𝑗) = {
𝑎𝑖𝑗 (1 −

𝑟𝑖𝑗

𝑟𝑐
) , 𝑟𝑖𝑗 ≤ 𝑟𝑐

0                    , 𝑟𝑖𝑗 > 𝑟𝑐

                      Equation 2.14 

where 𝑎𝑖𝑗 is the parameter of repulsive force between particle 𝑖 and particle 𝑗. 

While the dissipative and random weight functions from the theorem of 

fluctuation-dissipation previously are in the form, 

𝜔𝐷(𝑟𝑖𝑗) = [𝜔𝑅(𝑟𝑖𝑗)]2 = {
(1 −

𝑟𝑖𝑗

𝑟𝑐
)

𝑠

, 𝑟𝑖𝑗 ≤ 𝑟𝑐

0                    , 𝑟𝑖𝑗 > 𝑟𝑐

        Equation 2.15 

when the exponent 𝑠 = 2, the expression will be the standard DPD algorithm. And 

other values of 𝑠 can be selected to change the fluid viscosity [103, 104]. 

 

          In order to obtain DPD repulsion parameter, 𝑎𝑖𝑗, previously appeared in 

Equation 2.14, it can be calculated by the relation, 

𝑝 =  𝜌𝑘𝐵𝑇 +  𝛼𝑎𝜌2                                  Equation 2.16 

where 𝑝  is pressure, 𝜌 is a sufficiently high density (𝜌 > 2), and 𝛼 is a constant 

that its value can be estimated to a value between 0.101 ± 0.001 . According to the 
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soft sphere of bead in DPD simulation, the fluctuations in the liquids should be 

determined through the isothermal compressibility of the system in Equation 2.17 

[93]. 

𝜅−1 =  
1

𝑛𝑘𝐵𝑇𝜅𝑇
=  

1

𝑘𝐵𝑇
(

𝜕𝑝

𝜕𝑛
)

𝑇
                          Equation 2.17 

By the definition, 𝜅𝑇 is the usual isothermal compressibility and 𝑛 is the number 

density of molecules which is 𝑛 =  𝑁𝑚 ∙ 𝜌 in a unit of  𝑟𝑐
−3.  According to the study 

in [67], then, 

𝜅−1 =  
1

𝑘𝐵𝑇
(

𝜕𝑝

𝜕𝜌
)

𝑇
(

𝜕𝜌

𝜕𝑛
) =  

1

𝑁𝑚
(1 + 2𝛼𝑎𝜌)           Equation 2.18 

As the expression of the relation of the mesoscale simulation parameter and the 

compressibility of the system. When 𝜅−1 is known, the proper value of the DPD 

conservative force coefficient or the repulsion parameter can be calculated from, 

𝑎𝑖𝑗 =  
𝜅−1∙𝑁𝑚−1

2𝛼𝜌
                                    Equation 2.19 

It is found that the repulsion parameter is dependent on the coarse-graining 

parameter, the amount of particles per DPD bead. Using the Flory-Huggins (𝜒𝑖𝑗) 

parameters, the repulsion parameter or interaction parameter, 𝑎𝑖𝑗, also can be 

alternatively estimated in easier way following the relationship in Equation 2.20, 

𝑎𝑖𝑗  ≈ 𝑎𝑖𝑖 + 3.27𝜒𝑖𝑗                               Equation 2.20 

in the case that 𝑎𝑖𝑖 is the interaction between the same kind of DPD bead [105] 

according to 

𝑎𝑖𝑖 = 75𝑘𝐵𝑇/𝜌                                  Equation 2.21 
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Here, 𝜌 the particle density that is equal to 3. Thus, the value of 𝑎𝑖𝑖 is 25 when the 

cut-off radius and 𝑘𝐵𝑇 are reduced to 1. 

For the Flory-Huggins (𝜒𝑖𝑗) parameters itself, the value of each pair of beads can 

be defined from the solubility parameter and molar volume [106], 

𝜒𝑖𝑗 =  (𝛿𝑖 − 𝛿𝑗)2𝑉𝑟𝑒𝑓/𝑘𝑇                          Equation 2.22 

where 𝛿𝑖 and 𝛿𝑗 are solubility parameters of an interacting pair beads (MPa
1/2

) 

, and 𝑉𝑟𝑒𝑓 is the mean molar volume of each pair of beads (cm
3
/mol). 

 

2.3.2 Integration Algorithms of Dissipative Particle 

Dynamics 

          There are many integration algorithms to calculate the trajectories of DPD 

particles. The Euler method provides new positions and velocities derived from the 

previous time step of calculation such that 

𝒓𝑖(𝑡 + ∆𝑡) = 𝒓𝑖(𝑡) + 𝒗𝑖(𝑡) ∙ ∆𝑡                     Equation 2.23 

𝒗𝑖(𝑡 + ∆𝑡) = 𝒗𝑖(𝑡) + 𝑭𝑖(𝑡) ∙ ∆𝑡                     Equation 2.24 

𝑭𝑖(𝑡 + ∆𝑡) = 𝑭𝑖 (𝒓𝑖(𝑡 + ∆𝑡), 𝒗𝑖 (𝑡 + ∆𝑡))             Equation 2.25 

However, because of drifts in the system’s energy and time-irreversible particle 

trajectories, this method is not ideal. The Verlet algorithm [65] was introduced to 

enable reversibility of time in MD simulations by updating the positions of 

particles as 

𝒓𝑖(𝑡 + ∆𝑡) =  2𝒓𝑖(𝑡) − 𝒓𝑖(𝑡 − ∆𝑡) +
1

𝑀
(∆𝑡)2 ∙ 𝑭𝑖(𝑡)      Equation 2.26 
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𝑭𝑖(𝑡 + ∆𝑡) =  𝑭𝑖(𝒓𝑖(𝑡 + ∆𝑡))                       Equation 2.27 

The velocity–Verlet algorithm improves the accuracy of particle velocities [107-

109]  where 

𝒓𝑖(𝑡 + ∆𝑡) =  𝒓𝑖(𝑡) + 𝒗𝑖(𝑡) ∙ ∆𝑡 +
1

2
(∆𝑡)2 1

𝑀
∙ 𝑭𝑖(𝑡)       Equation 2.28 

𝑭𝑖(𝑡 + ∆𝑡) =  𝑭𝑖(𝒓𝑖(𝑡 + ∆𝑡))                      Equation 2.29 

          Other complex integration schemes are applicable for DPD such as self-

consistent Verlet [110], Shardlow’s method [111] and the Lowe’s method [112]. 

The accuracy and stability of the integration method in DPD can be measured by 

investigating the temperature of the system, radial distribution function (RDF), and 

other properties [68]. The temperature drift and RDF artifacts in the velocity-Verlet 

scheme can be decreased by adjusting the value of λ, the effect of stochastic 

interactions. The modified velocity–Verlet algorithm is one of the most efficient 

integration scheme based on the accuracy and computational cost with the minimal 

of temperature drift and many artifacts in other proposed methods  [93], given by 

𝒓𝑖(𝑡 + ∆𝑡) =  𝒓𝑖(𝑡) +  𝑣𝑖 ∙ ∆𝑡(𝑡) + 
1

2
(∆𝑡)2 ∙

1

𝑀
𝑭𝑖(𝑡)        Equation 2.30 

𝒗𝑖
′(𝑡 + ∆𝑡) =  𝒗𝑖(𝑡) +  𝜆 ∙

1

𝑀
𝑭𝑖(𝑡)                    Equation 2.31 

𝑭𝑖(𝑡 + ∆𝑡) =  𝑭𝑖(𝒓𝑖(𝑡 + ∆𝑡), 𝒗𝑖
′(𝑡 + ∆𝑡))               Equation 2.32 

𝒗𝑖(𝑡 + ∆𝑡) =  𝒗𝑖(𝑡) +  
1

2
∆𝑡 ∙

1

𝑀
[𝑭𝑖(𝑡) +  𝑭𝑖(𝑡 +  ∆𝑡)]       Equation 2.33 

where the term 𝑣𝑖
′(𝑡 + ∆𝑡) is predicted to calculate the value of force and then it is 

corrected subsequently. The parameter 𝜆 is used to represent the effect of 

stochastic interactions in the algorithm. A comparison of these integrators to 

investigate their performance in DPD [113] showed that utilizing the velocity-

Verlet based integration scheme gave good overall performance at a reasonable 
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computational cost. The Shardlow integrator is based on separating the equations 

of motion and can be implemented in the framework of DPD. While Lowe’s 

approach is better in order to explain hydrodynamic systems concerning about the 

period of time of momentum diffusion and mass transfer with respect to the 

magnitude of colloidal particle. 

          Polymer ink systems can be modelled as a complex fluid where the modified 

velocity–Verlet procedure can be utilized with a combination of soft and hard 

potentials [114]. A larger time step, ∆𝑡, is used with the motion of particles of 

solvent and a smaller time step, 𝛿𝑡, for the polymer particles moving within the 

chain. The positions and velocities of polymers are revised in the following loop 

that the times of polymer particles ∆𝑡/𝛿𝑡 is integrated in an independent sub-cycle 

with varying polymeric force 𝑭𝑖
𝑝
 update. Hence the intra-polymer forces are 

recalculated through the sub-cycle.  This procedure is the most straightforward 

form of time-staggered methods which enables CPU time savings with higher 

efficiency and accuracy.  

 

2.3.3 Boundary Conditions of Dissipative Particle Dynamics  

          Because of the soft repulsive force among DPD particles, the fluid particles 

can penetrate into solid boundaries. Although common implementations of 

boundary conditions ordinarily used in MD and LBM can also be applied to DPD, 

it is required to develop and implement the no-slip wall boundary condition by 

correcting the velocity profile through the common flow field to obtain 
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impenetrability that is consistent with macroscopic system properties [68]. A large 

classification of the three main possibilities used to establish DPD boundary 

conditions was introduced in [115]: avoiding direct modeling of the physical 

boundary by modifying the periodic boundary conditions, freezing regions of the 

fluid to create a rigid wall or a rigid body and combining different types of particle 

layers with proper reflections, bounce-back reflection or Maxwellian reflection. 
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2.4 POLYMERS IN DPD SIMULATION  

          Polymer ink systems can be modelled as colloidal systems in the form of 

DPD beads under the influence of DPD forces, conservative force, dissipative 

force, and random force. A polymer chain can be modeled as beads of DPD 

particles bridged by simulated springs. The additional spring force for ordinary 

DPD interactions creates the exchange of momentum between polymer beads in 

the chain. Polymer chains can interact through a variety of intra-polymer forces 

such as Lenard-Jones potential forces, Frenkel (stiff) springs, Hookean springs, 

worm-like chain forces, or nonlinear elastic (FENE) springs [115].  

Previous numerical studies of polymeric system also reported rheological 

properties of polymers, block copolymers and meso-phase separation, and grafted 

polymer brush [116]. An example of a polymeric system of inkjet ink modelled 

through DPD is illustrated in Figure 2.9, where the polymer chains can move freely 

in a DPD solution [114].   

 

 

 

 

 

Figure 2.9: Diluted polymer solutions. A solvent contains suspended polymer 

chains by using dissipative particle dynamics (DPD) particles [114]. 
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          These studies also presented some examples of DPD models of surfactant 

and amphiphile systems as additives to gain more uniformity and prevent 

agglomeration in the ink system. Moreover there are some DPD work performed 

on systems of polymer and solvent, for e.g. in [117], where it was shown that 

solvents that do not possess the correct properties can cause poor polymer 

dispersion. Numerical techniques can solve these problems with high-throughput 

investigation of the properties of varying polymer ink systems. A study [118] also 

investigated the effect of solvent quality which was improved by changing the size 

of the interactions of repulsion among particles. The behavior of polymer radius of 

gyration in this study showed the disintegrated condition for transition that occurs 

when the quality of solvents varies from good quality to poor quality. Another 

study estimated the viscosity and coefficients of normal stress as functions of the 

rate of shear by modelling DPD solutions at restricted shear rates [119]. These 

examples showed that DPD is appropriate to be used to study polymeric system in 

mesoscale. 
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2.5 MANY-BODY DISSIPATIVE PARTICLES DYNAMICS 

(MDPD) 

          Due to limitations in DPD simulations for studying problems related to free-

surface fluid dynamics in the mesoscale, such as interfaces between gases and 

liquids, DPD needs to be extended to enhance the hydrodynamic behavior of DPD 

models and modified to allow the study of vapor-liquid equilibria. To enhance the 

scope of DPD simulations, developments in Many-body Dissipative Particle 

Dynamics (MDPD) were initiated by Pagonabarraga and Frenkel in 2001 [120]. 

Subsequently, MDPD was studied and developed further by Troimov et al [121] in 

2002 and Warren in 2003 [122]. MDPD improves the determination of the 

thermodynamic behaviors of DPD and imitates the more similar thermodynamic 

properties of realistic fluid. The scheme of MDPD inherits the three main forces of 

DPD, which are the conservative force, the dissipative force and the random force 

(see Equation 2.4). 

 

          The main difference between DPD and MDPD is the additional attractive 

force to enable the modelling of vapor-liquid coexistence. In the conservative force 

of MDPD, the attractive force is still a function of the weighted average of the 

local density while an additional repulsive force is included that accounts for 

density-dependent interactions as it is visualized in Figure 2.10 and Equation 2.34,  
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Figure 2.10: The pairwise conservative force of MDPD. 

 

𝐹𝑖𝑗
𝐶 = 𝐴𝑖𝑗𝜔𝐶(𝑟𝑖𝑗)𝒆𝑖𝑗 + 𝐵𝑖𝑗(𝜌𝑖 + 𝜌𝑗)𝜔𝑑(𝑟𝑖𝑗)𝒆𝑖𝑗           Equation 2.34 

𝜔𝐶(𝑟) = {
(1 −  𝑟𝑖𝑗 𝑟𝑐⁄ )      𝑖𝑓 𝑟𝑖𝑗 < 𝑟𝑐

  0                        𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

                Equation 2.35 

𝜔𝑑(𝑟) = {
(1 −  𝑟𝑖𝑗 𝑟𝑑⁄ )      𝑖𝑓 𝑟𝑖𝑗 < 𝑟𝑑

  0                        𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

                Equation 2.36 

 

          The weight functions ωC(r) and ωd(r) are valid in the conditions of 𝑟 <  𝑟𝑐 

and 𝑟 <  𝑟𝑑 respectively as it is shown in Figure 2.11 for the diagram showing 

MDPD pairwise conservative force between two MDPD beads.  
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Figure 2.11: The diagram of MDPD pairwise conservative force. 

 

The short range of 𝑟𝑑 is less than that the cutoff radius, 𝑟𝑐  , and the effective range 

of repulsive force can be tuned by varying these two values. The local density, ρi, 

can be determined by Equation 2.37. 

𝜌𝑖 =
15

2𝜋𝑟𝑑
2 ∑ (1 − 𝑟𝑖𝑗 𝑟𝑑⁄ )𝑗                          Equation 2.37 

          The thermostat of MDPD is the same as thermostat of DPD that is theorem 

of fluctuation-dissipation of DPD simulation previously mentioned in Equation 

2.12 and 2.13 which one of two weight functions, 𝜔𝐷 and 𝜔𝑅, can be chosen 

arbitrarily when another one is fixed. 

          Because of vapor-liquid coexistence in MDPD, droplet formation can be 

modelled. The first form of droplet by MDPD simulation appeared as a pendent 
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droplet in [122]. By suitable MDPD parameters, pendent droplet of 3,000 particles 

could be generated in a couple of minutes by adding constant body force per 

particle to imitate gravitational force along z-direction. Not only the interface of 

vapor and liquid but the interface of solid and liquid is also needed to be 

considered for nano-droplet formation. The MDPD parameters’ tuning in [123] 

give a general guideline for attraction parameters of non-wetting fluid and partial 

wetting fluid to a solid surface, 𝐴𝑠𝑙, the attraction range for non-wetting fluid is 

about -20 while the attraction range of partial wetting fluid is between -32.5 to -25. 

Another MDPD simulation work which confirmed that MDPD enables vapor-

liquid interface is the pinching of a droplet under high strain [124]. In this work, it 

was shown that a single droplet could be turned into the form of axis-symmetric 

dumbbell by extensional flow, followed by pinch-off separation. The ability to 

accommodate vapor-liquid interface makes MDPD a potential modelling method to 

study nano-droplet formation in 3D nano-inkjet printing. 

          In MDPD, the effective range of the attractive force is longer than the 

repulsive force and it is equal to the cutoff radius. Typical MDPD parameters for 

the cutoff radii 𝑟𝑐 is 1 and 𝑟𝑑 is 0.75. For convenience in simulation, the mass of all 

particles, 𝑚𝑖, is usually normalized to 1 and the unit of energy 𝑘𝐵𝑇 is also 

normalized to be 1 [122, 123, 125]. The parameters 𝐴𝑖𝑗 and 𝐵𝑖𝑗 are used to vary the 

maximum amplitudes of the attractive and repulsive forces respectively. The 

attractive force with 𝐴 <  0 varies linearly with rij, while the repulsive force with 

𝐵 >  0 relies on the local densities and decreases rapidly with increasing rij. For 

MDPD, the approximation of the local densities is identical to the summation of 
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the bound particles. As a result, the condition of vapor-liquid coexistence of 

MDPD is set to be 𝐴 <  0 and 𝐵 >  0. In most MDPD simulation studies, the 

attraction parameters 𝐴𝑖𝑗 are commonly set to be -40.0 in both solid-solid and 

liquid-liquid interactions (𝐴𝑠𝑠 = 𝐴𝑙𝑙 = −40) [122, 123, 125]. For solid-liquid 

interactions, the attraction parameter, 𝐴𝑠𝑙, is often tuned to be in a proper range to 

improve the simulation results in the static wetting behavior and it is usually set at -

40 as the basis value to obtain complete wetting behavior. The standard repulsion 

parameter, 𝐵𝑖𝑗, is 25 [122, 123, 125]. In situations where solid-liquid interactions 

are considered, the absolute magnitudes of 𝐴𝑠𝑙 and 𝐵𝑠𝑙 can be adjusted accordingly 

to obtain two different hydrodynamic phenomena. On the one hand, if |𝐴𝑠𝑙| > 𝐵𝑠𝑙, 

hydrophilic behavior can be modelled because the attractive force between the 

solid and the liquid is stronger than the repulsive force. On the other hand, 

hydrophobic behavior can be modelled if |𝐴𝑠𝑙| < 𝐵𝑠𝑙 because the repulsive force is 

greater than the attractive force.  

          In this work, the dissipative force coefficient, 𝛾, is set to be 50.0 instead of 

the value of 4.5 commonly used in DPD because of the significantly greater 

density-dependent repulsion of MDPD beads compared to standard DPD repulsion, 

which can result in high fluctuations in temperature that is similar to the results 

obtained from a previous study [126]. When the coefficient of the dissipative force 

is 50.0, the temperature fluctuation is reduced from about 33% to 4%. Thus, the 

thermostat can stabilize the system’s temperature within an acceptable range. The 

paper [126] also showed that MDPD is capable of capture entanglements and 

liquid-vapor coexistence in polymeric systems.  
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2.6 SUMMARY OF LITERATURE REVIEW & RESEARCH 

GAPS 

          Presently, inkjet printing technology has already reached nanoscale resolution 

[127-129]. This advance technology’s development can be used in various 

applications especially in the fabrication of nanoscale circuits by inkjet printing 

[130, 131]. Similar to progress in nanoscale resolution of inkjet printing, nanoscale 

3D printing is also currently in its infancy, and being investigated and developed 

(for both polymers and metals) in many institutions [131-133]. The progress can be 

easily transferred unless these two technologies share the same type of ink. Owing 

to superior dimension in 3D inkjet printing technology, the most prevalent type of 

ink in 3D inkjet printing is UV curable ink which is easily solidified by UV curing 

process and its advantages over other kinds of inkjet inks [12, 35, 134, 135]. On the 

other hand, the advantages of this liquid polymeric ink come with higher 

opportunity of nozzle clogging due to agglomeration problem. It is well recognized 

to be the most important issue in additive manufacturing that needs to be resolved 

for the progress in very small scale [14].  

          As the main gap in this research field which is necessary to be investigated 

and resolved, agglomeration was studied in this work in the form of agglomeration 

morphology in order to understand agglomeration morphology in 3D inkjet 

printing nowadays. Not only agglomeration morphology but surfactant effect on 

agglomeration morphology is also a focusing point in this study because 

agglomeration is needed to be reduced and controlled before the breakthrough. Due 

to limitation of experimental approach which is impractical nowadays for 
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nanoscale phenomena, there is no experimental work studying on nano-droplet 

formation. Thus, simulation approach will be the powerful alternative to 

preliminarily study the future nano-droplet formation. A mesoscale particle-based 

simulation method, DPD, is one of the most suitable method that promises for the 

support of this breakthrough with strong compatibility for almost polymeric 

systems based on its previous work. With the approximate guidelines, further 

experimental research and development can be performed with cheaper resources 

and time. 
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CHAPTER 3  NUMERICAL CHARACTERIZATION OF 

ULTRAVIOLET INK FLUID AGGLOMERATION AND 

THE SURFACTANT EFFECT 

           

          This chapter details DPD simulations that examine the stability and 

agglomeration in an UV ink system commonly used in 3D inkjet printing 

nowadays, including the effects of additives in reducing agglomeration and 

increasing stability in the UV ink system. 
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3.1 INTRODUCTION 

         As discussed in Chapter 2, even though UV ink fluids are well-known for 

their outstanding performance in many 3D inkjet or general inkjet applications 

[136], there exists a major challenge [14] to be addressed in order to make a 

breakthrough of this technology into nanoscale, which is the issue of ink fluid 

agglomeration. The UV ink model in this study has similar composition to 

commercial UV ink commonly used nowadays.  

          The main constituents of UV ink are oligomer, monomer, photo-initiator, 

colorants and other additives such as stabilizers and surfactants. Among these ink 

components, oligomers which is the major composition have highest tendency to 

agglomerate and agitate the stability and quality of the printing fluid and possibly 

lead to nozzle clogging. For polymers, oligomers and monomers are styrene and 

ethylene glycol which are photopolymerizable [32-34], and these are modeled to 

investigate their agglomeration characteristics.  As a matter of fact, understanding 

the nature of interaction among the constituents of the UV ink fluid is a demanding 

effort owing to the size of the polymers. The particle-based mesoscale DPD 

simulation technique offers a method to study this problem of agglomeration issues 

in UV ink with reasonable computational time. Based on the composition of UV 

inks, DPD bead is suitable to be formulated to represent a polymeric system [68] 

and expected to provide understanding in the agglomeration morphology of each 

simulation study cases.  

          The DPD simulation in this study was carried out via the Material Studio 8.0 

software of Accelrys Inc (BIOVIA 2002-2016) [137]. The coarse-grained models 
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are generated by directly coarse-graining from the atomistic model. Not only 

agglomeration morphology but the effect of surfactant is also be investigated in 

order to reduce and control agglomeration. 
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3.2 RESEARCH METHODOLOGY  

          All the molecular models of the UV ink’s compositions will be coarse-

grained or clustered into DPD beads in order to perform DPD simulations. Each 

monomer of PEG and PS is coarse-grained as a single collective bead. In this case, 

each molecule of the photo-initiator is also modelled similarly following Figure 

3.1.  

 

 

Figure 3.1 : (a) Atomistic model and (b) coarse-grained model of BZP as a photo-

initiator in Material Studio 8.0. 

 

          While oligomers of PEG and PS are modelled as a chain of six connected 

beads. For the last composition, SDS is used as a surfactant in this model by 

coarse-graining each molecule into two connected beads labelled as SDST and 

SDSH in Figure 3.2 (d). It is necessary to coarse-grain the surfactant in this way 

because this simulation study needs the distinct behavior of both hydrophilic head 

and lipophilic tail molecules. This special coarse-graining method for surfactant in 

DPD was reasonably proved in [138] for its simulation performance. 

https://en.wikipedia.org/wiki/Hydrophilic
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          As it is summarized in Figure 3.2, all the models are generated directly by 

coarse-graining the atomistic models of the corresponding molecules with Material 

Studio 8.0. The coarse-graining is done following the original process proposed by 

Hoogerbrugge and Koelman [95].  

 

 

 

 

 

 

 

 

 

Figure 3.2: Coarse-grained models of (a) styrene monomer (A) styrene oligomer 

(b) ethylene glycol monomer (B) ethylene glycol oligomer (c) benzophenone as a 

photo-initiator (d) Sodium dodecyl sulfate as a surfactant in Material Studio 8.0. 

 

3.2.1 DPD Simulation Setup 

          The size of the simulation cubic cell was set as 100×100×100 Å3 with 

periodic boundary condition, such that the particle density of each cell is equal to 3 

and it contains approximately 22,000 DPD beads with the standard spring constant 
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equal to 4.0 [139]. To ensure the static equilibrium state, geometry optimization 

task in Mesocite was performed by smart algorithm in Material Studio 8.0 before 

any simulations. Mesocite is the simulation module in Material Studio 8.0 for the 

study of materials at length scales between nanometers and micrometers and time 

scale in the range of nanoseconds to microseconds [137]. Each simulation consists 

of 100,000 DPD steps for a total simulation time of 10.0 ns at a constant 

temperature of 298K. The interaction parameters that are the core of DPD 

interactions in this study presented in Table 3.3 are derived from Equation 2.20-

2.22 in Chapter 2 based on solubility parameters and molar volumes in Table 3.1. 

In this case, the actual value of molar volume to be used in calculation is the mean 

molar volume of each pair of beads as it is shown in Table 3.2. By solubility 

parameter and mean molar volume, then, each Flory-Huggins (𝜒𝑖𝑗) parameter can 

be calculated by Equation 2.22 and finally, each interaction parameter can obtained 

from Equation 2.20. 

 

Table 3.1: Solubility parameters 𝛿 and molar volume 𝑉 of each DPD bead in the 

simulation [138, 140]. 

 𝛿(MPa
1/2

) 𝑉(cm
3
/mol) 

PEG 32.90 55.8 

PS 

BZP 

SDST 

SDSH 

18.55 

22.15 

19.09 

41.07 

106.6 

164.2 

160.5 

158.5 
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Table 3.2: 𝑉𝑟𝑒𝑓 of each DPD bead in the simulation. 

 PEG PS BZP SDST SDSH 

PEG 55.8     

PS 

BZP 

81.2 

110.0 

106.6 

135.4 

 

164.2 

 

 

 

 

SDST 

 

SDSH 

108.15 

 

107.15 

133.55 

 

132.55 

162.35 

 

161.35 

160.5 

 

159.5 

 

 

158.5 

 

 

Table 3.3: Interaction parameter 𝑎𝑖𝑗 of each DPD bead in the simulation. 

 PEG PS BZP SDST SDSH 

PEG 25.00     

PS 

BZP 

47.44 

42.06 

25.00 

27.36 

 

25.00 

  

SDST 

 

SDSH 

52.69 

 

34.6 

25.05 

 

115.24 

27.04 

 

102.53 

25.00 

 

128.44 

 

 

25.00 

 

 

3.2.2 UV Ink Compositions 

          Four different variations of the UV ink composition are considered here to 

investigate the agglomeration phenomena and effects of each composition on the 

agglomeration morphology. 
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1. As the primary composition for comparison, pure oligomers of PEG and PS 

are combined in three different ratios following Table 3.4 to observe the 

morphology of agglomeration following the PEG:PS mass ratio of 1:3, 1:1, 

and 3:1. 

 

Table 3.4:  Ink composition for the first simulation case. 

PEG : PS 1:1 3:1 1:3 

PEG : Oligomer 

PS : Oligomer 

50% 

50% 

75% 

25% 

25% 

75% 

 

2. Monomers of PEG and PS are added to the model to observe the effects of 

monomers on the agglomeration morphology of the system. As it can be 

seen in Table 3.5, the ratio of oligomers and monomers of each polymer is 

fixed at 3:1, while the ratios of PEG and PS remain the same as Case 1. 

 

Table 3.5: Ink composition for the second simulation case. 

PEG : PS 1:1 3:1 1:3 

PEG 

 - Oligomer 

 - Monomer 

PS 

 - Oligomer 

 - Monomer 

50% 

(37.5%) 

(12.5%) 

50% 

(37.5%) 

(12.5%) 

75% 

(56.25%) 

(18.75%) 

25% 

(18.75%) 

(6.25%) 

25% 

(18.75%) 

(6.25%) 

75% 

(56.25%) 

(18.75%) 
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3. The photo-initiator, BZP, is added to the model following Table 3.6 to 

better represent actual commercial UV ink and to observe the effects of 

photo-initiators on agglomeration morphology of the system. The different 

ratios of PEG and PS oligomers are the same as the previous cases, and the 

best ratio for minimal agglomeration is determined to perform and compare 

with the subsequent case of simulation when a surfactant is added to the 

system. 

 

Table 3.6:  Ink composition for the third simulation case. 

PEG : PS 1:1 3:1 1:3 

PEG 

 - Oligomer 

 - Monomer 

PS 

 - Oligomer 

 - Monomer 

48% 

(36%) 

(12%) 

48% 

(36%) 

(12%) 

72% 

(54%) 

(18%) 

24% 

(18%) 

(6%) 

24% 

(18%) 

(6%) 

72% 

(54%) 

(18%) 

BZP 4% 4% 4% 

 

 

4. In table 3.7, a surfactant additive, sodium dodecyl sulfate (SDS) is added to 

the system to deal with the problem of nanoscale agglomerations of the 

polymer nanoparticles and test its effectiveness for de-agglomeration and 
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stabilization of the system, at the optimal ratio of PEG and PS observed 

from the earlier cases.  

 

Table 3.7:  Ink composition for the fourth simulation case. 

PEG : PS 1:1 3:1 1:3 

PEG 

 - Oligomer 

 - Monomer 

PS 

 - Oligomer 

 - Monomer 

46% 

(34.5%) 

(11.5%) 

46% 

(34.5%) 

(11.5%) 

69% 

(51.75%) 

(17.25%) 

23% 

(17.25%) 

(5.75%) 

23% 

(17.25%) 

(5.75%) 

69% 

(51.75%) 

(17.25%) 

BZP 

SDS 

4% 

4% 

4% 

4% 

4% 

4% 
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3.3 RESULTS & DISCUSSIONS 

          The results obtained from the simulation cases described in Chapter 3.2 are 

presented in this chapter to compare and discuss changes in the morphology of 

agglomeration with different compositions of the UV ink model. 

          As mentioned in Chapter 3.2, 100,000 DPD steps for a total simulation time 

of 10.0 ns are enough to bring a system to an equilibrium state, such that 

simulations can effectively be compared at a constant temperature of 298K. This 

equilibrated state can be observed from the stable trend in energy and temperature 

according to the Figure 3.3 and 3.4 respectively as an example for all simulations. 

It is seen that the system starts to be stabilized around 100 ps, indicating that the 

equilibrium has been achieved at (or before) 10,000 ps.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: An example of energy equilibration curves of a simulation system via 

Material Studio 8.0 from initial state to an equilibrium state at 10,000 ps. It 

contains different lines of potential energy (darker blue), kinetic energy (red), non-

bond energy (green) and total energy (lighter blue, upper blue). 
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Figure 3.4: An example of temperature equilibrium curve of a simulation system 

via Material Studio 8.0 from initial state to an equilibrium state at 10,000 ps. 

 

          In the first case, only oligomers of PEG and PS are simulated in different 

ratios. When the equilibrium is reached, the agglomeration morphologies are 

different depending on the corresponding ratio of PEG and PS. As illustrated in 

Figure 3.5, the agglomeration morphology of PEG and PS oligomers is dependent 

on their concentration ratios.  

          When the concentration ratio of both oligomers is the same, PEG and PS 

segregate into two phases because of the driving force of the polymer blend to 

reduce free energy and the different polarity of the two polymers. PEG is a polar 

molecule while PS is a non-polar molecule, so both polymers mutually separate 

after forming a bilayer when the separation occurs. This bilayer can be considered 

to be in the form of lamellae due to the most three common morphologies of 

polymer blend that are spheres, cylinders, and lamellae [141]. Similar to the model 

system with 1:1 concentration ratio, the model system with 1:3 ratio also shows 
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segregation of both PEG and PS but the PEG phase is now in a cylindrical shape 

and surrounded by the PS phase because of the greater proportion of PS. 

 

 

 

 

 

  

 

 

 

 

Figure 3.5:  The morphology of the simulation models of oligomers of PEG 

(green) and PS (yellow) in Case 1. (a) Front view and (A) Isometric view of 

PEG:PS at ratio 1:3 (b) Front view and (B) Isometric view of PEG:PS at ratio 1:1 

(c) Front view and (C) Isometric view of PEG:PS at ratio 3:1. 

 

          At the 3:1 concentration ratio of PEG and PS respectively, the agglomeration 

morphology is different from the two previous ratios. The PS phase appears in 

different sizes of spherical geometry inside the PEG because of stronger surface 

tension, resulting in boundary shape between liquid-liquid phase separations. In 

this situation, PS can be considered to be the disperse phase of the system, whereas 

PEG acts as the dispersion medium. Thus, these results highlight the fact that 
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relative concentration and polarity of polymers clearly affect the morphology of 

agglomeration. 

 

          In Case 2, where monomers of both PEG and PS are added to the simulation 

together with their oligomers, morphological changes in the agglomeration show 

the same trend in comparison with the Case 1 (see Figure 3.6). The 3:1 ratio of 

PEG and PS retains the same morphology as Case 1c, where PS is finely dispersed 

in PEG. It is clear that the morphology of PEG and PS agglomeration depends on 

the concentration ratio of polymers and their polarities. Each ratio of PEG and PS 

still retains the same morphology characteristics although monomers are added to 

the system, as shown by the similar morphologies. Thus, it can be deduced that the 

morphologies of PEG and PS agglomeration are not significantly affected by the 

presence of PEG and PS monomers.  
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Figure 3.6:  The morphology of PEG (green) and PS (yellow) oligomers in Case 2. 

All monomers of PEG and PS are hidden while oligomers of PEG and PS are 

present. (a) Front view and (A) Isometric view of PEG:PS at ratio 1:3 (b) Front 

view and (B) Isometric view of PEG:PS at 1:1 (c) Front view and (C) Isometric 

view of PEG:PS at ratio 3:1. 

 

          From Figure 3.7, the added monomers aggregate with their respective 

polymers since they have the same electrostatic properties. It can be observed that 

monomers are in the form of loose agglomerates and they disperse in the same kind 

of oligomer. The reason behind this phenomenon is the entanglement effect of 

oligomers, which acts as an effective barrier to prevent agglomeration of the 

monomers. As oligomers have higher molecular weight, if the length increases, the 

entanglement among oligomer chains also increases. Thus, monomer beads would 

need higher amounts of energy to overcome the barrier as a result of oligomer 
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entanglement [81]. This barrier effect is a by-product that can reduce and prevent 

monomer agglomeration. 

 

 

 

 

 

 

 

 

 

 

Figure 3.7:  The morphology of PEG (green) and PS (yellow) monomers in Case 

2. All oligomers of PEG and PS are not shown, only monomers of PEG and PS are 

presented. (a) Front view and (A) Isometric view of PEG:PS at ratio1:3 (b) Front 

view and (B) Isometric view of PEG:PS at ratio 1:1 (c) Front view and (C) 

Isometric view of PEG:PS at ratio 3:1. 

 

          To clearly investigate the effect of added monomers on the morphology of 

oligomers, further comparisons between Figures 3.5 and 3.6 can be made in 

addition to visual inspection. As it was previously mentioned in Chapter 2.2.2, the 

radius of gyration (Rg) of agglomerate can be used to investigate the morphology of 

these results in the aspects of size and compactness [142, 143]. Here, Rg evolution 

is used to describe this phenomenon by comparison between Case 1 and Case 2 at 
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the ratio 3:1 of PEG and PS. Added monomers do have a very small effect on the 

system, resulting in a slight reduction of compactness or relaxation of 

agglomeration. This can be inferred from Figures 3.8 and 3.9, which shows a slight 

increase in the average value Rg from 6.8 to 6.9 Å at 10 ns when monomers are 

present. This shows that the addition of monomers can slightly loosen the 

agglomerated morphology of oligomers which is the major composition in UV ink 

as it was mentioned earlier. 

 

 

 

 

 

 

 

 

Figure 3.8: Radius of gyration evolution of the UV ink composition from Case 1 

(pure oligomers) via Material Studio 8.0 at the ratio 3:1 of PEG: PS. 
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Figure 3.9: Radius of gyration evolution of the UV ink composition from Case 2 

(oligomers and monomers) via Material Studio 8.0 at the ratio 3:1 of PEG: PS. 

 

          In the third case, the photo-initiator, BZP, is added to obtain a realistic UV 

ink system. From Figure 3.10 where only the oligomers are visualized, the results 

show that agglomeration of oligomers occurs in varying shapes according to the 

ratio of PEG and PS in nearly the same manner as the two previous cases (Figures 

3.5 and 3.6). The addition of BZP does not affect the agglomeration morphology of 

oligomers in the system. 
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Figure 3.10:  The morphology of the simulation models of PEG (green) and PS 

(yellow) oligomers, as described in Case 3. PEG and PS monomers and BZP are 

not visualized. (a) Front view and (A) Isometric view of PEG:PS at ratio 1:3 (b) 

Front view and (B) Isometric view of PEG:PS at ratio 1:1 (c) Front view and (C) 

Isometric view of PEG:PS at ratio 3:1. 

 

          The agglomeration morphology of monomers and photo-initiator is 

illustrated in Figure 3.11. The results show that BZP agglomerates at the interface 

between PEG and PS. This is because BZP has intermediate polarity compared to 

polar PEG and non-polar PS. To explain this phenomenon more in terms of surface 

tension, BZP exists at the interface of these two homogenous polymer domains 

because the polymer-polymer interfacial tension, 𝛾𝐸𝑆, is stronger than the absolute 

value of the different between interfacial tensions of both two particle-polymer 

regions, 𝛾𝐸𝐵 and 𝛾𝑆𝐸, 𝛾𝐸𝑆 > |𝛾𝐸𝐵 − 𝛾𝑆𝐸| [144]. When the initiator is located at the 
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interface, PEG and PS polymerization may be initiated by the separation of BZP 

into two radicals at the interface. 

 

 

 

 

 

 

 

 

 

 

Figure 3.11: The morphology of the simulation models of PEG (green) and PS 

(yellow) monomers with BZP (blue), as described in Case 3. Oligomers of PEG 

and PS are not visualized. (a) Front view and (A) Isometric view of PEG:PS at 

ratio 1:3 (b) Front view and (B) Isometric view of PEG:PS at ratio 1:1 (c) Front 

view and (C) Isometric view of PEG:PS at ratio 3:1. 

 

          From the results of Case 3, when BZP is added as a photo-initiator to mimic 

commercial UV ink, the concentration ratio of PEG and PS significantly affects 

agglomeration morphology. At the concentration ratio of 1:3, the BZP forms layers 

that occur between PEG and PS with broad dispersion and different sizes of 

agglomerates. When the concentration ratio is 1:1, the results show BZP diffused 

between PEG and PS to form a shell of BZP region covering the rod of PS. For the 
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3:1 ratio of PEG to PS, this produced better results in terms of uniform dispersion 

of BZP agglomerates around the spherical geometry of PS agglomerates, which are 

dispersed in the PEG phase. 

 

          Here, uniformity and dispersion are used to evaluate the UV ink 

characteristics, and it can be concluded that the 3:1 ratio of PEG to PS can disperse 

spherical PS within continuous phase of PEG, while BZP appears in the interfacial 

phase of both polymers. With these characteristics, PS and BZP agglomerates of 

the 3:1 ratio inside a continuous phase are more uniformly distributed than the 

layer-like and shell-like shape agglomerates observed in the other ratios, which 

have lower dispersion uniformity. Apart from visual inspection, the total kinetic 

energy of the system is also used here as a physical quantitative measure to support 

this conclusion. It is found that higher amount of PEG results in viscosity reduction 

and provides higher total kinetic energy, as shown in the presently calculated data 

in Figure 3.12, where the average total kinetic energy values of ratios 1:3, 1:1, 3:1 

of PEG and PS at 10 ns are 17,325, 19,670 and 21,970 kcal/mol, respectively. 

Higher kinetic energy reduces the probability of agglomeration, thus the 3:1 ratio 

provides the best condition for dispersion uniformity with the potential for 

improved rheological properties [145]. 
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Figure 3.12: Total kinetic energy of three different ratios of polymeric UV ink 

from Case 3 are compared to investigate the trend of agglomeration. 

 

          Thus far, the simulation results have indicated that the aggregation 

morphologies of UV ink can be influenced by their composition, as well as other 

additives. In the next set of simulations, the surfactant SDS is added to determine 

its efficacy in preventing, reducing, and controlling agglomeration. The ratio of 

PEG to PS used is 3:1. 

 

          From Figures 3.13 and 3.14, the size of PS oligomer spherical agglomerates 

is observed to become slightly smaller when SDS is added. However, it is not 

sufficiently obvious visually to provide a comparison in terms of distribution and 

size of agglomerates, thus it is necessary to extract better representations and 

calculate physical parameters from the simulations. According to the theory of 
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dynamics of surfactants at interfaces [146, 147], surfactants are expected to be a 

chemical method of de-agglomeration to stabilize the UV ink model. Surfactants 

can form micelle-like aggregates where polar molecules or hydrophilic parts of 

surfactants associate with the medium phase, while non-polar molecules will face 

the interior of the aggregate. Micelle-like aggregates of SDS (Figures 3.15b, 3.15B 

and 3.16) can act like a shell to control the size of agglomerates by protecting each 

agglomerate from further agglomeration, and promote dispersion by repulsing 

other agglomerates. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13: The morphology of PEG (green) and PS (yellow) oligomers at the 

ratio of 3:1. (a) Front view and (A) Isometric view without the inclusion of 

surfactants from Case 3. (b) Front view and (B) Isometric view of with the 

inclusion of SDS (not shown) from Case 4 
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Figure 3.14: The morphology of PEG (green) and PS (yellow) monomers and BZP 

(blue) at the ratio of 3:1. (a) Front view and (A) Isometric view without the 

inclusion of surfactants from Case 3. (b) Front view and (B) Isometric view of with 

the inclusion of SDS (not shown) from Case 4. 
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Figure 3.15: The morphology of the simulation models of PEG:PS at ratio 3:1. 

Here, the PS (yellow), photo-initiator (blue) and SDS (red) are visible. (a) Front 

view and (A) Isometric view of the case without surfactants from Case 3. (b) Front 

view and (B) Isometric view of the case with SDS as a surfactant from Case 4, and 

in the scale bar of 200Å. 
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Figure 3.16: The morphology of the simulation models of PEG:PS at ratio 3:1 

where PS (yellow), photo-initiator (blue) and SDS (red) are visible. 

 

          To explain the effect of SDS on the dispersion of agglomerates, more 

quantitative physical measurements are required to better assess its effectiveness. 

From both curves in Figure 3.17, we observe that the Rg evolution of agglomerates 

in a simulation cell of Case 4 is higher than in Case 3 for the selected ratio 3:1, 

with respective average values of 7.2 Å and 7.6Å at 10ns. Thus, the reduction in 

compactness increases the dispersion of agglomerates and reduces interaction 

among agglomerates. For the average size of the agglomerates, each individual 

agglomerate’s Rg evolution is observed and used to calculate the average value. 

Highly uniform dispersion is found in the presence of SDS because it is found that 

the average size of the agglomerates is reduced from 520 Å to 440 Å and the 

number of clusters is doubled, from 7 to 14, by the introduction of SDS (see Figure 

3.18). Due to the improvement in the dispersion, the number of smaller 
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agglomerates in the distribution naturally becomes higher, resulting in better 

dispersion uniformity.  

          Moreover, agglomerates in Case 4 are denser because the SDS between each 

agglomerate tend to take on micelle-like formations, and these act like a fender 

between each agglomerate. Although they are not in the form of complete micelles 

due to the low quantity, they can still form barriers to prevent further 

agglomeration. To fully investigate the effects of the SDS surfactant in a nano-

inkjet printing scenario, it would be necessary to perform the dynamic simulation 

of the nano-droplet evolution and formation through a nano-nozzle. This is carried 

out in the next phase of the project, with the aim of optimizing process parameters, 

and devising de-agglomeration methods through physical and chemical means, to 

achieve the best print quality. 

 

 

 

 

 

 

 

 

Figure 3.17: Radius of gyration evolution of Case 3 (without SDS) and Case 4 

(with SDS) at the PEG:PS ratio 3:1. 
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Figure 3.18: The morphology of PS (yellow) oligomer at the ratio of 3:1. (a) Front 

view and (A) Isometric view without the inclusion of surfactants from Case 3. (b) 

Front view and (B) Isometric view of with the inclusion of SDS (not shown) from 

Case 4. 
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3.4 CONCLUSIONS 

          The present simulation results provide a better understanding of the 

characteristics of an UV ink fluid composing of PEG and PS as the main polymeric 

components. These oligomers dominate the agglomeration morphology. Added 

monomers of PEG and PS appear in the same phase with their respective oligomers 

because they possess the same polarity, but they are loosely agglomerated. This is 

due to the entanglement effect of oligomers which acts like a barrier to prevent 

agglomeration. The addition of monomers can slightly reduce the agglomeration of 

the oligomers. From three different ratios of PEG to PS, it is found that the ratio of 

3:1 provides the best result in terms of uniformity, size of agglomeration, and 

dispersion. PS agglomerates spherically as the disperse phase within the medium 

phase of PEG. Agglomerates in other ratios segregates into two distinct phases 

with lower uniformity and dispersion. Addition of the photo-initiator, BZP, results 

in BZP aggregating at the interface of both polymers. BZP is slightly polar so they 

tend to bind to the interfaces between polar PEG and non-polar PS. With the 3:1 

ratio of PEG to PS, BZP agglomerates disperse around the spherical PS 

agglomerate. Insights into the underlying chemistry have also been gained in this 

study when BZP as a photo-initiator, and SDS as an additive, were added to the ink 

composition. In particular, we established that SDS as a surfactant, played an 

important role in reducing agglomeration. 

          Higher amounts of PEG can promote the quality of UV ink in terms of the 

ink’s viscosity. This is advantageous for nano-droplet formation in 3D nano-inkjet 

printing as the nozzle is very small and the printing fluid needs to maintain low 
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viscosity to flow properly. The ink can be enhanced further by mixing SDS. Our 

results show that SDS can better disperse agglomerates and reduce the average size 

of agglomerates with better distributions of the higher number of agglomerates. 

But it is denser and the size can be controlled because the SDS around the surface 

of each agglomerate tends to form micelles. This micelle formation can create a 

barrier for further agglomeration. To obviously investigate effects of the surfactant, 

it can be done again in the optimization of all physical conditions of de-

agglomeration in part of the dynamic simulation of nano-droplet formation. 

          This is the first study to simulate and investigate the agglomeration 

characteristics in the context of UV ink fluid compositions and we believe this 

study provides the impetus for further research into the use of other additives to 

prevent, reduce and control various forms of agglomeration. Progress in these 

endeavors is essential for very small-scale high-resolution 3D inkjet printing, as 

good stability of the printing fluid is necessary to avoid the clogging in the nano-

nozzle head, and to achieve good print quality. This study also validates the 

efficacy of the mesoscale DPD methodology for the modeling and analysis of 

nanoscale UV ink agglomeration. The major challenges of agglomeration of 

printing fluids at these small scales are currently far from being well understood, 

and much more theoretical and experimental studies remains to be done. 
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CHAPTER 4  MANY-BODY DISSIPATIVE PARTICLE 

DYNAMICS SIMULATIONS OF NANO-DROPLET 

FORMATION IN 3D NANO-INKJET PRINTING  

        

          In this chapter, nano-droplet formation in polymeric ink systems for 3D 

inkjet printing is characterized with many-body dissipative particle dynamics 

(MDPD) simulation technique. Compared to conventional DPD, MDPD is a 

simulation method developed recently in 2001 that is focused on vapor-liquid 

coexistence instead of specific liquid-liquid interactions. This allows nano-droplet 

formation to be numerically studied. In this thesis work, the ink-nozzle system and 

their interaction behavior are modelled in MDPD in order to determine the 

conditions that are necessary and optimal for nano-droplet formation using 

commercial 3D inkjet ink.  
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4.1 INTRODUCTION 

          As seen in Chapter 3, DPD can be effectively used to study interesting 

phenomenon, like agglomeration, within the polymeric ink. However, the 

limitation in DPD simulation is that it includes only purely repulsive forces, 

making it ineffective for problems related to free-surface fluid dynamics. The gas-

liquid interface present in nano-droplet formation process is one such problem. 

Thus, DPD needs to be extended to allow the study of nano-droplet formation. One 

such extension, named as MDPD, was introduced in Chapter 2.5, and is used here 

to study the process of nano-droplet formation in 3D nano-inkjet printing.  

          The MDPD simulations in this study were carried out via LAMMPS [148]. 

The coarse-grained models are generated by directly coarse-graining from the 

atomistic model, similar to the DPD simulations discussed in Chapter 3. The 

difference is that in MDPD, there is an additional tunable solid-liquid attraction 

parameter, 𝐴𝑠𝑙, which can be adjusted to capture the hydrodynamics behavior of 

droplet formation. The MDPD simulation set-up, coarse-graining and parameters 

tuning process are further elaborated in Section 4.2.  

To validate the MDPD model constructed for this study, a comparison is 

made with a reference study, which reported experimental and theoretical results of 

droplet formation with 10 and 30 microns diameter nozzle [139]. This microscale 

study was chosen due to the lack of experimental data for nanoscale droplet 

formation. In this case, water, instead of ink, is used as the printing fluid to match 

the reference and validate the MDPD simulation model. Due to the need to scale up 

our simulation results to micron level for comparison with experimental results, the 
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coarse graining factor is inevitably large. The large coarse graining factor results in 

unrealistically low physical quantities like pressure and velocity from our 

simulation results. To work-around this, we came up with a conversion 

methodology to adjust the size of physical quantities from our simulations to be 

comparable with realistic experimental data. This artificial procedure can be 

utilized to relate DPD and MDPD simulation model to macro-scale scenarios at 

very low computational cost. Finally, the validated MDPD model is used to 

investigate trends of important physical quantities in nano-droplet formation in 3D 

nano-inkjet printing. The validation of our MDPD model, conversion methodology 

and final characterization of the nano-droplet formation process are collectively 

detailed in Section 4.3. 
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4.2 RESEARCH METHODOLOGY  

          With reference to the MDPD theory described in Chapter 2.5, this section 

will explain the simulation methods and procedures for studying nano-droplet 

formation in 3D nano-inkjet printing. The MDPD simulation setup is first 

presented, which includes the construction of the nozzle-ink model and the 

determination and validation of all required physical and interaction parameters for 

MDPD. Next, the method used to determine the coarse-graining level and bond 

equilibrium distance for the UV ink beads are discussed. The detailed 

parameterization of suitable solid-liquid attraction parameter, 𝐴𝑠𝑙, for the MDPD 

simulations of nano-droplet formation is then further elaborated. Finally, the 

procedures of the MDPD simulations run is detailed.   

 

4.2.1 Simulation Setup 

   The MDPD simulations in this study was carried out via LAMMPS [148]. 

The size of the simulation box is set as 60×60×300 𝑟𝑐 with non-periodic boundary 

conditions, such that number density is equal to 6  following the standard particle 

density of MDPD beads [122, 123, 125]. The model composed of two main parts: 

the nozzle and the polymeric ink. The nozzle has a cylindrical body and a conical 

tip, where the inner and outer radius are 7𝑟𝑐 and 10𝑟𝑐 respectively. The cone of the 

nozzle has a slope of 30° and the orifice size is 𝑟𝑐 in radius. The angle, 30°, is 

chosen because of the consideration based on an optimization of nano-droplet 

formation. This cone angle is equivalent to  120° of lead angle which gives lower 
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discharge coefficient with better opportunity of nano-droplet formation [149]. 

Although the angle needs larger size of driving pressure in order to generate the 

droplet formation, it can reduce droplet breakup time and increase nano-droplet 

velocity that is an important to consider in very small scale printing [150]. The ink 

contains 16,000 MDPD beads of 1,000 MDPD monomers and 2,500 oligomers 

[126]. The ratio of monomers to oligomers is arbitrarily set such that oligomer 

made up the majority of ink composition (as mentioned in Chapter 2.1), in a 2.5 to 

1 ratio. The geometry of the nozzle in this simulation is shown in Table 4.1 and 

illustrated in Figure 4.1. The actual simulation setup in LAMMPS is presented in 

Figure 4.2. In the equilibration phase, the ink beads are equilibrized in the 

cylindrical part of the nozzle, as shown in Figure 4.2A. The orifice is then cut after 

equilibration to allow the ink to flow out of the nozzle, forming nano-droplets, as 

depicted in Figure 4.2B. PACKMOL [151] was first used to generate initial point 

for the ink system in this study with the guarantee of no short range repulsive 

interactions’ disruption, and then the rest of setup was done by LAMMPS, as 

described later in Section 4.2.5. 

 

Table 4.1:  A summary of the nozzle’s geometry. 

length 

outer radius 

inner radius 

angle of cone 

orifice radius 

27𝑟𝑐 

10𝑟𝑐 

7𝑟𝑐 

30 ° 

𝑟𝑐 
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Figure 4.1: The geometry of the nozzle. 

 

 

 

 

 

 

 

 

 

Figure 4.2: Actual simulation setup in LAMMPS. (A) The equilibration step when 

the nozzle is not cut (B) The simulation run when the nozzle is cut.        
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          As described in Chapter 2, the typical values for MDPD parameters 𝑟𝑐 (1),

𝑟𝑑(0.75), 𝐴𝑙𝑙(−40), 𝐵𝑖𝑗(25), 𝛾(50)  and 𝜎(10) are adopted in this simulation 

study [122]. For convenience and to make the simulations generally applicable, the 

reduced (dimensionless) units system is adopted. In the reduced units system, four 

fundamental quantities (𝑟𝑐, 𝑁𝑚, T, and ε) are set to 1 so that all quantities are 

unitless. To convert quantities to real units, distances, masses and energy are 

multiples of the fundamental quantities specified, and the other quantities of 

interest have to be multiplied by the conversion relationship as shown in Table 4.2. 

All MDPD simulation parameters in this study is summarized in Table 4.3. 

 

Table 4.2:  The fundamental representations of physical quantities in the term 

reduced units [65]. 

 

Physical Quantity Unit 

Length 𝑟𝐶 

Energy 𝜀 = 𝑘𝑏𝑇 

Mass 𝑚 = 𝑁𝑚𝑀𝑤 

Time 𝑟𝐶(𝑚 𝜀⁄ )1 2⁄  

Velocity (𝜀 𝑚⁄ )1 2⁄  

Force 𝜀 𝑟𝐶⁄  

Pressure 𝜀 𝑟𝐶
3⁄  

Temperature 𝜀 𝑘𝐵⁄  
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Table 4.3:  A summary of MDPD simulation parameters in reduced units. 

 

liquid density 

repulsive force range  

cut-off radius 

liquid-liquid attraction 

liquid-liquid repulsion 

solid-liquid attraction  

solid-liquid repulsion 

solid-solid attraction  

solid-solid repulsion  

coefficient for dissipative force 

coefficient for random force 

time step 

ρ 

𝑟𝑑 

𝑟𝑐 

𝐴𝑙𝑙 

𝐵𝑙𝑙 

𝐴𝑠𝑙 

𝐵𝑠𝑙 

𝐴𝑠𝑠 

𝐵𝑠𝑠 

𝛾 

𝜎 

∆𝑡 

6.0 

0.75 

1.0 

-40 

25 

To be tuned (See section 4.2.4) 

25 

-40 

25 

50.0 

10.0 

0.01 

 

 

 4.2.2 Determination of Coarse-graining Level 

Although there are no well-defined parameters to model specific types of 

polymers in MDPD, the molar volume of propylene and water can be used to 

determine the coarse-graining level in this MDPD simulation [67]. In order to 

attain the relevant length scale of the phenomenon to be examined, which is given 

by 𝑟𝑐 in physical units, the coarse-graining level 𝑁𝑚 is the first important parameter 

to consider for generating each size of nozzles in this MDPD simulation. This 
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coarse-graining level can be determined in a manner similar to a work of Groot and 

Rabone [67], 

rc = √ρVmNm
3

                                   Equation 4.38 

where 𝑟𝑐 is the cut-off radius due to the coarse-graining level;  𝑁𝑚 the number of 

molecules per bead or coarse graining level; 𝜌 the number density; and 𝑉𝑚 the 

molar volume. 

 

          Thus, by Equation 4.38, the coarse-graining level or the number of 

molecules per bead 𝑁𝑚 for each simulation can be determined from the physical 

radius of the nozzle orifice, which was set to be equal to 𝑟𝑐 (see Section 4.2.1). As 

an illustration, the coarse-graining level 𝑁𝑚 of polymeric ink for nano-nozzles of 

different orifice diameter is listed in Table 4.4. In particular, to validate against the 

reference experimental results for orifice diameter of 10 and 30 microns, the 

coarse-graining level is shown in Table 4.5. As can be observed, the coarse 

graining level is extremely large in this case. This will lead to unphysical low 

values for quantities like pressure and velocity, and is further elaborated in Section 

4.3.1. 
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Table 4.4:  The coarse-graining level of polymeric ink scales according to the size 

of the orifices in terms of real units. 

Diameter of orifice (nm) Coarse-graining level (𝑁𝑚) 

10 

50 

100 

500 

1,000 

264.69 

33,085.22 

264,686.90 

33,085,925.00 

264,686,898.10 

 

Table 4.5:  The coarse-graining level of water scales according to the size of the 

orifices, 10 and 30 microns, in order to compare with the reference [139]. 

Diameter of orifice (nm) Coarse-graining level (𝑁𝑚) 

10,000 

30,000 

418,204,958,592.00 

11,291,514,296,488.90 

 

 

4.2.3 Bond Equilibrium Distance 

           Because the oligomers are modeled as a chain of connected beads of 

monomers as mentioned since Chapter 2, it is necessary to add a bond potential to 

model bond interactions of oligomers. In this case, the type of bond potential 
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normally used in DPD and MDPD simulation methods is harmonic bond [123, 126, 

152] (see Equation 4.39) with the harmonic bond force constant set to 64 [126], 

𝑈𝐻 =
1

2
𝑘ℎ(𝑟 − 𝑟0)2                                Equation 4.39 

where 𝑈𝐻 is bond potential;  𝑘ℎ the harmonic bond force constant; and 𝑟0 the bond 

equilibrium distance. 

 

          LAMMPS is used to investigate the bond equilibrium distance. In this study, 

the range of the repulsive force and the attractive force limit are set to be 0.75 and 

1.0 of 𝑟𝑐 , respectively. The bond equilibrium distance is determined from the radial 

distribution function. Because the position of the first peak can be used to estimate 

the mean distance between the central atom. In this case, the mean distance of 

nearest neighbour is distance between connected beads so the mean distance is the 

equilibrium bond distance [153]. From Figure 4.3, it is found that the first peak of 

the function occurs at 0.685 of  𝑟𝑐 that is exactly the same value as it was studied in 

a MDPD’s previous work [154]. Thus, bond equilibrium distance of oligomer in 

this study is 0.685 of  𝑟𝑐. 
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Figure 4.3: The peak of radial distribution function of MDPD oligomer following 

to the standard MDPD parameters. 

 

4.2.4 MDPD Parameterization 

          As listed in Table 4.2, all the repulsions in this study (liquid-liquid (𝐵𝑙𝑙), 

solid-liquid (𝐵𝑠𝑙) and solid-solid (𝐵𝑠𝑠) repulsions) are set to be 25 and the liquid-

liquid (𝐴𝑙𝑙) and solid-solid (𝐴𝑠𝑠) attraction is -40. The solid-liquid attraction, 𝐴𝑠𝑙 , 

which is the interaction between the liquid ink and wall of the nozzle, is varied and 

tuned in this study for reasonable results. It has been shown in previous studies that 

𝐴𝑠𝑙 can be tuned to achieve the desired behavior between the ink and the nozzle’s 

wall [123, 155]. In this study, the optimization of 𝐴𝑠𝑙 is considered based on three 

different physical parameters of the ink system: kinetic energy, potential energy 

and radius of gyration. 

          𝐴𝑠𝑙 is varied from 0 to -40 to examine the trends of kinetic energy, potential 

energy and radius of gyration during droplet formation in 10 and 30 micron 
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nozzles. In Figure 4.4, the trend of kinetic energy with time in reduced units for a 

range of 𝐴𝑠𝑙 from 0 to -40 is presented. It can be seen that at 𝐴𝑠𝑙 = −30, the kinetic 

energy is relatively low and stable on average. Since kinetic energy can be used to 

measure probability of agglomeration [145], this implies good stability in 

agglomeration characteristics and relatively low amount of agglomeration at this 

value of 𝐴𝑠𝑙 . The stabilization of the kinetic energy after equilibration (after 

timestep 4000 ) also confirms the stability of the system. 

 

 

 

 

 

 

 

Figure 4.4: The kinetic energy of polymeric ink from different values of solid-

liquid attraction. 

 

          Next, Figure 4.5 shows the trend of potential energy with time for the range 

of 𝐴𝑠𝑙 values considered. It can be seen that at 𝐴𝑠𝑙 = -30, the potential energy of the 

system is intermediate when compared with other values of 𝐴𝑠𝑙. Potential energy 

represents non-bonded potential and bonded potential between beads in the ink 
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system [156]. Thus, this intermediate value represents a balance point of bonded 

and non-bonded interactions within the ink itself. Thus, this potential energy 

investigation guides that this intermediate value of system’s potential energy is 

desirable.  

 

 

 

 

 

 

 

Figure 4.5: The potential energy of polymeric ink from different values of solid-

liquid attraction. 

 

          Finally, it can be seen from the trends of radius of gyration that at 𝐴𝑠𝑙 =

−30, there is a good distribution of the polymeric ink molecules when compared 

with other values of 𝐴𝑠𝑙  (see Figure 4.6). Larger values of 𝐴𝑠𝑙 closer to 0 leads to 

unstable values of radius of gyration, which indicates that the interaction between 

polymeric ink is not strong enough to balance interaction amongst them and hold 

the ink at stable densities, resulting in increasing values of the radius of gyration. 

For 𝐴𝑠𝑙 value lower than -30, the resulting radius of gyration is too close to the 
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standard attraction (𝐴𝑠𝑠, 𝐴𝑙𝑙) between the same phase, i.e. -40. This is not 

reasonable, since we expect the radius of gyration between two phases (solid-

liquid) to be different than liquid-liquid or solid-solid interactions. As can be 

observed, there is also a good agreement between the 𝐴𝑠𝑙 value of -30 and the 

common range of partly wetting fluid in MDPD previously mentioned in Chapter 

2.5 that is -32.5 to -25 [123].   

 

 

 

 

 

 

 

Figure 4.6: The radius of gyration of polymeric ink from different values of solid-

liquid attraction. 
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In addition to the 3 studies conducted, a comparison to physical 

experimental result from the reference study [139] based on micro-droplet 

formation in 10 and 30 micron nozzles also gives the same agreement. In Figure 

4.7, MDPD simulation results 3 points of attraction values which provide precisely 

prediction in the experiment. According to theoretical consideration that the 

suitable attraction must be between -40 (maximum attraction) to -25 (minimum 

attraction), the solid-liquid attraction value, 𝐴𝑠𝑙, of -30 between nozzle and ink 

gives an acceptable consistency for both 10 and 30 micron nozzles. Thus, these 

studies strongly support 𝐴𝑠𝑙 = −30 as the optimal value of solid-liquid attraction 

chosen to be used in this study.  

 

 

 

 

 

 

 

 

Figure 4.7: Changes in the water droplet diameter with different values of solid-

liquid attraction in both the 10 and 30 microns nozzles and comparison to the 

average value from the reference. 
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4.2.5 MDPD Simulation Run 

          After the simulation setup was done in accordance to Figure 4.2 and all the 

necessary parameters are assigned, the system was equilibrated for 4,000 timesteps. 

Next, the internal part of nozzle was cut following Figure 4.2 (B). Every ink bead 

was then subjected to a gravitational body force so that it will be move downwards 

through the nozzle. This approach is similar to the MDPD study on pendent droplet 

by Warren in 2003 [122]. The difference here is that the body force in this study 

was set to work in more realistic way such that the effect of force is cut off after 

the pinching of the droplet.  

In this study, two key parameters were identified thorough investigation on 

their effects on nano-droplet formation: effective pressure and temperature. In this 

case, effective pressure is the pressure at the nozzle’s end and it can be calculated 

by the result of the total body force exerted on each individual bead in the whole 

ink system divided by the surface area of the nozzle’s end. The body force is 

applied under the condition that each bead is still included the ink system in order 

to imitate what happens in reality that there is no force exerted on it after droplet 

formation. To investigate the effects of effective pressure, in this case, temperature 

is set at 300 K or 30 ℃ and the values of the gravitational body force in reduced 

units are varied from 0.5, 1.0 and 1.5 in order to study the effect of effective 

pressure. For the effect of temperature, the temperature range 30, 40, 50, 60 and 70 

℃ is used to investigate the effect of temperature on the nano-droplet formation at 

the fixed reduced units force equal to 1.0.  
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4.3 RESULTS & DISCUSSIONS 

  This section presents the results obtained using the simulation model 

detailed in the previous section. This section can be separated into two portions. 

The first part is a validation step, where simulations of water droplet formation 

with nozzles of diameters of 10 and 30 microns are performed and compared to the 

reference [139] in order to validate the performance and accuracy of our MDPD 

model. The second portion will then use this MDPD model to investigate nano-

droplet formation of polymeric ink with different effective pressure and 

temperature on different orifice diameters of 10, 50, 100, 500, and 1000 nm. 

 

4.3.1 Validation of the Constructed MDPD Model 

To compare our results to the reference study [139], there is a need to 

perform a unit conversion of the results in reduced units obtained from our MDPD 

simulations to real units. We show in this section that due to the large coarse 

graining level, 𝑁𝑚, the converted results in real units are unphysical. Hence, we 

came up with a conversion methodology to overcome this problem. This 

conversion methodology is presented, and the final comparison is depicted in the 

following subsections.  
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4.3.1.1 Problem due to Large Coarse-graining Level 𝑵𝒎 

           To illustrate the problem encountered due to the large coarse-graining level, 

𝑁𝑚, the detailed conversion from reduced units to real units for the case of the 30 

micron nozzle (𝑟𝑐 = 15, 000𝑛𝑚) is presented here. Following the conversion table 

presented in Table 4.2, and the computed coarse-graining level presented in Table 

4.5, we can arrive at the following fundamental quantities.  

 

𝑚𝑝 = 𝑁𝑚𝑀𝑤 = 1.129 ∙ 1013 × 18 amu = 3.375 ∙ 10−13kg 

𝑇 = 300 𝐾 

𝑟𝑐 =  1.50 × 10−5 m 

𝐸 = 𝑘𝐵𝑇 = 4.142 ∙ 10−21 𝐽 

𝑡 = √
𝑚𝑟𝑐

2

𝐸
= 0.135 𝑠 

𝐹 =
𝑚𝑟𝑐

𝑡2
=

𝐸

𝑟𝑐
= 2.761 ∙ 10−16 𝑁 

𝑃 =
𝐹

𝐴
=  1.276 ∙ 10−4 𝑃𝑎 

𝑉 = √
𝐸

𝑚
= 1.108 ∙ 10−4 𝑚 𝑠⁄  

 

          The MDPD simulated physical parameters in reduced units is than multiplied 

by these fundamental quantities to obtain the results in real units. Taking velocity 

as an example, let the reduced units result be 𝑉∗ = 2.20, and the velocity in real 
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units be 𝑉𝑟𝑒𝑎𝑙. Then 𝑉𝑟𝑒𝑎𝑙 = 𝑉∗ × 𝑉. The simulated results in reduced and real 

units are presented in Table 4.6 for both the 10 and 30 micron diameter nozzle.   

 

Table 4.6: The simulation result of water droplet formation from 10 and 30 micron 

nozzle in reduced and real units. 

 

 

          From Table 4.6, we can see that the physical quantities in real units are too 

low to be physically meaningful, and this is a direct result of the large coarse 

graining factor necessary to accommodate the small simulation domain. The same 

problem is also noted in references [157-159]. In order to obtain physical quantities 

in meaningful orders of magnitude, the domain size has to be increased to a point 

where the computational cost will be impractically expensive. Thus, we came up 

Nozzle Size 10 micron 30 micron 

Unit Reduced Real Reduced Real 

𝑟𝐶 (nm) 1 5,000 1 15,000 

𝑚 (kg) 1 1.250E-14 1 3.375E-13 

𝜀 (J) 1 4.142e-21 1 4.142e-21 

Time (s) 0.01 8.686e-05 0.01 0.0014 

Velocity (m/s) 2.20 1.300E-03 2.20 2.437e-04 

Force (N) 1 1.325E-11 1 4.418E-12 

Pressure (Pa) 1 3.400E-03 1 1.276E-04 

𝑇 (K) 1 300 1 300 
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with a conversion strategy to adjust these physical quantities to a physically 

meaningful magnitude without having to increase the domain size. 

 

4.3.1.2 Conversion Methodology 

         Although DPD is a truly scale-free method, which means that it is possible 

to scale DPD simulations into any desired length scale [160], the detailed 

computation above shows that the calculated results when we convert from reduced 

to real units may not be physically meaningful. By careful evaluation of the 

conversion process, we found that the crux of the problem lies with the small 

simulation domain and high level of coarse-graining. The large coarse graining 

factor results in a large intrinsic length scale,  𝑟𝑐, while the intrinsic energy ε still 

remains small. The intrinsic energy ε can be increased only if the simulation 

domain size is allowed to increase, but this will lead to undesirably large 

simulation domain and increased computational cost. This is the reason why the 

value of these physical quantities in real units are unrealistically low. This problem 

is significantly obvious for 3D inkjet printing because the simulated droplet 

velocity is far too low (at 10−3-10−4m/s – see Table 4.6) while the typical droplet 

velocity in 3D inkjet printing is between 1-10 m/s [161].  

 

The idea behind this conversion strategy is to artificially increase the 

energy, ε, of the system without increasing the domain size. This is not the same as 

normal scaling laws in DPD where levels of coarse-graining are changed according 

to changes in the sizes of the domains [160, 162]. The increase in ε can be achieved 
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in the MDPD simulation by artificially adding polymeric ink in the constructed 

nozzle, while still keeping the other parameters and dimensions constant. This is 

illustrated in Figure 4.8. The energy measured during the simulation will increase 

in tandem with an increase in number of beads, since energy is directly 

proportional to the number of beads in the system. In this conversion strategy, 

instead of actually simulating the increase in number of beads, the energy of the 

system is artificially adjusted by modifying the conversion equation of energy ε (as 

shown in Table 4.2) from 𝜀= 𝑘𝐵𝑇 to 𝜀 = 𝐶𝑘𝐵𝑇. 𝐶 is the factor that accounts for 

the artificial increase in number of beads as it is illustrated in Figure 4.8, that is, 

should the number of MDPD beads simulated be 𝑁𝑏𝑒𝑎𝑑𝑠, the number of beads is 

artificially increased to 𝐶𝑁𝑏𝑒𝑎𝑑𝑠 in this conversion. By adjusting ε in this way, the 

magnitude of time, pressure and velocity can be adjusted to a compatible order of 

magnitude for comparison with the reference study. By this conversion 

methodology, thus, DPD simulation in reduced units is possible to be converted 

into any desired length scale in real units, regardless of simulation domain size and 

level of coarse-graining. 
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Figure 4.8: The illustration of the conversion methodology’s concept.                         

(A) the simulation system (B) the system with artificial increasing of number of 

beads  in order to adjust energy ε . 

 

4.3.1.3 Validation of the Conversion Methodology 

          In order to validate this method of conversion, additional simulations are 

conducted with 32,000 and 64,000 beads, i.e. the values of 𝐶 = 2 and 4 

respectively when compared to the base case of 16,000 beads. We found that the 

results obtained through this conversion strategy from the base case is in good 

agreement with the actual run of simulation cases with 32,000 and 64,000 beads. 

This is shown in Figure 4.9, and we can see that the two results agree within 10% 
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range of error. With this, we conclude that the conversion strategy discussed herein 

is relatively accurate and can be considered as a useful alternative to increase the 

energy level to realistic values without extremely expensive computational cost. 

 

  

 

 

 

 

 

 

 

Figure 4.9: The validation to verify the compatibility between the converting 

method and actual MDPD simulation of 32,000 and 64,000 beads. 

 

4.3.1.4 Comparison to a Physical Microscale Study 

          With the conversion strategy validated, it is then used to convert the 

simulated results, presented in Table 4.6, to a physically meaningful regime in real 

units. The converted results are presented in Figure 4.9, together with the 

experimental results from the reference study. It is to be noted that the pressure 

considered in reference study [139] is the applied pressure at the inlet of the inkjet 

chamber, whereas the pressure measured in MDPD is the effective pressure at the 

nozzle’s end. For comparison, the effective pressure from MDPD’s simulation 
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results can be converted to applied pressure using the efficiency of energy 

conversion data presented in reference [139] figure 4.10 (b) and (c). This efficiency 

of energy conversion measures the energy loss along the pathway of ink from the 

pressure inlet to nozzle’s end.  

          As can be seen from Figure 4.10, there is good agreement between the 

results from MDPD simulation and those gathered from reference study. The 

simulation results exhibit the same trend as the experimental results, such that the 

smaller the nozzle, the higher the pressure needed to attain the same inkjet droplet 

velocity. The performance of MDPD simulations in the microscale is consistent 

with the reference within 10% range of error for both size of the nozzles. The 

reason behind this amount of 10% error is potentially caused by the different setup, 

since MDPD only simulates the end part of the nozzle. Furthermore, error can also 

occur because the observed pressure from both cases is related by a scaling 

constant according to the different methods of measurement: the applied pressure 

from experimental reference and the effective pressure from MDPD simulation that 

has been mentioned earlier.  
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Figure 4.10: The comparison between reference study and simulation of 10 and 30 

micron nozzles. 

 

          With these rigorous comparison, the MDPD model is considered validated. It 

will now be used to numerically characterized nano-droplet formation. 

 

4.3.2 Numerical Study of Nano-droplet Formation 

          In this section, the nano-droplet formation of polymeric ink by MDPD (see 

Figure 4.11) is investigated numerically based on five coarse-graining levels 

determined by the corresponding diameters of the nozzle’s end as listed in Table 

4.4 (10, 50, 100, 500 and 1000nm nozzle). The aim is to examine the effect of 

effective pressure and temperature on nano-droplet formation that are important 

physical conditions and necessary to be considered in the actual working 

conditions of 3D nano-inkjet printing. To determine the conversion factor 𝐶 to be 
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used in this section, velocity was used as a gauge. 𝑉𝑟𝑒𝑎𝑙 was set to 5 𝑚 𝑠⁄ , since the 

typical droplet velocity in 3D inkjet printing is between 1 − 10 𝑚 𝑠 ⁄ [161], and the 

conversion factor 𝐶 was determined from this.     

       

 

 

 

 

 

 

 

 

 

Figure 4.11: Nano-droplet formation of polymeric ink composing of oligomer 

(red) and monomer (blue) by using MDPD simulation (the nozzle is visualized). 

 

4.3.2.1 The Effect of Temperature on Nano-droplet 

Formation 

          The results in Figure 4.12 show that the droplet diameter increases slightly 

with increasing temperature for all nozzle sizes. It is because the increasing 
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temperature lowers surface tension which allows the size of droplet becoming larger [163]. 

As temperature increases, the effective pressure at the nozzle’s end to generate the 

droplet formation must also be increased correspondingly due to higher kinetic 

energy at higher temperature as it is shown in the column chart depicted in Figure 

4.13. Figures 4.14 and 4.15 shows that the higher kinetic energy at higher 

temperature resulted in faster rate of droplet formation with lower droplet break-up 

time, and higher droplet initial velocity. It is necessary to consider these physical 

quantities in order to adjust the droplet diameter and proper droplet velocity in 

practical 3D inkjet printing as it is shown in this study that these are affected by the 

operation temperature.  

 

  

 

 

 

 

 

Figure 4.12: The effect of temperature on droplet diameter of various sizes of 

nozzle’s diameter. 
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Figure 4.13: The effect of temperature on effective pressure of various sizes of 

nozzle’s diameter. 

 

 

 

 

 

 

 

 

Figure 4.14: The effect of temperature on first droplet formation break-up time                                                   

of various sizes of nozzle’s diameter. 
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Figure 4.15: The effect of temperature on initial droplet velocity. 

 

4.3.2.2 The Effect of Effective Pressure 

          As shown in Figure 4.16, the magnitude of effective pressure is directly 

proportional to the size of applied force and it is found that smaller sizes of nozzle 

require higher effective pressures in order to form nano-droplets. Due to small size 

of droplet, size of surface tension becomes larger resulting in higher disjointing pressure 

for droplet formation which is extremely high for nanoscale [164]. As an estimation for 

the size of effective pressure from the same figure, for example, the order of 

magnitude of effective pressure for 10 nm nozzle needs to be around 300 MPa in 

order to generate nano-droplet formation with a velocity of 5 m/s. Thus, it is 

obvious that effective pressures in smaller sizes of nozzle also have to be 

significantly large in order to generate the nano-droplets. The increasing trend of 

effective pressure reduces both the size of droplet diameter and break-up as can be 

seen from Figures 4.17, 4.18 and 4.19. Figure 4.17 illustrates the graphs shown in 
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Figure 4.18 and 4.19, and gave a pictorial description that the higher effective 

pressure results in a higher rate of droplet formation, and smaller droplet diameters 

in all sizes of the nozzle. In addition, by the comparison between Figures 4.15 and 

4.20, we can conclude that increasing the driving force or effective pressure is 

more effective than the increasing of temperature in order to raise the nano-droplet 

velocity. Since the nano-droplet velocity affects the printing resolution (lower 

velocity, higher resolution), the ability to control nano-droplet velocity is one 

important factors to be considered in practical printing [165-167]. 

 

 

 

 

 

 

 

Figure 4.16: The effect of effective pressure (implemented by different sizes of 

force in reduced unit) of various sizes of nozzle’s diameter. 
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Figure 4.17: Nano-droplet formation at the same distance by magnitudes of 

effective pressure in reduced unit. (A) F=0.5, the droplet occurs at 38,500th steps 

(B) F=1.0, the droplet occurs at 15,100th steps (C) F=1.5, the droplet occurs at 

10,200th steps. 

 

 

 

 

 

Figure 4.18: The effect of effective pressure (implemented by different sizes of 

force in reduced unit) on droplet diameter of various sizes of nozzle’s diameter. 
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Figure 4.19: The effect of effective pressure on first droplet break-up time                                                           

of various sizes of nozzle’s diameter. 

 

 

 

 

 

 

 

 

Figure 4.20: The effect of effective pressure on initial droplet velocity. 
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4.4 CONCLUSIONS 

In this study, MDPD was effectively used to model the process of droplet 

formation in both micro and nano scale. The problem of large coarse-graining level 

when scaling up to microscale was also addressed in this study using a novel 

conversion methodology. In the numerical characterization of nano-droplet 

formation, it was found that the effective pressure needs to be higher in smaller 

nozzle diameters. Higher effective pressures can be used to reduce droplet diameter 

and droplet break-up time while higher temperatures will increase the size of 

droplet diameter with a decrease in break-up time.  

Apart from these, it was found that MDPD can effectively capture 

agglomeration as a form of ink deposition on the nozzle’s wall during droplet 

formation as observed in Figure 4.13. It will be interesting to investigate this 

finding further because ink deposition on the nozzle’s wall can lead to nozzle 

clogging. This would be addressed in the next chapter. 
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CHAPTER 5  NUMERICAL STUDY OF SURFACE 

AGGLOMERATION IN 3D NANO-INKJET PRINTING BY 

MANY-BODY DISSIPATIVE PARTICLE DYNAMICS 

           

          In the previous chapter, ink deposition on the nozzle’s wall was found to be a 

form of surface agglomeration that can potentially result in nozzle clogging. In this 

chapter, a surfactant is introduced into the MDPD simulation model to investigate 

the effectiveness of surfactant in controlling ink deposition on wall. The surfactant 

is modelled both implicitly and explicitly in this work. In an implicit model, a 

general surfactant is assumed, and the attraction parameter is tuned for optimal 

performance. On the other hand, the explicit model assumes a specific commercial 

UV ink composition with SDS surfactant, identical to that described in Chapter 3, 

and the interaction parameters are specifically computed. Apart from addition of 

surfactants, other possible solutions to reduce ink deposition on wall are proposed 

and discussed. 
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5.1 INTRODUCTION 

          To achieve continuous nanoscale flow and good working conditions of the 

3D-inkjet nozzle, a major challenge to be addressed and overcome is the 

agglomeration of ink fluid, especially as there is a significantly higher chance of 

nozzle clogging in nanoscale flow [14]. Ink fluid agglomeration can occur within 

the ink fluid itself, or it can occur on the nozzle’s wall. While the agglomeration 

process within the ink has been discussed extensively in Chapter 3, this chapter 

will focus on the agglomeration of ink on the nozzle’s wall. Prior experimental 

research found that clogging is a result of the competition between particle–fluid, 

particle–surface and particle–particle interactions [168]. As MDPD includes 

attractive forces, not only can nano-droplet formation of UV ink be modelled, but 

agglomeration in the form of ink deposition on the nozzle’s wall can also be 

simulated, as detailed in Chapter 4.  

          To investigate the possibility of using surfactants to control and reduce ink 

deposition on the inner surface of nozzle, a surfactant model must be added to the 

MDPD simulation. This necessitates the definition of surfactant specific interaction 

parameters. Here, the MDPD surfactant will be implemented with two different 

methods. The first method is an implicit method where no specific surfactant is 

assumed and the interaction parameters are varied in order to study the trend. This 

follows typical MDPD simulation process [122]. The second method is an explicit 

method, where the interaction parameters are calculated based on its molar volume 

and solubility parameter, in a manner similar to the calculation of repulsion 
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parameters in DPD simulations. In this explicit method, the UV ink composition 

commonly used in 3D inkjet printing, detailed in Chapter 3 [169], will be used. 

          In the next section, the research methodology in this study is detailed, with a 

focus on the modeling of surfactant implicitly and explicitly. Following this, the 

results of this study is discussed. In the implicit model, we discuss first the tuning 

of parameters to obtain a high quality surfactant that can potentially control ink-

surface agglomeration. After that, we vary the percentage mass of surfactant to 

check the performance of surfactant in terms of quantity. In the explicit model, we 

discuss the performance of a specific surfactant, SDS, in controlling surface 

agglomeration in terms of both quality and quantity. Finally, we consolidate all the 

MDPD simulation results to understand the performance of surfactant and its effect 

on nano-droplet formation.  
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5.2 RESEARCH METHODOLOGY 

          The MDPD simulations are carried out similar to that described in Chapter 4 

via LAMMPS. The major difference in this study is the addition of surfactants to 

the polymeric UV ink mix. Surfactants are implemented in MDPD as a molecule 

composing of a single hydrophilic bead (H) and a single hydrophobic bead (T). 

The standard value of -40 is used for the attractive interactions between the same 

type (𝐴𝑠𝑠, 𝐴𝑙𝑙) and -25 for all repulsive interactions (𝐵). These parameters are 

typical of MDPD simulations, as described in the simulation setup of the previous 

chapter, summarized in Table 4.3. The necessary attraction parameters to be 

defined are the attractions between the surfactants and ink, the H and T beads, and 

the surfactants and the nozzle’s wall (as summarized in Table 5.1). 

          In the implicit method, in order to study the effects of surfactants in general, 

the trends of these attraction parameters are investigated. The effect of surfactants 

in this case will be examined in terms of their quality and quantity. In terms of 

quality, the optimal attraction parameters between surfactant and nozzle’s wall will 

be explored. For quantity, the most suitable amount of surfactants in the ink 

composition and possible effects of addition of surfactants in nano-droplet 

formation will be determined. On the other hand, in the explicit method, these 

parameters are computed based on commercial UV ink composition. These are 

further elaborated in the subsections below. 
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5.2.1 Implicit Method 

          In the implicit method, the simplest form of UV ink, composing of only 

oligomers and monomers, are considered, as with that implemented in Chapter 4. 

This is to simplify the simulation and isolate the effects of surfactants. The new 

attraction parameters to model the surfactants are summarized in Table 5.1, and are 

derived based on the following considerations. 

- The attraction between the surfactants and the nozzle’s wall (𝐴𝑆𝑊)  

attraction is varied between -30 and -5. To prevent an overestimation of the 

surfactant’s performance, this attraction parameter will be determined as 

the minimum needed for preventing the surfactant from depositing on the 

wall based on visual inspection.  

- The attraction parameter between the H and T beads (𝐴𝐻𝑇) is varied 

between -30 and -5. To find the most suitable value, kinetic energy is used 

in this investigation because higher kinetic energy results in lower 

possibility in agglomeration [145, 170]. Thus, here we are looking for a 

value of  𝐴𝐻𝑇 that can provide the maximum kinetic energy for the ink 

system.  

- The attraction parameters between the surfactants and the ink 

(𝐴𝐻𝑂 , 𝐴𝑇𝑂 , 𝐴𝐻𝑀 , 𝐴𝑇𝑀) is varied from -20 to -40 in four different cases to 

fully determine their effects. The four cases are summarized in Table 5.1. 

For example, the attraction parameter between the H beads and the ink is -

40 while that of the T beads and the ink is -35 in case I. Here, kinetic 
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energy is also used as the gauge to decide on the optimal attraction 

parameters. 

 

          Subsequently, the parameters which demonstrated the highest quality is 

tested further with different mass percentages of surfactants in the ink’s 

compositions, namely 0.2%, 0.6%, 1.0%, 3.0%, 5.0%, 7.0% and 10.0%. These are 

compared with results obtained without the addition of surfactants as a control. The 

ink deposition will be characterized by counting the beads of the ink that remain on 

the nozzle’s wall after reaching an equilibrium. This will be compared with the 

results from the control.  

 

Table 5.1:  The summary of attraction parameters in implicit method. 

 

Surfactant  

 

𝐴𝐻𝑂 

𝐴𝐻𝑀 

𝐴𝑇𝑂 

𝐴𝑇𝑀 

𝐴𝐻𝑇 

𝐴𝑆𝑊 

I 

 

II III IV 

H-Oligomer attraction 

H-Monomer attraction 

T-Oligomer attraction 

T-Monomer attraction 

H-T attraction 

H,T-Wall attraction 

-40 

-40 

-35 

-35 

-40 

-40 

-30 

-30 

-40 

-40 

-25 

-25 

-40 

-40 

-20 

-20 

-30 to -5 

-30 to -5 
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5.2.2 Explicit Method 

          The commercial UV ink detailed in Chapter 3 is modelled here. To recap, the 

ink composes of oligomers and monomers of polyethylene glycol (PEG) and 

polystyrene (PS) with benzophenone (BZP) as the photo-initiator, in the ratio 

2.5:1:0.4. The surfactant used is SDS. The attraction (𝐴𝑖𝑗) between different types 

of MDPD beads will be calculated based on its molar volume and solubility 

parameter [171]. This is done by first computing the Flory-Huggins (𝜒𝑖𝑗) 

parameters for each pair of beads using Equation 2.22 [106] by inputting the 

solubility parameters (𝛿𝑖 and 𝛿𝑗) of the interacting pair of beads, and the mean 

molar volume of that pair of beads (𝑉𝑟𝑒𝑓). Then, the attraction interaction 

parameter, 𝐴𝑖𝑗, specific to MDPD implementation, can be estimated via Equation 

5.40 [171], in a similar manner as the calculation of the repulsion parameter for 

DPD simulations in Chapter 3 by Equation 2.20. 

𝐴𝑖𝑗  ≈ 𝐴𝑖𝑖 + 0.606𝜒𝑖𝑗                             Equation 5.40 

Note that 𝐴𝑖𝑖 is the attraction between the same kind of MDPD bead and this is 

equal to -40 as in typical MDPD simulation setup. The calculated parameters are 

summarized in Table 5.2. 
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Table 5.2:  The summary of attraction parameters in explicit method. 

 

PEG PS BZP SDST SDSH 

PEG -40 
    

PS -35.84 -40 
 

  BZP -36.84 -39.56 -40 

SDST -34.87 -39.99 -39.62 -40 
 

SDSH -38.22 -23.28 -25.63 -20.83 -40 

 

          Since no assumption is made on the nozzle wall, the attraction parameters 

between the surfactant and the nozzle’s wall (𝐴𝑆𝑊) remains at -20, and that 

between the ink and nozzle’s wall (𝐴𝑠𝑙) remains at -30, as determined in the 

implicit method. 
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5.3 RESULTS & DISCUSSIONS  

 

5.3.1 Implicit Method 

          As described in Section 5.2.1, several attraction parameters, summarized in 

Table 5.1, has to be tuned for the addition of surfactants to our MDPD simulation 

model. The performance of the added surfactants in reducing agglomeration within 

the ink can be investigated by quantifying the system’s kinetic energy because 

kinetic energy is a good measure of the probability of agglomeration: higher 

kinetic energy is correlated with reduced agglomeration [72]. Also, the 

performance of the surfactant in reducing ink deposition on nozzle’s wall can be 

determined by visual inspection of ink deposition, or by quantifying the percentage 

of ink deposited on the wall. In this section, the set of parameters that defines the 

surfactant with the highest quality through these performance indicators would be 

determined.  

 

5.3.1.1 Tuning of Parameters – Quality Study 

 The first parameter considered here is the attraction parameter between 

surfactant and wall, 𝐴𝑆𝑊. It was found that reducing the attraction parameter 

between the ink and wall can prevent deposition of the ink on the nozzle’s wall 

[172-174]. A suitable surfactant is one that does not deposit itself onto the wall. 

Compared to -25 of 𝐴𝑆𝑊, the value of -20 for 𝐴𝑆𝑊 was determined to be the 

minimum required to prevent the surfactant from depositing on the wall by visual 
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inspection. In Figure 5.1, there is no surfactant as deposit on the nozzle’s wall after 

the majority of has already moved down for 𝐴𝑆𝑊 at -20 while there is a few of 

surfactants left on the wall at -25. 

 

 

 

 

 

 

 

Figure 5.1: Investigation for the suitable ASW based on ink deposition on the 

nozzle’s wall (highlighted part), in this case, the ink compositions compose of 

oligomer (red), monomer (blue) and surfactant (white-H, yellow-T) by implicit 

method. The nozzle is hidden. (A) value of -25 for ASW (B) value of -20 for ASW.  

 

          With 𝐴𝑆𝑊 decided, 𝐴𝐻𝑇, the attraction parameter between surfactant head 

and tail, is tuned next. An optimal surfactant is one that would reduce 

agglomeration, and hence, the 𝐴𝐻𝑇 which allows the entire system to have the 

highest kinetic energy would be chosen. The dependence on kinetic energy on 𝐴𝐻𝑇 

is shown in Figure 5.2. It can be seen that the peak of total kinetic energy occurs at 

a 𝐴𝐻𝑇 value of -20 for all different cases. Thus, this value is the optimal attraction 

parameter to imitate the proper interaction between head and tail beads of the 
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surfactant model in general by the implicit method. In addition, at 𝐴𝐻𝑇=-20, this 

magnitude of the attractive component is lower than that of the standard repulsion 

value (𝐵𝑖𝑗=25), resulting in non-wetting fluid behavior [123].   

 

 

 

 

 

 

 

Figure 5.2: H-T attraction verification based on -20 of H,T-Wall attraction. 

 

          To tune the attraction parameters between the surfactant and ink 

(𝐴𝐻𝑂 , 𝐴𝐻𝑀 , 𝐴𝑇𝑂 , 𝐴𝑇𝑀), the four cases according to Table 5.1 are implemented. The 

resulting total kinetic energy for cases I, II, III and IV in reduced units are 

0.453086, 0.452949, 0.457324 and 0.445218 respectively. Thus, the parameters 

used in case III is the most suitable because it resulted in the highest value of 

kinetic energy. From these simulation results, the values of -20 for both 𝐴𝑆𝑊 and 

𝐴𝐻𝑇, as well as the attraction parameters defined in case III will be used in all 
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subsequent simulations. The final attraction parameters optimized for surfactant’s 

de-agglomeration performance are summarized in Table 5.3.  

 

Table 5.3:  The summary of final attraction parameters in implicit method. 

 

 

 

 

 

 

5.3.1.2 Optimal Mass Percentage of Surfactant – Quantity 

Study 

          To investigate the effect of MDPD surfactant’s loading amount on its 

performance, ink deposition on nozzle’s wall can be easily measured in MDPD by 

visually looking at the amount of ink attached to the nozzle’s wall throughout the 

simulation. Pictorial representation of the MDPD simulation with different amount 

surfactant composition is provided in Figure 5.3. It can be observed that the main 

source for this type of agglomeration is mostly due to monomer deposition. Also, 

visual inspections show that increasing the concentration of surfactants is 

concomitant with a reduction in ink deposition on the nozzle’s wall. The 

quantitative result depicting the percentage of ink deposition on nozzle’s wall at 

H-Oligomer attraction 

H-Monomer attraction 

T-Oligomer attraction 

T-Monomer attraction 

H-T attraction 

H,T-Wall attraction 
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-40 
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-25 

           -20 

-20 



123 

 

different surfactant loading is presented in Figure 5.4. Here, it is clearly seen that 

there is a sharp reduction on ink deposition as surfactant mass increases from 0 to 

about 1%. As surfactant mass increases beyond 1%, the reduction tapers off with 

ink deposition staying constant at about 10%. These results demonstrate that 

surfactants can effectively reduce ink deposition on the nozzle’s wall, by up to 

87%, and only small amounts (about 1 wt%) are needed to improve the ink’s 

hydrodynamic quality. This is in line with the current surfactant mass percentage 

used in commercial UV ink. From previous studies, it was found that the amount of 

surfactants inside UV ink compositions is normally less than 10 wt% [175, 176], 

with varying amounts for each specific kind of UV ink. For example, in UV 

curable acrylate-based ink, the percentage of surfactants added is 0.05 to 1.5 wt% 

[177]. Furthermore, some commercial UV curable inks usually has between 0.2-3.0 

wt% [178-180] of surfactants. Thus, the simulation results here is relatively close 

to the actual amount in commercial applications. 
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Figure 5.3: The ink deposition of oligomer (red), monomer (blue) and surfactant 

(white-H, yellow-T) by implicit method. The nozzle is hidden. (A) The UV ink 

without surfactant. (B) The UV ink with 0.2% of surfactant.  (C) The UV ink with 

0.6% of surfactant. (D) The UV ink with 1.0% of surfactant. (E) The UV ink with 

3.0% of surfactant. (F) The UV ink with 5.0% of surfactant. (G) The UV ink with 

7.0% of surfactant and (H) The UV ink with 10.0% of surfactant. 
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Figure 5.4: Surfactant performance by implicit method based on percentage of ink 

deposit on nozzle’s wall. 

 

          If quantitative analysis is applied to the amount of monomer and oligomer in 

the deposit on the nozzle’s wall, the deposit ratio of monomer is slightly higher 

than oligomer without surfactant (see Figure 5.5). The deposit ratio is significantly 

increased since small amount of surfactant starts the appearance. After that, the 

deposit ratio of monomer to oligomer is continuously increased due to the higher 

the percent by mass of surfactant. In this case, it is obvious that monomer is the 

main source of surface agglomeration especially when the amount of surfactant is 

increased. 
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Figure 5.5: The deposit ratio of monomer to oligomer based on percent by mass of 

surfactant. 

 

5.3.2 Explicit Method 

          Whilst the implicit method seeks to optimize surfactant’s properties for 

effective de-agglomeration, modeling the surfactants explicitly is a more practical 

approach since a specific surfactant and ink composition is assumed. Instead of 

varying the attraction parameters and optimizing them, in this method, attraction 

parameters between MDPD beads of different types (𝐴𝑖𝑗) are instead calculated 

based on the molar volume and the solubility parameters of the ink’s compositions, 

as computed in Section 5.2.2. The results from this explicit study is pictorially 

represented in Figure 5.6, and quantitatively in Figure 5.7. It can be seen that the 

explicit method gives similar results as the implicit method. The same trend where 

the addition of surfactants, in this case, specifically SDS, reduces surface 
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agglomeration can be visually observed, but by comparison with Figure 5.3 and 

Figure 5.4, the reduction is much less pronounced. Instead of reducing the 

agglomeration by 87%, the maximum reduction observed here is 60%, as shown in 

Figure 5.7.  This is expected, though, since the surfactant derived using the implicit 

method is optimized for de-agglomeration (as described in Section 5.3.1.1), while 

the surfactant assumed in this case is a common surfactant available commercially, 

SDS. However, attraction values computed for SDS are actually relatively close to 

the values obtained in the implicit method via optimization (compare Table 5.3 and 

Table 5.2) especially 𝐴𝐻𝑇. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: The ink deposition of PEG (red-monomer, oligomer), PS (blue-

monomer, oligomer), surfactant (white-H, yellow-T) and photo-initiator (pink) by 

explicit method. The nozzle is hidden. (A) The UV ink without SDS. (B) The UV 

ink with 0.2% of SDS.  (C) The UV ink with 0.6% of SDS. (D) The UV ink with 

1.0% of SDS. (E) The UV ink with 3.0% of SDS. (F) The UV ink with 5.0% of 

SDS. (G) The UV ink with 7.0% of SDS and (H) The UV ink with 10.0% of SDS. 
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Figure 5.7: Surfactant performance by explicit method based on percentage of ink 

deposit on nozzle’s wall. 

 

Moreover, the significance of chemical effect of surfactant on deposit reduction is 

clearly investigated comparing with the effect of driving pressure. It is found that 

the driving pressure is needed to be increased to around 3.5 times in order to reach 

just nearly 20%. Normally, high velocity and high driving pressure can be used to 

prevent nozzle clogging [172] but it is not effective in this case because wetting 

behavior at nanoscale [181, 182]. Thus, the chemical effect of surfactant is superior 

to the mechanical effect on deposit reduction because only 1% of surfactant can 

reach 60% as previously discussed in Figure 5.8. 
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Figure 5.8: The effect of driving pressure’s magnitude by explicit method based 

on percentage of ink deposit on nozzle’s wall. 

 

          From the explicit method, it can also be concluded that the addition of 

commercially available surfactants may not be sufficient in controlling ink 

deposition on wall, since the maximum reduction in ink deposition is observed to 

be 60% even at high concentration of surfactants. In the event that no surfactants 

with the optimal parameters described in the implicit method can be found, further 

de-agglomeration techniques must be considered. This is especially important in 

the nanoscale, since the issue of nozzle clogging due to agglomeration is much 

more significant as compared to larger scales. 
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5.3.3 Additional De-agglomeration Techniques 

          From the results in previous section, the addition of commercially available 

surfactant SDS to complex UV ink compositions cannot effectively control ink 

deposition. More physical or chemical techniques are needed to prevent potential 

sources of nozzle clogging, since it is unknown at this point whether the optimal 

surfactant described in the implicit study can be found. Potential de-agglomeration 

methods include the use of electric fields and non-wetting coat on the nozzle’s 

wall. In this case, electric field or electric charge is more popular in both 

experiment and simulation implementation [172, 183-185]. The use of such surface 

treatments effectively alters the interaction between ink and nozzle’s wall, and this 

can be captured in our MDPD simulation model by adjusting the attraction 

between the ink and the nozzle’s wall (𝐴𝑠𝑙). In this study, we vary the 𝐴𝑠𝑙 

parameter from -30 to -25 to determine the effects of reduced attraction between 

the ink and the nozzle’s wall. The results are presented in Figure 5.9 graphically 

and 5.10 pictorially. A surfactant concentration of 1 wt% is used here. It can be 

observed that the ink deposition is significantly reduced by 92% in this case, which 

is much better than the 60% achieved with the addition of SDS alone.  

          The effect of reduction in surface attraction alone is also observed in the 

same Figure. At the starting point that 𝐴𝑠𝑙 is equal to -30, 1% of surfactant can 

reduce 60% of surface agglomeration. When the attraction is continuously reduced 

by the increasing of 𝐴𝑠𝑙, there is the convergence of both trend lines and the effect 

of surfactant is insignificantly higher than the effect of reduction in surface 

attraction alone at -25. Hence, it can be concluded that additional physical and 
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chemical de-agglomeration techniques can be considered for nanoscale printing in 

order to effectively eliminate ink deposition and create a sustainable printing 

condition without nozzle clogging.  

 

 

 

 

 

 

 

Figure 5.9: The effect of Ink-Nozzle’s wall attraction on the percentage remainder 

of ink deposit. 
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Figure 5.10: The ink deposition of PEG (red-monomer, oligomer), PS (blue-

monomer, oligomer), surfactant (white-H, yellow-T) and photo-initiator (pink). 

The nozzle is hidden. (A) The UV ink without SDS (B) The UV ink with .01% of 

SDS (attraction between ink and nozzle’s wall to be -30) and (C) The UV ink with 

1.0% of SDS and the adjusted attraction between ink and nozzle’s wall to be -25. 
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5.3.4 The Effect on Nano-droplet Formation 

  Normally, the driving pressure is the main controlling effect on nano-

droplet size, velocity and break-up time that is the spending time after driving 

pressure is applied until the droplet is fully developed. In Figure 5.11, it is obvious 

that the higher driving pressure results in smaller nano-droplet size, faster velocity 

and lower break-up time. 

 

 

 

 

 

 

 

Figure 5.11: Nano-droplet formation at the same distance by magnitudes of 

effective pressure in reduced unit. (A) F=0.5, 329 MDPD beads appear as a droplet 

at 39,000th steps (B) F=1.0, 194 MDPD beads appear as a droplet at 15,600th steps 

(C) F=1.5, 112 MDPD beads appear as a droplet at 8,900th steps. 

 

However, there are several observable effects of the addition of surfactants on 

nano-droplet formation of the ink. The results from both implicit and explicit 

simulations (see Figure 5.12) show that the total kinetic energy of the system 
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increases significantly with the addition of surfactants. This is positive, since 

increase in kinetic energy implies a lower probability of agglomeration. It can also 

be seen from Figure 5.12 that the increase in KE is sharp when the mass percentage 

of surfactant is increased from 0 to 1%, but tapers off with further increase in 

surfactant mass percentage above 1%. This trend is in agreement with that 

observed in Section 5.3.1 and 5.3.2, where further addition of surfactant beyond 1 

mass percent shows little reduction in surface agglomeration.   

 

 

 

 

 

 

 

Figure 5.12: Total kinetic energy of ink system by implicit and explicit method at 

different percent by mass of surfactant. 

 

          During the formation of nano-droplets, their velocity and breakup time are 

also significantly affected by the amount of surfactants added. This is shown in 

Figure 5.13 and 5.14. From Figure 5.13, nano-droplet velocity increases slightly 

with the increase in mass of surfactants added, in both implicit and explicit cases. 
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On the other hand, Figure 5.14 shows that increasing the amount of surfactants 

reduces the nano-droplet breakup time. The same effects were observed in Chapter 

4 when temperature was increased. This increase in nano-droplet velocity and 

reduction of nano-droplet breakup time can be significantly advantageous to speed 

up printing process, especially when the printing process of very small scale 3D 

printing is known to be slow [186, 187].  

 

          Thus, from these results, it can be concluded that the effect of surfactants is 

relatively similar to the effect of increasing temperature in terms of velocity and 

breakup time, but the addition of surfactants is more energy efficient as compared 

to using thermal means. Therefore, the addition of surfactants is not only a good 

choice to improve the ink quality in reducing agglomeration but also improving 

printing efficiency via the increase of nano-droplet velocity and reduction of 

breakup time. 
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Figure 5.13: Nano-droplet velocity by implicit and explicit method at different 

percent by mass of surfactant. 

 

 

 

 

 

 

 

 

Figure 5.14: Nano-droplet break-up time by implicit and explicit method at 

different percent by mass of surfactant. 
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          In addition, only small amounts of surfactants are recommended to improve 

the hydrodynamic quality of the ink, since it is clear from this study that additional 

amount of surfactants will not provide significant improvements. If ink 

agglomeration is not improved satisfactorily with the addition of small amount of 

surfactants, additional de-agglomeration techniques can be applied to control ink 

agglomeration by reducing  𝐴𝑠𝑙. The results based on Figure 5.15-5.17 show better 

improvement of the total kinetic energy compared to the performance of surfactant 

alone and it also can significantly increase the nano-droplet’s velocity and reduce 

breakup time. 

 

 

 

 

 

 

 

Figure 5.15: Total kinetic energy of ink system by additional de-agglomerations 

method at different values of Asl, from -30 to -25 at 1% of surfactant. 
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Figure 5.16: Nano-droplet velocity by additional de-agglomerations at different 

value of Asl, from -30 to -25 at 1% of surfactant. 

 

 

 

 

 

 

 

 

Figure 5.17: Nano-droplet breakup time by additional de-agglomerations at 

different values of  Asl, from -30 to -25 at 1% of surfactant. 
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5.4 CONCLUSIONS  

          In this section, surfactants were effectively simulated using MDPD to 

characterize its effects on nano-droplet formation in 3D inkjet printing. Modelling 

surfactants in MDPD simulations requires additional attraction parameters to be 

considered: namely those between the surfactant and the nozzle’s wall; the H and T 

beads; and the surfactant and ink. These attraction parameters must be suitably 

defined in order to accurately predict the ability of a surfactant to control and 

reduce all potential sources of agglomeration. Both implicit and explicit methods 

are used to define these attraction parameters. The surfactant derived from implicit 

method is optimized for de-agglomeration, achieving a 87% reduction in ink-

nozzle agglomeration. However, it is unknown whether such a surfactant indeed 

exist. On the other hand, a commercially available surfactant, SDS, is used in the 

explicit method, which achieves only 60% reduction in ink-nozzle agglomeration. 

In addition, the surfactant’s attraction values computed both methods are relatively 

close to each other especially 𝐴𝐻𝑇. 

          In terms of quantity, both the implicit and explicit method showed that small 

amounts of about 1 wt% of surfactants is sufficient for reducing ink deposition. 

Increasing the amount of surfactants beyond 1 wt% did not provide further 

improvements. The presence of small amounts of surfactants can also slightly 

affect important parameters during nano-droplet formation, as it increases the total 

kinetic energy of the ink compositions and nano-droplet velocity, while the 

breakup time is reduced. 
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          Results from this study also demonstrated that the addition of surfactants 

alone may not satisfactorily control ink deposition in commercial UV inks, since it 

was shown using SDS that the ink deposition can reduce by only 60%. Should an 

optimal surfactant as derived using the implicit method be found to be non-

existent, further physical or chemical de-agglomeration techniques are needed. 

Examples of such de-agglomeration techniques include the application of an 

electric field or a non-wetting coat. These are modelled in MDPD by adjusting the 

attraction parameters between the ink and the nozzle’s wall in order to better 

control ink deposition. By combining these de-agglomeration techniques with 

addition of SDS surfactant, it is shown that ink deposition can be reduced by nearly 

92%.   

          Thus, our MDPD simulations demonstrate that the use of surfactant additives 

with physical and chemical de-agglomeration methods can significantly reduce and 

control ink deposition in order to maintain stability during nano-droplet formation 

in 3D nano-inkjet printing.  
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CHAPTER 6  CONCLUSIONS & FUTURE WORK 

 

6.1 CONCLUSIONS 

          Several challenges faced in recent efforts to advance nanoscale 3D inkjet 

printing can now be analyzed numerically due to advances in the computational 

simulation techniques of DPD and MDPD. In this thesis, agglomeration, one of the 

main challenge in nanoscale 3D inkjet printing that causes nozzle clogging, is 

thoroughly addressed using a combination of DPD and MDPD simulations. DPD 

simulations were performed to investigate the aggregation morphology of 

commonly used UV ink, mainly composed of oligomers or monomers of PEG and 

PS, and a photo-initiator (BZP). From the simulations conducted, it was found that 

the PEG to PS ratio of 3:1 gave the best agglomeration morphology in terms of the 

particle uniformity, agglomerate size, and particulate dispersion. To promote more 

desirable agglomeration morphology, a suitable surfactant, SDS, was introduced 

into the ink composition. Simulation results showed that the addition of SDS 

effectively broke down large agglomerates, from 520Å to 440Å, with an improved 

distribution, from 7 clusters to 14 smaller clusters. Thus, it can be concluded that 

the addition of SDS can effectively reduce the risk of nozzle clogging and form 

better dispersion uniformity.  
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          In order to examine nano-droplet formation in a nano-sized nozzle, the 

MDPD method was used instead of the DPD method, since MPDP accounts for 

attractive forces between the DPD beads, thereby allowing vapor-liquid 

coexistence. To validate the MDPD model, efforts were made to compare the 

results from our MDPD model to a microscale experiment published previously. 

Good agreement was found, where the MDPD model was consistent to within an 

error of 10%. Through the validation process, we also found that the unrealistic 

low numerical values of physical parameters (like pressure or velocity) from 

MDPD simulations were caused by the small simulation domain. To overcome this 

problem, a new conversion methodology was proposed. The new conversion 

methodology works by artificially adjusting the energy of the simulated system to 

increase the numerical values of various physical quantities to realistically 

achievable range. This allows us to use the MDPD simulation results to provide 

further insights into possible trends of various physical quantities in nano-droplet 

formation. One of the conclusions drawn from this study is that a substantially 

higher driving force was needed to initiate nano-droplet formation as nozzle sizes 

decrease. The estimated effective pressure at the end of a 10 nm nozzle was on the 

order of 300 MPa for generating nano-droplet formation at a velocity of 5 m/s. It 

was further found that all of the physical quantities related to nano-droplet 

formation investigated in this study (droplet’s diameter, droplet velocity, and 

droplet break-up time) were influenced by temperature and pressure. It was found 

that higher temperatures and applied pressures promoted faster nano-droplet 
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formation by reducing droplet break-up time and increasing droplet velocity. In 

addition, higher temperatures increased the droplets’ diameter while higher 

effective pressures reduced it. 

  Another potential source of agglomeration is the attraction between the ink 

and the nozzle’s wall, resulting in the formation of ink deposits. The same 

composition of UV ink in prior DPD simulations was used again with the same 

surfactant in MDPD to investigate its performance in controlling ink deposition on 

the nozzle’s wall. 0.2-3.0 wt% of surfactant was found to be sufficient for 

enhanced performance. The addition of SDS was found to reduce the amount of 

ink deposition on the wall by 60%. However, as the leftover amount of ink deposit 

(40%) was considerably high even with the addition of SDS, other de-

agglomeration technique was considered to improve the performance further. By 

applying physical or chemical techniques such as an electric field or a non-wetting 

coat, the attraction between ink and nozzle’s wall could be reduced to control the 

ink deposition. Through this combination, the reduction in ink deposition increased 

from 60% to nearly 92%.  Furthermore, this series of simulations also revealed that 

the presence of small amount of surfactants slightly affected the physical quantities 

during nano-droplet formation: the total kinetic energy of the ink compositions and 

nano-droplet velocity were increased while nano-droplet breakup time was 

reduced. 

  In this thesis project, DPD and MDPD simulations were effectively used to 

study the different forms of agglomeration that could occur in nanoscale 3D inkjet 

printing, and the results can help to solve the associated challenges faced in its 
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future development. The reduction and control of agglomeration can be 

investigated in a high-throughput manner by varying the composition of the ink, 

the inclusion of surfactants, while implementing other physical or chemical de-

agglomeration techniques. The resulting nano-droplet formation can also be 

investigated and general trend of important physical quantities can be provided to 

guide the actual implementation of nanoscale inkjet-based additive manufacturing 

technology. 
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6.2 SUMMARY OF NOVELTIES & CONTRIBUTIONS 

          The main novelty in this thesis project is that it is the first numerical work 

using Dissipative Particle Dynamics (DPD) and Many-body Dissipative Particle 

Dynamics (MDPD) simulation techniques in the field of additive manufacturing 

(3D inkjet printing). DPD and MDPD is found in this thesis to be a powerful tool 

to model this phenomenon due to their appropriate length scale and cost 

effectiveness. 

          Thus, this thesis can potentially inspire more work in the use of such 

mesoscale techniques to study nano-droplet formation. The thesis consists of 3 

main parts: 

1. The first focuses on the use of DPD to study agglomeration problem, which 

is one of the main challenges impeding the breakthrough of 3D nano-inkjet 

printing. 

2. Thereafter, MDPD was used to perform a numerical study on nano-droplet 

formation and characterize the effect of important physical parameters. 

3. The third study involved the study of surface agglomeration, which is also 

envisaged to be a leading challenge in nanoscale 3D nano-inkjet printing.  

 

          The MDPD model built for this study is the first of its kind and can be used 

in the future for more extensive studies in the field of 3D nano-inkjet printing. In 

the sections below, the novelty and contributions of each part of the thesis will be 

further elaborated. 
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Part I: Numerical Characterization of Ultraviolet Ink Fluid Agglomeration 

and the Surfactant Effect 

 This is the first study done on the numerical analysis of UV ink commonly 

used in 3D printing nowadays using DPD to understand the agglomeration 

morphology and surfactant effect 

 This work studied different ratios of the ink composition that can result in 

different agglomeration morphologies and level of dispersion uniformity. 

From this study, an optimal ratio is found which can reduce agglomeration 

and increase dispersion, which can potentially contribute to future 

experimental work and physical implementation.  

 The contribution of additives is studied in detailed here to investigate its 

effects on agglomeration, and how they can be used to alleviate the 

problem. From this research, it was found that the surfactant (SDS) can 

reduce the average size of agglomerates and increase dispersion uniformity 

resulting in improvement of UV ink’s quality. This can again potentially 

contribute to future experimental work and physical implementation. 

 

 

Part II: MDPD Simulations of Nano-droplet Formation in 3D Nano-Inkjet 

Printing 

 A detailed optimization study was done in this part of the thesis to come up 

with a suitable attraction value for solid-liquid interaction (𝐴𝑠𝑙=-30) which 

is required to model the nano-droplet formation phenomenon in MDPD. 
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This value was optimized in this study based on theoretical and 

experimental considerations, and otherwise cannot be found in existing 

literature. 

 A novel unit conversion methodology is introduced in this thesis to 

artificially gain physically meaningful results in real units. This conversion 

method is required as the small simulation domain and large coarse 

graining level leads to physically unmeaningful results (for instance, 

unphysically low velocity and applied pressure). This is a common problem 

in DPD and MDPD simulations, and typically, the simulation domain has to 

be enlarged to solve this issue. This leads to unrealistically large 

computational time. By artificially adding MDPD beads of ink inside the 

system, it can scale up the simulation model via increasing of force and 

energy without interfering with the relationships between physical 

parameters. Actual simulations (32,000 and 64,000 beads of MDPD ink) 

were additionally performed to validate the unit conversion methodology. 

This conversion methodology can potentially be employed in DPD and 

MDPD simulations where the coarse graining level is large to save on 

computational resources. 

 The MDPD model together with the unit conversion methodology (scaling 

analysis) is found to be able to replicate experimental results within the 

range of 10% error. This is a strong validation of the MDPD model, which 

can then be used to study in detail the various parameters that affect nano-

droplet formation. 
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 This is the first numerical study in nano-droplet formation in 3D nano-

inkjet printing, performed via MDPD. 

 Using the MDPD model, studies were conducted to determine the effects of 

temperature and pressure on nano-droplet formation. From this study, it 

was found that suitable temperature and pressure is important to generate 

and control the size and other physical parameters of the nano-droplets. The 

results in this study can be used as a possible guideline for experimental 

approach. 

 

 

Part III: Numerical Study of Surface Agglomeration in 3D Nano-Inkjet 

Printing by MDPD 

 For this next part of the thesis, it was observed that there is significant 

surface agglomeration (ink deposition on the nozzle’s wall), which is 

identified to be a potential source of nozzle clogging. This observation 

means that MDPD can capture and further investigate surface 

agglomeration effects. This is the first time such type of surface 

agglomeration effects is numerically studied. 

 This is also the first MDPD work that compares the simulation results from 

implicit (all MDPD parameters from pure optimization) and more realistic 

explicit (MDPD parameters from optimization and calculation) methods. In 
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previous MDPD studies, either implicit or explicit methods are usually 

used, but this work discusses the strengths and limitations of both methods. 

 

 Surfactants were added to our MDPD model, and the resulting system can 

capture the suitable range of surfactant amount in commercial applications. 

Both explicit and implicit methods show that there is a saturation point and 

there is no further improvement of its performance beyond this point. Thus, 

only small amount of surfactants is sufficient to reach the maximum 

performance of surfactant in reducing ink deposition. This can potentially 

be useful information in actual experimental testing or applications. 

 From this study, it was also found that combination of surfactants and 

further physical or chemical de-agglomeration techniques is necessary to 

reduce and control surface agglomeration at this very small scale. Again, 

this is new information that could potentially be applied to future 

development of 3D nano-inkjet printing. 

 Finally, the study was extended to investigate the effects of adding 

surfactants to the nano-droplet formation phenomenon. It was found that 

the amount of surfactants can slightly affect total kinetic energy of ink 

compositions, nano-droplet velocity and nano-droplet breakup time during 

nano-droplet formation. This can be used as a guide for future experimental 

work.  
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          In summary, this thesis proves that DPD and MDPD are potential mesoscale 

simulation techniques that can be used to successfully study and investigate on 

further phenomena related to 3D nano-inkjet printing. As an example, they can be 

used to model nano-droplet wetting on a substrate that is shown in the section on 

possible future work. 
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6.3 LIMITATIONS OF DPD & MDPD METHODS 

          DPD simulation method has two main limitations on its performance. The 

first limitation is that DPD works well with periodic boundary conditions because 

DPD has only repulsive force. If it works without periodic boundary conditions, 

then, the simulation system will keep expanding with meaningless trajectory. For 

the second limitation, DPD is suitable for only liquid-liquid phase simulation in the 

reason that there is pure repulsive force as the same as the first limitation and the 

repulsion of DPD can only be obtained by the calculation of solubility parameter 

and molar volume. 

          As the upgrade version of DPD, the intention of MDPD is to overcome 

DPD’s limitations in simulation of different phases other than liquid-liquid phase 

simulation, solid-liquid interphase and vapor-liquid coexistence. The attractive 

force is added to MDPD and all interaction parameters of standard MDPD 

simulation can be achieved by optimization under its standard range of values. 

Apart from optimization, there is an alternative to estimate liquid-liquid attraction 

in MDPD. This is by modifying the DPD’s repulsion parameter calculation in order 

to compute the liquid-liquid attraction parameter instead while other MDPD 

interaction parameters are still obtainable via optimization and standard MDPD 

values. However, MDPD still needs more development in order to have proper 

calculation for all interaction parameters of different phases. With acceptable 

standard of its interaction parameters, MDPD will be one of the most powerful 

simulation methods in mesoscale. 
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6.4 POSSIBLE FUTURE WORK 

          MDPD simulation techniques are found to be very suitable for studying 

nano-droplet formation in 3D nano-inkjet printing and problems associated with 

nozzle clogging. Apart from what has been studied in this thesis, other important 

phenomena such as nano-droplet wetting on a substrate can also pose significant 

technological challenges in 3D nano-inkjet printing. Although the printing 

technology and solidification process of 3D printing and expected 3D nano-

printing technologies may be the same by using UV curable ink and UV light as 

the ink and source of solidification respectively, but nanoscale phenomena and its 

physical parameters are necessary to be considered and investigated because of the 

significant change in length and time scale. Important physical parameters in nano-

droplet wetting on a substrate, such as contact angle, impact velocity, and jetting 

distance can be rapidly characterized using MDPD simulations. It is relatively 

obvious that DPD and MDPD simulation methods can reduce the difficulty and 

cost of experimental approaches while establishing possible guidelines for further 

research and development of 3D nano-inkjet printing. 

 

6.4.1 Nano-Droplet Wetting on a Substrate 

          In order to complete the printing process, nano-droplet wetting on a substrate 

is an interesting topic to be studied as the next phenomenon after nano-droplet 

formation. Similar to nano-droplet formation, MDPD can simulate the solid-liquid 

interphase between nano-droplet and nozzle’s wall. The simulation can be started 
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from nano-droplet formation until it reaches on a substrate and the wetting is fully 

developed. Two interesting investigations are done as preliminary part of this 

study. First, MDPD presents the relationship between contact angle and solid-

liquid attraction parameter in Figure 6.1. When the attraction is increased in Figure 

6.2, the contact angle becomes bigger. In Figure 6.3, another investigation reveals 

that higher solid-liquid attraction parameter reduces nano-droplet impact velocity 

and time in equilibration of the nano-droplet’s dynamics on the substrate. 

 

 

 

 

 

 

 

 

Figure 6.1: Effect of solid-liquid attraction on contact angle in nano-droplet 

wetting on a substrate, PEG (red-monomer, oligomer), PS (blue-monomer, 

oligomer), surfactant (white-H, yellow-T) and photo-initiator (pink). (A) Asl = -10 

(B) Asl = -15 (C) Asl = -20 (D) Asl = -25 (E) Asl = -30 (F) Asl = -35. 
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Figure 6.2: Effect of solid-liquid attraction on contact angle in nano-droplet 

wetting on a substrate. 

 

 

 

 

 

 

 

Figure 6.3: Effect of solid-liquid attraction on impact velocity of nano-droplet 

wetting on a substrate. 
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6.4.2 Developing MDPD’s Proper Calculation for Solid-

Liquid Interaction 

          Due to MDPD limitations, MDPD simulation can be performed by using 

parameters based on optimization. Even the calculation for liquid-liquid attraction 

can imitate from DPD but there is no proper calculation for further attractions 

especially solid-solid and solid-liquid attractions. If the proper calculation for these 

important parameters can be succeeded, then, MDPD can become a powerful 

simulation method in the range of mesoscale with more versatility in computation 

similarly to MD. 

 

6.4.3 Further Studies on Agglomeration Problem 

          Because agglomeration problem is significantly severe for very small scale, 

thus, further studies on agglomeration problem can be extended in different ways. 

For examples, the effect of each physical parameters can be investigated in order to 

control sensitivity of the problem. MDPD can be used to observe agglomeration 

morphologies of special UV inks with more additives or more complicated 

compositions. Especially, when MDPD already has the proper calculation for its 

interaction parameters, the simulation results should be more accurate and provide 

better insights of agglomeration problem. Not only agglomeration problem but de-

agglomeration techniques can also be effectively captured by the implementation 

of the proper MDPD interaction parameters’ calculation with better theoretical 

compatability. 
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