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Abstract: The evolution of droplets during the printing process is modeled using the
volume of fluid (VOF) method, which involves solving the Navier–Stokes and continuity
equations for incompressible flow with multiple immiscible phases on a finite volume
grid. An indicator function tracks the interfaces and calculates surface tension forces. A
grid independence study confirmed the convergence and efficacy of the solutions. The
computational model agreed well with experimental data, accurately capturing the impact,
spreading, and recoiling of droplets on a solid surface. Additionally, the model validated
the interaction of droplets with hydrophilic and hydrophobic surfaces for both constant and
dynamic contact angles. Key non-dimensional numbers (Re, We, Oh) were considered to
study the interplay of forces during droplet impact on a solid surface. The final print quality
is influenced by droplet dynamics, governed by body forces (surface tension, gravity),
contact angle, dissipative forces due to motion, and material properties. Computational
studies provide insights into the overall process performance and final print quality under
various process conditions and material properties.

Keywords: droplet dynamics; volume of fluid (VOF) method; spreading factor; droplet-based
printing; print quality

1. Introduction
The dynamics of droplet behavior and its spreading mechanism have been extensively

explored through experimental and computational methods. The droplets interact with
the printing substrate in various ways, including spreading, rebounding, recoiling, and
splashing, as reviewed by Yarin [1]. These interactions vary depending on the process
conditions and material properties. Despite significant research on droplet spreading
simulations, there has been less emphasis on studying the recoiling behavior. This study
aims to fill that gap by providing a comprehensive three-dimensional (3D) analysis of
droplet impact, spreading, recoiling, and interaction with different surfaces.

The deposition process is characterized by the ‘Spreading Factor’, which is defined as
the ratio of the maximum spread diameter to the initial drop diameter. This factor directly
reflects the printability and quality of droplet-based printing. Experimenting with droplet-
based printing can be challenging, costly, and cumbersome. However, computational
fluid dynamics (CFD) analyses offer a practical and efficient alternative for exploring the
potential applications of droplet-based printing in additive manufacturing. Although
numerical methods for accurately representing the interfaces between different phases
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are still evolving, they hold promise for investigating droplet behavior and predicting the
outcomes of droplet-based printing.

Limited research has been conducted on the oscillatory behavior of droplets after
colliding with a solid surface. Elliot and Ford [2] studied how droplets spread and recoil
upon collision, observing changes in contact angles until equilibrium is reached. Simi-
larly, Fukai et al. [3] used both experimental and theoretical models to analyze the fluid
mechanics of droplet impact and spreading on a solid surface. While some authors have
reported empirical and semi-empirical relations for the spreading diameter based on fluid
properties and process conditions, these studies often exclude surface characteristics and
dynamic contact angles [4–8]. Pasandideh-Fard et al. [9] and Feng [10] presented improved
empirical relations incorporating advancing contact angles and energy conservation factors
for predicting the final spreading diameter.

Various modeling techniques are available for numerical investigations of free surface
flow with deformations, including explicit interface tracking and implicit Eulerian interface
capturing methods. The implicit Eulerian methods, particularly the volume of fluid (VOF)
model, are highly effective in capturing flows with deformations, including interface
breakups. Most numerical studies employ the VOF model alongside the solution of Navier–
Stokes equations and a dynamic contact angle model to accurately depict droplet impact
and spreading. For instance, Adeniyi et al. [11] used a coupled Euler–Lagrange approach
to model droplet-to-film interactions in aeroengine bearing chambers, highlighting the
challenges of modeling droplet impact phenomena in finite-volume CFD techniques.

Pasandideh-Fard et al. [9] conducted simulations using VOF and finite difference
Navier–Stokes solvers, concluding that dynamic contact angles yield more accurate results
than constant or equilibrium contact angles. Yokoi et al. [12] used the finite volume method
and VOF model, incorporating a switching function for dynamic contact angles based on the
velocity of the interface normal near the wall. Gujjula [13] employed similar methods with
different dynamic contact angle models, comparing their results to those of Pasandideh-
Fard et al. [9] and finding that the spread diameter was underestimated. Wang et al. [14]
introduced a morphology-adaptive multifield two-fluid model to simulate annular flow,
proposing a new droplet entrainment model based on the shear-off entrainment mechanism
at the gas–liquid interface.

The present study also examines the influence of various forces (surface tension,
gravitational forces, contact angle forces, and other dissipative forces), material prop-
erties (density, viscosity, and surface tension), and processing conditions (droplet size,
impact velocity, and nozzle-substrate distance) on the spreading and recoiling behavior of
droplets, which dictate the final printing resolution. Building on previous work by Shah
and Mohan [15], the present work extends the computational domain to three dimensions.
It investigates the effects of relevant non-dimensional numbers (Reynolds, Weber, and
Ohnesorge numbers) on droplet dynamics to analyze the interplay of different forces in
droplet-based printing. In related work, Vontas [16] explored the practical applications of
droplet impact in fuel injection systems, using enhanced VOF-based CFD simulations to
model the interaction of fuel spray droplets with solid surfaces in combustion chambers.

During continuous printing, the print nozzle moves in a traverse direction depending
on the print speed and deposits the subsequent droplets. The print setup and traverse speed
decide the position of consequent droplets deposited on the substrate. It is essential to study
the dynamics of droplets being printed, with the droplet interaction with the substrate and
other droplets. The droplet–droplet interaction and the dynamics of coalescence determine
the final print resolution for continuous droplet-based printing. The coalescence mechanism
involves rupture, deformation, and interface merging of the droplets and needs further
investigation, focusing on droplet-based printing.
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Applications:

Droplet-based printing has various applications across various fields due to its pre-
cision and versatility. In biomedical engineering, it is used for bioprinting to fabricate
complex 3D structures with living cells for tissue engineering and regenerative medicine,
and to create drug delivery systems with controlled release properties [17,18]. In microflu-
idics, droplet-based printing is employed to fabricate lab-on-a-chip devices for biochemical
analyses and to create monodisperse emulsions for chemical reactions and material syn-
thesis [19,20]. In flexible electronics, it produces printed sensors for wearable devices
and prints conductive inks for flexible circuits and displays [21,22]. In the aerospace and
automotive industries, droplet-based printing is utilized to manufacture lightweight compo-
nents, improve thermal management systems, and optimize fuel injection processes [23–25].
These applications highlight technology’s potential to enhance manufacturing processes,
improve product performance, and enable innovative solutions across various sectors.

This paper is structured to provide a detailed exploration of droplet dynamics in the
context of droplet-based printing. The main content is organized as follows: Section 2
outlines the numerical methods employed, including the governing equations and compu-
tational framework. Section 3 presents the results of the computational model, validated
against experimental studies, and discusses the effects of key non-dimensional numbers
(Re, We, Oh) on droplet dynamics. Section 4 delves into the fluid–fluid interaction and final
print resolution prediction, examining droplets’ coalescence behavior during continuous
printing. Finally, Section 5 offers a comprehensive discussion of the findings, highlighting
the implications for additive manufacturing and potential areas for future research. The
conclusions summarize the key insights gained from the study and propose directions for
further investigation.

2. Numerical Method
2.1. Governing Equations

The Navier–Stokes equations describe the behavior of an incompressible fluid and elu-
cidate the dynamics of a droplet impinging upon a solid surface. This is complemented by
the volume fraction function, denoted as the indicator function α. The pertinent equations
governing this isothermal modeling framework are delineated as follows:

Continuity equation:
∇·U = 0 (1)

Momentum equation:

ρ DU
Dt = −∇p + ρg +∇·µ

(
∇U +∇UT)+ Fσ (2)

Conservation of phase fraction:
Dα
Dt = 0 (3)

where U is the velocity vector, t is time, p is the lumped pressure, g is the acceleration due
to gravity, and Fσ are the body (surface tension and gravity) forces

In this computational framework, the gas–liquid interface is conceptualized as a
dispersed layer with a thickness commensurate with a finite volume cell. This interface
is characterized by the indicator function, wherein the gradient of the volume fraction
α delineates the phase discontinuity at the interface. The volume fraction, continuously
distributed within the domain (0 ≤ α ≤ 1) except at the interface, is instrumental in
determining phase properties such as distributed density and viscosity. In fluid modeling,
the distributed density is typically calculated using the volume fraction of the phases
involved. For a two-phase system, the density and viscosity at any point in the domain are
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a weighted average of the densities and viscosities of the individual phases, respectively,
based on their corresponding volume fractions. Mathematically, this can be expressed
as follows:

ρ = ρdα + ρg(1 − α) (4)

µ = µdα + µg(1 − α) (5)

where α is ‘1’ for the liquid phase, ‘0’ for the gas/air phase, and takes an intermediate value
at the interface.

As the resolution of the interface is equal to the size of the finite volume cell, it needs
to be sharpened in the momentum equation. The ‘interfoam’ solver (OpenFOAM® v2021)
improves the resolution of the interface using an additional compression velocity term in
the conservation equation of the phase fraction (Equation (3)) [26]. The surface tension is
considered as body force in the momentum equation and modeled as follows:

Fσ = σkn = σ(∇n)·n = σ∇
(

∇α
|∇α|

)
(6)

where σ is the surface tension coefficient, k is the interfacial curvature, and ‘n’ is the
interfacial normal.

The transient terms in the Navier–Stokes equations are discretized using the Crank–
Nicolson scheme, a second-order implicit method known for its stability and accuracy in
time integration. The time step is determined based on the specified Courant–Friedrichs–
Lewy (CFL) number, ensuring numerical stability by maintaining the CFL condition [16].
Meanwhile, the spatial terms are discretized using a second-order central differencing
scheme, which provides a balance between accuracy and computational efficiency by
approximating derivatives at the cell centers. This method is particularly effective in
minimizing numerical diffusion and maintaining sharp gradients.

The pressure gradient is solved using the conjugate gradient method, an efficient
iterative solver for large, sparse linear systems typically encountered in computational
fluid dynamics (CFDs). This method leverages the symmetry and positive definiteness of
the pressure matrix to converge rapidly. Pressure–velocity coupling is achieved through
the pressure implicit with splitting of operators (PISO) method. The PISO method is an
extension of the semi-implicit method for pressure-linked equations (SIMPLE), designed
to enhance the convergence rate and accuracy of the solution. In the PISO algorithm,
the corrected velocities are used to update the pressure field iteratively. This iterative
process ensures that the pressure and velocity fields satisfy the momentum and continuity
equations, achieving a consistent and accurate solution. The PISO method addresses the
challenge of not having a separate equation for the pressure term in the Navier–Stokes
equations. Instead, it updates the pressure field after correcting the velocities to satisfy the
continuity equation, followed by further corrections using the momentum equation. This
iterative correction process ensures the pressure–velocity coupling is accurately resolved.

Furthermore, the transport and volume of fluid (VOF) equations are solved using the
Gauss–Seidel algorithm, an iterative method that solves linear systems by successively up-
dating the solution vector. This algorithm is particularly effective for solving the discretized
transport equations in CFD.

The multidimensional universal limiter for explicit solution (MULES) technique is
employed to achieve interface compression in the VOF method [26]. MULES is designed to
maintain a sharp interface between immiscible fluids by limiting numerical diffusion and
ensuring that the volume fraction remains between 0 and 1. This technique is crucial for
accurately capturing the interface dynamics in multiphase flow simulations.

By incorporating these advanced numerical methods and algorithms, the solver en-
sures robust and accurate solutions to the Navier–Stokes equations, enabling detailed
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and reliable fluid dynamics simulations in various engineering applications. Several re-
searchers have utilized the ‘interFoam’ VOF solver provided by the open-source CFD
software OpenFOAM® in their studies [26]. This solver offers numerous benefits, including
enhanced representation of the interface, an efficient advection scheme, and the ability
to handle large density ratios. These features make ‘interFoam’ particularly suitable for
simulating multiphase flows with complex interface dynamics.

Fujimoto et al. [27] achieved good agreement between their numerical simulations
and experimental data by utilizing a three-dimensional finite volume solver with the VOF
method. Their study incorporated a switching dynamic contact angle approach, similar
to that used by Yokoi et al. [12]. This approach allows for more accurate modeling of
contact angle hysteresis, which is crucial for simulating droplet behavior on solid surfaces.
The dynamic contact angle model incorporates the contact line velocity as a critical pa-
rameter, thereby accounting for the influence of flow velocity and accurately capturing
the behavior of droplets on both hydrophilic and hydrophobic surfaces. Feng [10] also
employed the finite volume method with the VOF model using the ‘interFoam’ solver.
Their results were comparable to empirical correlations, demonstrating the solver’s capa-
bility to accurately predict fluid dynamics in multiphase systems. The study highlighted
the solver’s robustness in handling complex flow phenomena, such as droplet impact
and spreading.

The present work focuses on analyzing the behavior of droplets upon impact and
spreading using the ‘interFoam’ solver provided by OpenFOAM®. The main objective is to
investigate droplets’ spreading and recoiling behavior, particularly in the context of additive
manufacturing, and to predict the final spread diameter. Such analysis involves detailed
numerical simulations to capture the intricate dynamics of droplet deformation, spreading,
and recoiling, which are critical for optimizing processes in additive manufacturing.

By leveraging the advanced capabilities of the ‘interFoam’ solver, this study aims to
provide deeper insights into the fluid mechanics of droplet interactions with surfaces.
The findings are expected to contribute to developing more efficient and precise additive
manufacturing techniques, where control over droplet behavior is essential for achieving
high-quality prints.

2.2. Computational Domain

The computational domain and associated boundary conditions are depicted in Figure 1.
The domain consists of a rectangular block representing the air phase, while the dark blue
region indicates the water droplet. The bottom wall of the domain represents a solid substrate
with ‘no slip’ boundary conditions, ensuring that the fluid velocity at the wall is zero.
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Constant and dynamic contact angle boundary conditions are applied at the bottom
wall to accurately capture the fluid–solid interaction. The dynamic contact angle model
from the OpenFOAM® library is utilized, which is described by the following equation:

θ = θe + (θa − θr)tanh
(

Uw
Uθ

)
(7)

where θe, θa, and θr represent the equilibrium, advancing, and receding contact angles,
respectively, Uw denotes the normal velocity of the interface near the wall. and Uθ is the
characteristic velocity scale. Feng [10] validated with the experimental data that the model
successfully predicts the contact angle evolution on various surfaces, including oscillations
and other dynamic behaviors. The current study follows the empirical relation reported by
Feng [10] with a simplified approach by specifying a static contact angle (θ0) at the contact
line with θa = θ0 + 5◦, θr = θ0 − 5◦, and Uw = 1 m/s.

The top wall and four vertical walls are treated as open to the atmosphere faces with
the ‘PressureInletOutletVelocity’ boundary conditions for velocities and pressure, as specified
by the OpenFOAM CFD solver [26]. The pressure settings are maintained at constant
atmospheric pressure, ensuring that the pressure at the inlets/outlets remains stable and
does not fluctuate. The velocity settings are zero uniform velocities, meaning there is no
net flow through these boundaries. This setup allows for handling the open-to-atmosphere
boundary conditions, allowing flow to freely enter and exit the domain.

The rectangular domain is of size 10 × 10 × 10 mm, which is divided into 125 × 125
× 75 finite volume cells after a convergence study is conducted for the present numerical
scheme. A domain independence study is conducted to ensure that the computational
results are unaffected by the dimensions of the computational domain. This study evaluated
multiple domain sizes and systematically compared outcomes to verify that the selected
dimensions yield accurate and stable solutions. Given that the initial droplet diameter
ranged from 2.5 to 3.5 mm, we assessed various domain sizes to capture critical aspects
of droplet dynamics, including maximum diameter spread and droplet velocity. The grid
independence study confirmed that a domain size of 10 × 10 × 10 mm is adequate to
encapsulate the fundamental dynamics of droplet behavior, ensuring reliable and precise
computational results. A comprehensive grid independence study was conducted to
ensure the accuracy and reliability of the simulation results, involving the evaluation of
computational performance and solution convergence across multiple grid resolutions.
A detailed summary is provided in Appendix A. The governing equations and required
numerical methods are well described in Section 2.1.

3. Results
The computational method is initially validated by comparing the results with pre-

viously reported experimental studies by Kim and Chun [28], which investigated the
interaction of water droplets with polycarbonate surfaces. Their study provided a compre-
hensive analysis of droplet dynamics, including spreading and recoiling behaviors, using
high-speed video systems to capture the intricate details of the interactions.

We have conducted a validation study and performed a parametric analysis for a more
comprehensive understanding of droplet dynamics by incorporating additional relevant
non-dimensional numbers, such as the Reynolds (Re), Weber (We), and Ohnesorge (Oh)
numbers, and their effects on droplet dynamics. These dimensionless parameters are crucial
for characterizing the fluid dynamics of droplet impact and spreading, providing valuable
insights into the underlying mechanism. By incorporating these non-dimensional numbers,
the study aims to provide a more detailed and accurate prediction of droplet dynamics,
particularly in additive manufacturing. The analysis focuses on droplets’ spreading and
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recoiling behavior, aiming to predict the final spread diameter and understand the influence
of various fluid properties and impact conditions.

In Section 3.1, we present the validation studies for the droplet impact on a hydrophilic
and hydrophobic surface, implicating the efficacy of the model to capture the complex
physics of the droplet impact and spreading.

3.1. Flow and Spreading Behavior Method Validation: Impact of a Water Droplet on a
Hydrophilic Surface
3.1.1. Method Validation: Impact of a Water Droplet on a Hydrophilic Surface

The numerical results were validated by comparing them with the experimental
study reported by Kim and Chun [28]. In their study, a water droplet with a diameter of
3.6 mm was made to impact a polycarbonate surface at an initial velocity of 0.77 m/s. The
experimental setup consisted of a solid surface onto which liquid droplets were projected
using an inkjet printer at varying velocities. The recoiling behavior of the droplets upon
impact was recorded using high-speed cameras and subsequently analyzed using advanced
image processing techniques. Detailed descriptions of the experimental procedures can be
found in the work published by Kim and Chun [28].

The equilibrium contact angle between the water and polycarbonate surface was mea-
sured to be θ0 = 87.4◦. The dynamic contact angles, including the advancing and receding
angles, were specified as θ0 + 5◦ and θ0 − 5◦. These contact angles are critical parameters for
accurately modeling the fluid–solid interaction and predicting the droplet dynamics.

The results of the droplet shape evolution over time were compared with the ex-
perimental observations, as illustrated in Figure 2. This comparison demonstrated good
agreement between the numerical simulations and the experimental data, validating the
accuracy of the computational model. The results highlight the importance of accurately
capturing the contact angle dynamics to predict the spreading and recoiling behavior of
droplets upon impact.

To further validate the computational results, Figure 3 presents the superimposed im-
ages of the simulated droplet shape extracted at the same time intervals as the experimental
images. This overlay allows for a direct visual comparison, highlighting discrepancies
or agreements between the simulation and experimental results. The validation study
demonstrated a strong agreement between the present numerical simulations and the
experimental data reported by Kim and Chun [28]. The superimposed droplet shapes from
the simulations closely matched the experimental images at various time steps, indicating
the accuracy and fidelity of the computational model. These findings validate the effective-
ness of the ‘interFoam’ solver in capturing the complex dynamics of droplet impact and
spreading, providing a robust foundation for further investigations in this domain.

As illustrated in Figures 2 and 3, the simulation accurately captures both the spreading
and recoiling phases during the shape evolution of a water droplet impinging on a poly-
carbonate surface. The spreading phase is characterized by a rapid expansion, reaching
the maximum spread diameter at 11.6 ms, and is marked by the formation of a rim at
the furthest point from the droplet’s center. Conversely, the recoiling phase is slower and
exhibits an oscillatory behavior in the spread diameter before stabilizing at equilibrium at
39.8 ms.

This study effectively captures the droplet’s detailed shape evolution and dynamic
behavior throughout the impact process. The qualitative analysis of the shape evolution is
complemented by a quantitative analysis of the droplet’s spread diameter over time. For
the quantitative analysis, we use normalized base and normalized time as defined below:

Normalized base: D*
b = Db

D0

Normalized time: t* = t
√

σ√
ρD3

o
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The normalized base is plotted against the normalized time to further elucidate the
dynamics. This plot provides insights into the orders of magnitude changes in the spreading
diameter over time, highlighting the intricate interplay between inertial, viscous, and
surface tension forces during the droplet’s impact and subsequent evolution. Figure 4
below shows the variation in the normalized base with normalized time for constant and
dynamic contact angle models for comparison with the experimental results reported by
Kim and Chun [28].
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Figure 4. Comparison of experimental studies [25] and numerical results for a water droplet imping-
ing on a polycarbonate surface. Quantities with superscript * denote the normalized quantities, as
defined earlier.

The constant contact angle model provides a reasonable prediction of the initial spread-
ing behavior of the droplet; however, it tends to overpredict the recoiling behavior. In
contrast, the dynamic contact angle model better captures the initial spreading and recoil-
ing behaviors. Additionally, it more accurately represents the post-recoiling oscillations
compared to the constant contact angle model.

The computational model, while slightly overpredicting the equilibrium base diameter,
as observed from the qualitative shape evolution analysis, effectively captures the overall
dynamics of the droplet. The predicted dynamics include the intricate details of the
spreading and recoiling phases. The dynamic contact angle model’s ability to better capture
the transient behaviors and oscillations highlights its robustness and accuracy in simulating
droplet dynamics.

Overall, the computational results provide a comprehensive and effective prediction
of the spreading and recoiling behavior of a water droplet impinging on a polycarbonate
surface. This validation underscores the model’s capability to accurately simulate com-
plex fluid–solid interactions, which is crucial for applications in various engineering and
scientific studies.

3.1.2. Method Validation: Impact of a Water Droplet on a Hydrophobic Surface

After examining the droplet dynamics on a hydrophilic surface in the previous section,
this study extends the analysis to a hydrophobic surface. The computational model is tested
for a scenario where a water droplet impacts a hydrophobic surface. Azimi et al. [29] investi-
gated the nanostructured modification of material surfaces and the induced hydrophobicity
of rare-earth oxide ceramics. They fabricated ceramic nanostructures, consisting of a
thin layer on cubical silicon micro-posts, which exhibited significant hydrophobicity with
contact angles of 160 ± 2◦, as illustrated in Figure 5.
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Figure 5. Comparison of experiments and the computational results. (Top) High-speed camera images
of a water droplet impinging on the nanograss-covered micro-posts sputtered with ceria (impact
velocity ~1.6 m s−1); scale bar, 2.5 mm [29]. (Bottom) Shape evolution of the water droplet emulating
the experimental study using a multiphase CFD solver. Experimental results are reproduced with
permission from Azimi et al. [29]. Copyright 2013 Nature Publishing Group.

In the computational domain, a water droplet with a diameter of 2.5 mm is made
to fall on the hydrophobic surface with an initial velocity of 1.6 m/s. The bottom wall is
modeled as a hydrophobic surface with a contact angle of 160◦, while the other boundary
conditions remain consistent with those described in Section 2.1. Due to the hydrophobic
nature of the nanostructured surface, the water droplet bounces off upon impact. The
computational model accurately captures this behavior, as shown in Figure 5.

The study demonstrates the model’s capability to simulate the complex interactions
between droplets and hydrophobic surfaces. The results provide valuable insights into the
influence of surface properties on droplet dynamics, which are crucial for applications in
surface engineering, coating technologies, and fluid dynamics research.

The comparison of the base diameter variation with time between the experimental
data and the simulations is illustrated in Figure 6. The results demonstrate a high degree of
correlation, with the simulations accurately capturing the temporal evolution of the base
diameter, thereby validating the computational model’s effectiveness in predicting droplet
dynamics on hydrophobic surfaces.
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Based on the experimental data reported by Azimi et al. [29], the base diameter of
the droplet increases post-impact, reaching a maximum of 5.71 mm at 2.48 ms before
decreasing as the droplet bounces off the surface at 20.8 ms. The experiments did not
document or report the subsequent rebound and oscillatory behavior stages. However,
the computational model replicates the observed trend, with the dynamic contact angle
model providing more accurate results than the constant contact angle model. The constant
contact angle model tends to overpredict the base diameter. In contrast, the dynamic
contact angle model offers better predictions due to its more sophisticated approximation
of the contact line velocity at the solid–liquid interface.

Overall, the multiphase CFD solver effectively simulates a water droplet’s flow and
spreading behavior impinging on a polycarbonate surface. These findings are crucial
for understanding the variation in base diameter across different fluid–solid interactions
and for conducting parametric studies to optimize process parameters. The subsequent
section will explore the effects of non-dimensional numbers, such as Reynolds, Weber,
and Ohnesorge numbers, to investigate the interplay of various forces associated with
this phenomenon.

3.2. Effect of Non-Dimensional Reynolds (Re), Weber (We), and Ohnesorge (Oh) Numbers

The numerical study has examined droplet dynamics in relation to spreading and
recoiling behavior and fluid–solid interactions (contact angle). The computational models
have demonstrated good agreement with experimental results. This section investigates
and discusses the effect of relevant non-dimensional numbers on droplet dynamics. These
dimensionless numbers are crucial in fluid dynamics as they elucidate the interplay of
different forces associated with flow phenomena.

Key non-dimensional numbers pertinent to droplet dynamics include the Reynolds
(Re), Weber (We), and Ohnesorge (Oh) numbers. These numbers are defined as ratios of
different forces and are dimensionless. The Reynolds number (Re) is the ratio of inertial to
viscous forces and is essential for understanding flow profiles and fall velocity in droplet
dynamics. The Weber number (We) represents the ratio of inertial to surface tension
forces and characterizes the droplet shape influenced by inertia (impact velocity). The
Ohnesorge number (Oh) is the ratio of viscous forces to inertial and surface tension forces.
The definitions of Re, We, and Oh numbers are provided below:

Re =
inertia

viscous f orce
=

ρuD
µ

We =
inertia

sur f ace tension f orce
=

ρu2D
σ

Oh =
viscous f orce√

inertial.sur f ace tension f orce
=

µ

ρσD

where ρ is the fluid density, U is the characteristic velocity, L is the characteristic length, µ
is the dynamic viscosity, and σ is the surface tension. These dimensionless numbers play
a pivotal role in characterizing the droplet dynamics and understanding the influence of
various forces on the behavior of droplets upon impact.

The case study presented in Section 3.1 analyzes droplet dynamics for different
Reynolds numbers (Re) ranging from 1400 to 3000. The focus is primarily on the ini-
tial spreading and recoiling behavior, influenced by the interplay of inertial and viscous
forces. As depicted in Figure 7, the initial spreading is governed by the Reynolds number,
with the spreading increasing as the Reynolds number rises. The peak spread diameter
increases with higher Reynolds numbers, indicating that the base diameter spread is di-
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rectly proportional to the Reynolds number. This behavior is attributed to the increased
inertial forces and the more significant impact of the collision force associated with higher
Reynolds numbers. However, it is important to note that further increases in the Reynolds
number can lead to splash generation, which is undesirable for printing applications.
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Interestingly, there is minimal variation in the equilibrium base diameter across differ-
ent Reynolds numbers, with convergence to a similar equilibrium base diameter despite
the varying peaks. These results are consistent with the literature and experimental data,
confirming the Reynolds number’s significant role in dictating the droplet’s initial spread.
The recoiling and equilibrium stages do not exhibit significant variations with changes in
the Reynolds number.

We subsequently study the effect of the Weber number (We) and Ohnesorge number
(Oh) on droplet dynamics to understand the interplay of inertial, surface tension, and
viscous forces, as shown in Figure 8.
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The Weber number (We), which ranges from 40 to 200, is examined for its impact on
the droplet’s initial spreading and recoiling phases. The Weber number, the ratio of inertial
to surface tension forces, is examined primarily for its impact on the initial spreading
and recoiling phases. The Weber number primarily influences the initial spreading phase.
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As shown in Figure 8a, the normalized base diameter is plotted against the normalized
time for different Weber numbers. The peak spread diameter increases as the Weber
number rises due to the increased inertial effect. However, the recoiling phase remains
relatively unaffected, with recoiling time almost constant across different Weber numbers.
Further investigation is required to fully understand the role of the Weber number in
determining recoiling behavior. The Weber number is particularly significant in dictating
droplet generation at microscales, where the interplay of inertial and surface tension forces
is critical.

The Ohnesorge number (Oh) is used to predict the nature of the recoiling phase and
analyze the spreading and recoiling behavior of droplet impingement on a solid surface.
The Ohnesorge number (Oh) is defined as the ratio of viscous forces to inertial and surface
tension forces, and the Ohnesorge number quantifies the relative importance of these forces
for a given inertia. Figure 8b compares the base diameter evolution for different Ohnesorge
numbers, with all cases having the same inertia, to distinctly compare the effects of viscous
and surface tension forces.

Figure 8b shows that the spreading phase exhibits minimal variation across different
Ohnesorge numbers, indicating that the Ohnesorge number does not significantly influence
the initial spreading when the inertial force is constant. However, the recoiling phase is
shorter for lower Ohnesorge numbers as the viscous and surface tension forces directly
scale in this phase. The Ohnesorge number determines the resistance force to the recoiling
behavior in the droplet impingement phenomenon.

One potential explanation for the counterintuitive behavior observed is the relationship
between the Ohnesorge number and surface tension. A higher Oh value indicates stronger
viscous forces relative to surface tension forces. In droplet spreading, the dominant forces
are viscous and surface tension forces. A higher Ohnesorge number implies that viscous
forces play a more significant role, potentially weakening the influence of surface tension
in restraining the droplet’s spreading. Additionally, a higher Oh value may correspond
to a decrease in the capillary length scale, further diminishing the importance of surface
tension relative to viscous forces and promoting spreading.

It is crucial to note that the interaction between the Ohnesorge number and surface ten-
sion is complex and can be influenced by factors such as the Weber number. The combined
influence of the Ohnesorge and Weber numbers on droplet behavior warrants comprehen-
sive analysis to accurately elucidate the underlying physics. Further investigation and
detailed analysis are necessary to understand why a higher Oh value, indicative of more
dominant viscous forces, enhances droplet spreading rather than inhibiting it. Exploring
the interplay between the Ohnesorge number, Weber number, and surface tension can
elucidate the intricate dynamics governing droplet behavior in various scenarios.

In summary, these non-dimensional numbers are significant in determining the in-
terplay of forces associated with droplet dynamics, primarily inertia, surface tension, and
viscous forces. The Reynolds and Weber numbers directly affect the spreading phase due to
the dominance of inertial forces, while the Ohnesorge number governs the recoiling phase.

3.3. Fluid–Fluid Interaction (Droplet Coalescence) and Prediction of Final Print Resolution in
Droplet-Based Printing

During continuous printing, the print nozzle traverses in a direction dictated by the
print speed, depositing subsequent droplets accordingly. The print setup and traverse
speed determine the precise positioning of the droplets on the substrate. It is crucial
to investigate the dynamics of droplets during printing, particularly their interactions
with the substrate and other droplets. The interactions between droplets and the dy-
namics of coalescence are pivotal in determining the final print resolution in continuous
droplet-based printing.
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The coalescence mechanism, which encompasses rupture, deformation, and interface
merging of droplets, warrants further investigation within the context of droplet-based
printing. Extensive studies have been conducted on the dynamics of coalescence, focus-
ing on droplet–droplet interactions [30–32], interactions with solid surfaces [33–36], and
interactions with liquid films [32,35,37,38]. Various computational approaches have been
employed to capture the interfaces during coalescence, including the solution of Navier–
Stokes equations and computational fluid dynamics (CFDs) techniques [39–41], the lattice
Boltzmann method, and molecular dynamics (MDs) simulations [42–45].

The present work extends these computational approaches by utilizing the volume of
fluid (VOF) method to solve flow equations and capture the merging of interfaces driven
by surface tension forces. The methodology involves the addition of a droplet, with its
center location determined by the print speed or traverse speed. Initially, a sessile droplet
is deposited and allowed to impinge upon the substrate, followed by the deposition of a
satellite droplet, whose position is also governed by the print speed.

A schematic diagram illustrating the positions of the droplets and the center-to-center
distance of the subsequent droplet is presented in Figure 9 below.
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3.3.1. Flow and Spreading Behavior of Two Coalescing Droplets

Extending the current studies, the computational model rigorously simulates the
dynamics and coalescence of two water droplets impinging upon a polycarbonate substrate
to gain insights into the flow and spreading behavior. The computational domain and
boundary conditions employed are consistent with those listed in Section 3.

The traverse speed and the corresponding lateral migration of the print nozzle along
the X-axis govern the positional determination of the subsequent droplet. Observations
indicate that the impinging droplets exhibit characteristic spreading and recoiling phases
analogous to those observed in the case of a solitary uniform droplet. However, the offset
distance between the two droplets notably influences the overall dynamics.

Figure 10 provides a comprehensive overview of the overall spreading and coalescence
mechanisms within the two-dimensional computational domain, highlighting the intricate
interplay of forces and the resultant flow patterns and morphological changes.

Although the droplet dynamics adhere to the aforementioned spreading and recoiling
phases, the overall behavior exhibits notable asymmetry due to the addition of a secondary
droplet. The subsequent impingement of the satellite droplet significantly influences
the initial spreading of the sessile droplet. This collision introduces a higher degree of
dynamism to the flow, with initial observations indicating air entrapment at the interface.
However, as the flow progresses, the entrapped air dissipates, culminating in the formation
of a crown which represents the apex of phase accumulation.
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The crown formation predominantly occurs at the first droplet’s impingement site,
indicating a localized accumulation of phases at the collision point. This phase is followed
by the formation of an unequal rim at the conclusion of the spreading phase. The recoil-
ing behavior is characterized by the inward movement of this unequal rim towards the
center. Notably, the recoiling phase is prolonged compared to a solitary uniform droplet,
attributable to the flow’s increased complexity and dynamic nature.

The system exhibits multiple oscillations during the subsequent spreading and re-
coiling phases, resulting in a longer final deposition time than a single droplet. The
present study highlights the intricate spreading and recoiling phases and the asymmet-
rical flow behavior of coalescing droplets. These findings underscore the necessity for
extending the analysis to a three-dimensional framework to fully capture the complexities
of the phenomenon.

3.3.2. Prediction of the Flow Dynamics with Relevance to Droplet-Based Printing

The computational model is extended to a three-dimensional domain, maintaining the
same boundary conditions as those utilized in the previous section. A more viscous fluid
(similar to printing ink) is considered to study the flow behavior and predict the final print
resolution, emulating the inkjet printing process. A droplet with a diameter of 3.6 mm is
considered to impinge on a polycarbonate surface with an initial velocity of 0.68 m/s. The
fluid properties include a viscosity of 4.98 × 10−5 Pa.s and a surface tension of 0.0798 N/m.
The equilibrium contact angle between the printing ink and the substrate is set at 70◦ to
mimic a hydrophilic surface.

The flow behavior is analyzed through the evolution of the droplets during coales-
cence, as depicted in Figure 11. The three-dimensional analysis reveals that the droplet
follows a single uniform droplet’s spreading and recoiling behavior. However, the higher
viscosity of the fluid resists the spreading and recoiling phases, underscoring the signifi-
cant role of viscosity in droplet dynamics. The flow behavior is further examined using
velocity streamlines, which elucidate the material flow patterns during droplet impact
and coalescence.

As shown in Figure 11, the initial droplet begins to spread upon impact, and subse-
quently, the satellite droplet impinges on the sessile droplet, altering the overall dynamics.
The coalescence process demonstrates the merging of the two droplets, with the interfaces
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disappearing as mixing occurs. The spreading phase is prominent, while the recoiling
phase is less dominant due to the higher viscosity of the fluid. The final print resolution is
determined by the coalescence and merging of the interfaces of these two droplets.
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directed outwards for the sessile droplet and downwards for the satellite droplet, as
observed at 8 ms in Figure 11. Upon the satellite droplet’s impact on the sessile droplet, the
flow pattern remains consistent instantaneously. However, as the sessile droplet continues
to spread, the flow patterns for the satellite droplet exhibit both outward and downward
directions. This behavior is followed by a strong mixing of the velocity streamlines at the
interface where the two droplets merge. This information is crucial for determining the
material flow in different regions, aiding in the prediction of the surface characteristics of
the final printed part. The flow pattern reverses during the recoiling phase, although it is
less dominant than the spreading phase. The final print resolution and surface finish result
from this dynamic flow pattern of the printing material.

Furthermore, the effect of print speed on the print resolution is analyzed at various
print speeds. The print speed directly influences the center-to-center distance between two
droplets. Different print speeds ranging from 0.5 m/s to 5 m/s were modeled, representing
varying center-to-center distances between the droplets, as illustrated in Figure 12. This
analysis is crucial for predicting the final resolution and surface characteristics at different
printing speeds.

Three distinct cases are examined, ranging from drop-on-drop deposition to higher print
speeds. The comparison of the final resolution for these cases is presented in Figure 12. This
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comparative analysis provides valuable insights into how print speed affects the coalescence
dynamics, droplet interaction, and, ultimately, the surface finish of the printed part.

This study aims to optimize the printing process to achieve desired resolutions and
surface qualities by understanding the relationship between print speed and droplet spac-
ing. The findings highlight the importance of precise control over print speed to ensure
high-quality outcomes in droplet-based printing applications.

The print resolution increases with the increase in print speed, which has significant
implications for manufacturing time and surface finish. Higher printing speeds enable faster
manufacturing processes, thereby reducing production times. However, this acceleration
often comes at the expense of print quality. Extreme print speeds can lead to undesirable
outcomes such as puddle formation, poor surface finish, and wastage of print material.

Therefore, it is essential to strike a balance between printing speed and achievable
print resolution. The parametric study conducted in this research helps identify the optimal
printing speeds that yield the desired print resolutions while maintaining acceptable surface
quality. By analyzing different print speeds and their effects on droplet coalescence and
interaction, this study provides valuable insights into optimizing the printing process for
various applications.

The findings underscore the importance of carefully selecting print speeds to ensure
high-quality outcomes in droplet-based printing. This balance is crucial for achieving
efficient manufacturing processes without compromising the integrity and precision of the
printed structures.
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4. Discussion
The numerical model extends the qualitative analysis to a three-dimensional study.

This quantitative study agrees well with the experimental studies conducted by Kim and
Chum [28] for hydrophilic surfaces and by Azimi et al. [29] for hydrophobic surfaces.
Notably, the computational model captures the drop evolution with impingement on
nanostructured hydrophobic surfaces, as reported by Azimi et al. [29]. Additionally, an
in-depth analysis of dimensionless numbers (Re, We, and Oh) quantifies the role of different
forces associated with printing. This non-dimensional number-based analysis sheds light
on the mechanics of droplet dynamics and the printability of materials specific to additive
manufacturing applications.

The numerical model and modeling framework agree with the experimental data by
following the shape evolution of a droplet on a polycarbonate surface and capturing the
mechanisms in droplet-based printing. The present work illustrated different stages of
spreading, recoiling, lamella formation, and wetting for droplet dynamics in printing, as
reported in other experimental and numerical studies.

A three-dimensional model provided an effective modeling framework and improved
the quantitative analysis of droplet-based printing in additive manufacturing. The nu-
merical model extended the qualitative analysis reported by Shah and Mohan [15] to a
three-dimensional study, showing good agreement with the experimental studies. The
computational model even captured the various stages of the interaction of droplets with
the polycarbonate surface in agreement with the experimental study. The accuracy of
the VOF method heavily relies on the resolution of the computational grid. When deal-
ing with small droplets or complex geometries, capturing the precise shape and position
of the droplet interface becomes challenging. Insufficient grid resolution may result in
inaccuracies, especially near the contact line between the droplet and the solid substrate.

Furthermore, the study predicted the final printing resolution depending on the pro-
cess parameters and material properties. In addition, a dimensionless analysis of the effect
of characteristic numbers (Re, We, and Oh) revealed the role of different forces associated
with printing. The inertial forces mainly govern the initial spreading phenomenon, while
the recoiling is characterized by the interplay of inertia, viscous, and surface tension forces.
This study gives an insight into the mechanics of droplet dynamics, in general, and the
printability of materials specific to additive manufacturing applications.

The numerical method captures the flow and spreading behavior of two coalescing
droplets and shows the asymmetric flow pattern with the crown formation and uneven rim
around the center. The flow behavior and the velocity streamlines reveal the intermixing of
the material during the printing process. Higher printing speeds lead to less manufacturing
time, but with poor resolution and surface finish. The parametric studies are conducted
to achieve the desired printing resolution with optimal printing speeds. This information
is much needed and helps decipher the conditions for optimizing the printing process.
Furthermore, the study helps predict the final printing resolution depending on the process
parameters and material properties.

Future studies could consider understanding the spreading behavior with multiple
droplets, incorporating the material phase change and solidification, and the surface
variation effects when the materials are printed on the subsequent layers. The inclusion
of the phase-change model into the present work can extend this study to analyze the
photopolymerization of polymers in 3D printing and its effect on print surfaces and overall
print quality. The effect of temperatures can be studied further, and their implications
on the final printing quality can be examined. Many industrial materials like polymers,
bio-inks, and other commercial printing inks can also be analyzed with parametric studies
for better print quality and fidelity.



Fluids 2025, 10, 123 19 of 23

The current modeling framework with complex computational models, phenomeno-
logical models for surface characteristics effects, and higher computing times is required
for such analyses.

5. Conclusions
The present investigations on multiphase modeling of flow and spreading behavior

in droplet-based printing yield several key insights. The numerical model and modeling
framework demonstrate strong agreement with experimental data, accurately capturing
the shape evolution of droplets on both hydrophilic and hydrophobic surfaces. The model
effectively captures the mechanisms involved in droplet-based printing, including differ-
ent stages of spreading, recoiling, lamella formation, and wetting, as reported in other
experimental and numerical studies.

The extension to a three-dimensional model provides an effective framework for
improving the quantitative analysis of droplet-based printing in additive manufacturing.
The computational model successfully captures the interaction of droplets with nanos-
tructured hydrophobic surfaces, providing essential information for optimizing the 3D
printing process.

The study predicts the final printing resolution based on process parameters and
material properties. A dimensionless analysis of characteristic numbers (Reynolds number,
Weber number, and Ohnesorge number) reveals the roles of different forces associated with
printing. Inertial forces primarily govern the initial spreading phenomenon, while the
interplay of inertial, viscous, and surface tension forces characterizes the recoiling phase.
This analysis provides valuable insights into the mechanics of droplet dynamics and the
printability of materials specific to additive manufacturing applications.

The study of droplet coalescence in the context of 3D printing reveals asymmetric
flow behavior around the center. Flow and velocity streamlines indicate the mixing and
dynamics of interface merging and droplet coalescence. Higher printing speeds result in
shorter manufacturing times but poorer print quality. The effect of print speeds on final
resolution and surface finish is analyzed, emphasizing the need to optimize the printing
process for different speeds.

While our current study provides valuable insights into droplet coalescence, a com-
prehensive quantitative analysis of the surface tension-driven coalescence phenomenon is
necessary. The studies can be extended to perform process optimization by conducting a
sensitivity analysis for various process parameters, including traverse speed, droplet size,
and impinging velocities. This future scope will enhance our understanding of droplet
coalescence and its implications for print quality and resolution. Future studies should
investigate the effects of temperature on final printing quality. Incorporating a phase-
change model into the present work could extend the analysis of the photopolymerization
of polymers in 3D printing and its impact on print surfaces and overall print quality. Many
industrial materials, such as polymers, bio-inks, and other commercial printing inks, can be
analyzed through parametric studies to achieve better print quality and fidelity. This study
can also be extended to bio-ink materials and biological cells to predict and characterize
printability and print quality in bioprinting.

Future work should incorporate non-Newtonian models to simulate compound
droplets and their applications in droplet-based printing. It could also focus on understand-
ing the spreading behavior with multiple droplets, incorporating material phase change
and solidification, and examining surface variation effects when materials are printed on
subsequent layers.
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VOF Volume of Fluid
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SIMPLE Semi-Implicit Method for Pressure-Linked Equations
MULES Multidimensional Universal Limiter for Explicit Solution
Re Reynolds number
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Appendix A. Grid Independence Study Results
Convergence Analysis: We conducted a grid independence study using multiple grid

resolutions to ensure that the results are independent of the mesh size. The study involved
testing grid sizes of 50 × 50 × 35, 80 × 80 × 45, 100 × 100 × 60, 125 × 125 × 75, and
150 × 150 × 90 cells. The results showed that the key parameters, such as droplet spread
diameter and velocity profiles, converged with increasing grid resolution. Specifically,
the differences in these parameters between the 125 × 125 × 75 and 150 × 150 × 90
grids were less than 1%, indicating that further refinement does not significantly affect the
simulation results.

Computational Time Analysis: The parallel computations were executed on the Lon-
gleaf high-performance computing (HPC) cluster at the University of North Carolina at
Chapel Hill, NC, USA. Each simulation utilizes 8 nodes with 36 processing cores to ef-
ficiently distribute the computational workload. The above-mentioned grid sizes were
employed to analyze the computational time, providing insights into the scalability and
performance of the simulations across different mesh resolutions. The 100 × 100 × 60 grid
required approximately two hours of computational time, while the 125 × 125 × 75 grid
required 3.5 hours, and the 150 × 150 × 90 grid required 5 hours. The 125 × 125 × 75 grid
was chosen as the optimal resolution, balancing accuracy and computational efficiency.
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Table A1. Grid Independence Study.

Mesh Resolution Cells
Computational
Time (Approx

Hours)

Key Parameter
(Droplet Spread
Diameter in mm)

Coarse 50 × 50 × 35 1.0 6.532

Medium 80 × 80 × 45 1.5 6.010

Fine 100 × 100 × 60 2.0 5.791

Finer 125 × 125 × 75 3.5 5.767

Finest 150 × 150 × 90 5.0 5.720
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