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Abstract

The way a printed ink droplet dries is just as important as how it is deposited. During evaporation,
the liquid inside the droplet circulates, the interface cools, and the solvent composition changes. These
coupled processes control where non-volatile solutes and particles accumulate, which ultimately affects
the uniformity, microstructure, and electrical performance of printed metallic features. In this work,
we present a time-dependent multiphysics model of a sessile reactive silver-ink droplet composed
of a binary solvent mixture (water and ethylene glycol) on a heated substrate. A two-dimensional
axisymmetric model is implemented in COMSOL Multiphysics by coupling Laminar Flow (Navier—
Stokes), Heat Transfer in Fluids, and Transport of Concentrated Species (Maxwell-Stefan diffusion),
along with a moving interface representation to account for evaporation-driven shrinkage. The
formulation captures evaporation-driven capillary flow, thermocapillary Marangoni stresses caused
by evaporative cooling, and solutal Marangoni stresses caused by preferential evaporation and solvent
segregation. The simulations predict (i) strong, transient internal circulation; (ii) spatially non-uniform
temperature fields; and (iii) progressive enrichment of ethylene glycol near the liquid—vapor interface
and especially near the contact line. These results provide a practical, physics-based framework to
interpret common drying outcomes such as ring-like deposition versus more uniform coatings, and
they offer guidance for optimizing solvent ratios and substrate temperature in inkjet printing.

Keywords: inkjet printing; droplet evaporation; Marangoni flow; Maxwell-Stefan diffusion; coffee-ring
effect; reactive silver ink

1. Introduction

Inkjet printing is widely used to manufacture flexible and wearable electronics because it allows
patterned deposition without masks and supports rapid prototyping. However, the final printed
quality is not determined only by the ejection and landing of droplets. It is heavily controlled by what
happens during drying: evaporation sets up flows inside the droplet, and these flows transport solutes
and particles to specific regions of the footprint. If the internal transport is not controlled, the droplet
can dry into a non-uniform deposit (for example, a ring at the edge), which can reduce conductivity
and cause defects in printed lines and pads [1,15-17,28,30,37,39].

1.1. Why Droplets Form Rings and Why That Matters for Printing

A classical example is the coffee-ring effect, where non-uniform evaporation is strongest near the
pinned contact line, forcing an outward capillary flow that carries suspended or dissolved material to
the edge [1,4,28]. Foundational models and experiments show that the evaporation rate and deposit
shape depend on geometry, contact-line pinning, wetting, and diffusion of vapor into the surrounding
gas [2,4,23,24,29]. This is a serious concern for conductive inks: if metal precursor or nanoparticles pile
up at the edge, printed features can become rough, non-uniform, and electrically unreliable [17,37,39].

Deposit morphology is also sensitive to particle interactions and to how particles rearrange during
drying. For colloidal or nanoparticle-laden droplets, pattern formation can include rings, multiple
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rings, islands, and more complex morphologies [9,10,15,25,26,54]. The deposit can transition from
more ordered to disordered structures as drying conditions change [26]. In many practical cases,
suppressing the coffee-ring effect is desired, and one widely cited approach is to modify capillary
interactions by controlling particle shape [31,50].

1.2. Marangoni Flow and Multicomponent Effects: The Real Complexity

Capillary flow is only part of the story. Surface-tension gradients along the interface create
Marangoni stresses that drive interfacial shear and recirculating flow [3,18]. These gradients can
come from temperature variations (thermocapillary Marangoni) or composition variations (solutal
Marangoni). Substrate thermal conductivity can even reverse the direction of internal circulation by
changing how heat is supplied to the interface [6]. This is one reason heated substrates are powerful
levers in printing: heating can accelerate drying, but it also changes flow direction and strength.

Binary droplets (and, more generally, multicomponent droplets) exhibit even richer behavior
because one solvent evaporates faster than the other. Preferential evaporation creates concentration
gradients, which can trigger solutal Marangoni flow, flow transitions, and multiple circulation cells
[8,11,13]. Recent studies emphasize that the temperature-driven and concentration-driven Marangoni
effects can compete, and the net circulation depends on the balance between these two contributions
[8,11,13,19]. This is highly relevant for reactive silver inks, where a low-volatility component such as
ethylene glycol (EG) is commonly added to tune viscosity, slow drying, and shape transport pathways.
As water evaporates faster, EG can accumulate near the interface and contact line, altering surface
tension and diffusion properties and changing the drying pathway [13,21,53].

1.3. Inkjet-Specific Context and Motivation for Modeling

Printing also involves process constraints that go beyond evaporation on a plate. Droplet gen-
eration depends on printhead actuation and jetting dynamics [40]. Printability depends strongly on
fluid properties such as viscosity, surface tension, and density [42], and droplet formation modeling
has a long history in materials processing [48]. In many applications, printed features are formed by
arrays of droplets that merge, spread, and dry into thin films or lines; the final morphology can be
influenced by dewetting or instabilities in the deposited liquid/film [14]. Drying can also be affected
by absorption into porous substrates or by surfactants, which can change both wetting and evaporation
dynamics [11,53].

Because so many mechanisms interact, predictive simulation is attractive: it can narrow down sol-
vent ratios and substrate temperatures before running costly print trials. However, faithful modeling is
challenging because evaporation, heat transfer, flow, and multicomponent diffusion are tightly coupled
and evolve with time [22,27,30]. Finite-element-based studies have shown that coupled numerical
models can reproduce realistic evaporation dynamics and solvent segregation in multicomponent
droplets [12,13,21]. Several recent studies have reported complementary insights into thermal transport
and evaporation phenomena in micro- and nanoscale systems using both numerical and molecular
approaches [43—47]. Gradient-dynamics descriptions also provide a complementary perspective on
how mixtures and suspensions evolve during drying [55]. Motivated by this literature, the goal of the
present work is to develop a practical, time-dependent COMSOL model that couples:

e  evaporation-driven capillary flow linked to mass loss at the interface [1,4,28],

* non-isothermal effects (evaporative cooling and substrate heating) [3,6,18-20],

e  multicomponent diffusion via Maxwell-Stefan transport [13,21],

e and Marangoni stresses due to both temperature and composition gradients [3,8,11,13].

The model is designed to be understandable, reproducible, and directly useful for inkjet-printing
process optimization.
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https://doi.org/10.20944/preprints202512.2516.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 January 2026 d0i:10.20944/preprints202512.2516.v1

30f17

2. Methods and Materials
2.1. Model Domain and Physics Interfaces

We simulate a single sessile droplet on a heated substrate using a 2D axisymmetric domain. This
assumption is appropriate when the droplet remains approximately axisymmetric (as is common
for droplets printed on smooth, homogeneous substrates without strong external airflow). It greatly
reduces computational cost while still capturing the dominant coupled transport processes inside the
droplet [2,12,27,29].

The computational domain includes four zones (Figure 1) [12,27]:

e  Zone (1): Droplet. A quarter-sphere (in axisymmetric coordinates) with radius a.

e  Zone (2): Surrounding gas. A quarter-sphere with radius 20a to represent a sufficiently large
ambient region.

*  Zone (3): Heated substrate. A rectangular solid of width w = 5a and thickness hj.

*  Zone (4): Far-field boundary. The outer boundary of Zone (2), representing open atmosphere
where vapor can diffuse away.

In the simulations, we couple Laminar Flow, Heat Transfer in Fluids, Transport of Concentrated
Species (Maxwell-Stefan), and a moving-boundary representation for the evaporating interface [12,
13,21]. This coupled approach is consistent with modern finite-element treatments of evaporating
multicomponent droplets [12,13] and with the broader physics of evaporating drops [22,27].

—Z —be—o —»

: 20a

v

Figure 1. Computational geometry for the droplet evaporation model: a sessile droplet of radius a on a heated
substrate of width w = 5a and thickness h, surrounded by an air domain of radius 20a.

2.2. Key Modeling Assumptions
To keep the model focused and computationally practical, we adopt the following assumptions:

e The liquid is incompressible and Newtonian (reasonable for many printing solvent mixtures at
moderate shear rates) [42].

e  Thedroplet remains pinned at the contact line throughout the simulated drying period, a common
regime for coffee-ring formation and many printed droplets [1,4,28].

* The gas phase is treated as quiescent (no imposed airflow), so vapor transport in the gas is
dominated by diffusion [2,23,29].

*  The model resolves coupled temperature and composition fields and includes Marangoni stresses
arising from both gradients [3,8,11].
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e We focus on solvent transport (water/EG) and treat the non-volatile silver components implicitly by
interpreting the flow and segregation fields as drivers of where solids or reactions may concentrate
[15,30].

These assumptions align with a large body of evaporation and deposit-formation literature [2,7,22,30].

2.3. Governing Equations
2.3.1. Laminar Flow

The incompressible Navier-Stokes equations govern the velocity field u and pressure p:

)
p(E)ltl +u~Vu> = —Vp+uVu+pg, (1)
where p is density and p is dynamic viscosity. The body force pg is included to allow buoyancy-
driven contributions when relevant (even though many millimeter-scale droplets remain largely
surface-tension-dominated) [19,20]. This formulation is widely used in droplet evaporation modeling
[18-20,52].

2.3.2. Heat Transfer

The transient energy equation with advection and conduction is:

oT
oCp <at +u- VT) =V-(kVT), )
where C), is the specific heat and k is the thermal conductivity. This equation captures heat supply
from the substrate, heat transport by internal circulation, and heat removal at the interface due to evap-
oration (implemented as a boundary condition). Temperature gradients are central to thermocapillary
Marangoni flow [3,6,18] and strongly influence evaporation rates and drying time [20,22,52].

2.3.3. Species Transport (Maxwell-Stefan)

The EG mass fraction (or equivalent concentration variable) is modeled using Maxwell-Stefan
diffusion:
awi

¥+V'(wiu+li)=0, 3)

where J; is the diffusive flux computed using the Maxwell-Stefan formulation. This framework is more
appropriate than simple Fickian diffusion when multicomponent interactions matter and has been
applied successfully to evaporating binary /multicomponent droplets [13,21]. Species gradients are
responsible for solutal Marangoni stresses and flow transitions observed in binary droplets [8,11,13].

2.4. Boundary Conditions and Evaporation Coupling

Figure 2-Figure 5 summarize the boundary-condition types used in the model. The boundary
conditions are chosen to match the dominant physical processes described in classical evaporation
studies [2,4,23] and more recent multicomponent and FEM-based models [12,13,21].

Heated substrate (wall)

No-slip condition u = 0 is applied at solid boundaries. For heat transfer, a prescribed substrate
temperature Ty (or equivalently a prescribed heat flux) provides the thermal driving that accelerates
evaporation and strengthens Marangoni flow [6,20,52].

Axis of symmetry

Axisymmetric constraints enforce symmetry in velocity, temperature, and concentration fields.
This removes artificial flux across the axis and represents a full 3D droplet as a rotated 2D cross-section
[51].
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Liquid-vapor interface (moving boundary)

Marangoni stress is imposed through tangential stress balance:

Juy\  Jo
M (an) =35 (4)
where 0 = ¢(T, c) depends on temperature and local composition. This allows both thermocapillary

and solutal Marangoni contributions to drive flow [3,8,11,18].
Evaporative mass flux is applied as:

Jc
]evap = o 871:

7 (5)

r

consistent with diffusion-limited evaporation in quiescent air [2,4,23,29]. The latent heat sink is applied

as: aT
_k% = Lv]evap/ (6)

which couples mass loss to interfacial cooling and therefore to thermocapillary flow [3,20-22].
We note that related thin-film treatments show that vapor diffusion and Marangoni effects can

also trigger instabilities in evaporating films, which motivates careful numerical stabilization near the
interface [35,36].

p.027|™ o
0.0157]
0.017]

0.0057]

0

oTjr
3
T

I I
-0.02 -0.01 0.01 0.02 0.03 0.04

Figure 2. No-slip wall boundary condition applied to solid boundaries and thermal continuity at the droplet—
substrate interface.
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Figure 3. Evaporative flux boundary condition applied at the liquid—air interface (coupled with latent heat sink).
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Figure 4. Axisymmetric boundary condition enforced along the centerline.
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Figure 5. Prescribed substrate temperature boundary condition representing the heated plate.

2.5. Meshing and Solver Configuration

The finite element mesh is refined near (i) the contact line, (ii) the liquid—vapor interface, and
(iii) the heated substrate, because these locations typically exhibit sharp gradients in evaporation flux,
temperature, and composition. Accurate resolution near the contact line is especially important in
pinned evaporation problems because the evaporation flux tends to be strongest near the edge [1,2,4]
and because Marangoni shear is often concentrated near the interface [3,6,19]. Mesh refinement is also
standard in detailed FEM models of multicomponent droplets [12].

The mesh used is shown in Figure 6. A time-dependent solver with segregated coupling is
employed. In practice, segregated approaches can be more stable for tightly coupled multiphysics
problems than fully coupled solves, especially when strong gradients appear during evaporation
[12,19]. Similar numerical strategies are common in the modeling literature for coupled evaporation
and internal flow [21,52].

0.027]
0.0187]
0.0167]
0.0147]
0.0127]

0.017]
0.008]
0.0067]
0.0047

0.0027]
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Figure 6. Finite element mesh with local refinement near the contact line, liquid—vapor interface, and heated
substrate.

3. Results and Discussion
This section describes the main trends predicted by the coupled model. We organize the discussion
around questions that matter directly for inkjet printing:

1.  How strong is the internal circulation, and where is it located?
2. How does evaporative cooling reshape the temperature field over time?
3.  How quickly does EG segregate, and where does it accumulate?

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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4. How do these transport processes connect to common deposit outcomes such as rings versus
more uniform coatings?

These questions align with the broader literature on deposit formation and evaporation-driven self-
assembly [1,10,15,30].

3.1. Velocity Field and Internal Circulation

The internal flow is governed by competition between evaporation-driven capillary flow toward
the contact line and Marangoni-driven circulation along the interface. In classical coffee-ring behavior,
strong evaporation near the contact line draws liquid outward, producing a net radial flow that
transports solutes and particles to the edge [1,4,28]. If Marangoni stresses are sufficiently strong, they
generate interfacial shear that redistributes liquid and can partially counteract outward transport
[3,18]. Under some conditions, circulation can reverse based on how heat is supplied through the
substrate [6].

The predicted initial velocity magnitude field is shown in Figure 7. The qualitative pattern is
consistent with many numerical and experimental studies: higher velocities are typically observed
near the interface where shear is applied and where evaporation-induced stresses are active [3,18,
19]. In multicomponent droplets, the flow structure can be transient because both temperature and
concentration gradients evolve during drying [8,11,13,52].

Time=0 min Surface: Velocity magnitude (m/s) -
m _ T I I I I I ]
x107

0.015 . 2.5
2

0.01F ] 1.5
0.005F ] 1

0.5
0 1 1 1 1 1 1 0

-0.02 -0.01 0 0.01 0.02 0.03 m

Figure 7. Velocity magnitude (m/s) inside the droplet at the initial simulation time (¢ = 0 min) for the non-
isothermal evaporation case.

3.2. Baseline Concentration Field at the Start of Evaporation

Figure 8 shows the initial EG concentration field (with streamlines). At ¢ = 0, the droplet is
assumed well mixed, so concentration gradients are minimal. This matters because it separates early-
time flow (dominated by heating and initial evaporation) from later-time flow (where strong solutal
gradients appear due to preferential evaporation). In binary droplets, this transition often corresponds
to the onset of solutal Marangoni stresses and observable flow regime changes [8,11,13].

Time=0 min gyrface: Concentration (molim?®) Streamline: Total flux (spatial frame)

m = T T T T s
0.015 .
0.8
0.01 - 0.6
0.4
0.005 . 0.2
0k L I I 1 . 0

-0.02 -0.01 0 0.01 0.02 0.03 0.04 m

Figure 8. EG concentration (mol/m?) inside the droplet at t = 0 min, overlaid with streamlines representing total
mass flux.
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3.3. Temperature Evolution and Non-Isothermal Behavior

Non-isothermal evaporation generates temperature gradients near the interface due to latent
heat consumption. These gradients are not just a thermal detail; they directly drive thermocapillary
Marangoni flow because surface tension depends on temperature [3,18]. Substrate heating supplies
energy through the contact area, while evaporation removes energy across the free surface, creating a
temperature field that is non-uniform in space and time [6,20,22,52].

The 3D temperature visualization at t = 0 is shown in Figure 9, and the corresponding 2D
temperature field at ¢t = 0 is shown in Figure 10. These plots confirm that even at early times the
droplet exhibits a structured thermal field driven by substrate heating and interfacial cooling [21,22].

Time=0 min Surface: Temperature (K) o
w103 [ T T T T | —
m - _
55l | 293
2+ _
1.5 -\ -
1+ _
0.5+ -
D -
-0.5 4 1 1 1 1 1 I 293
-0.004 -0.002 0 0.002 0.004 0.006 m
Figure 9. 3D temperature visualization at t = 0 min under non-isothermal conditions.
Time=0 mirf ; o
- 20
1 %107 m
0
7 19.9
?'-.\er

Figure 10. Temperature distribution (K) at t = 0 min showing heat transfer from the heated substrate to the
droplet.

As evaporation proceeds, the thermal field evolves. Figures 11 and 12 show snapshots at t = 4 and
t = 8 minutes. Heated substrates accelerate evaporation, but they also change the spatial distribution
of evaporation flux and temperature gradients [20]. These gradients can either stabilize or destabilize
internal flow depending on substrate properties and solvent parameters [6,7,27].

Time=8& min Surface: Temperature (K) L
m - T I I I I I -
0.015 7
305
0.01+- 7
300
0.005 7
295
) ! ! ! -

-0.02 -0.01 0 0.01 0.02 0.03 m

Figure 11. Temperature distribution (K) at = 4 min under non-isothermal evaporation.
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Figure 12. Temperature distribution (K) at { = 8 min under non-isothermal evaporation.

3.4. Velocity Field Comparison at t = 0, 4, and 8 Minutes

Figures 13 and 14 illustrate how internal circulation changes over time. As evaporation continues,
thermal gradients strengthen and composition gradients appear as the more volatile component leaves
the droplet. The combined effect often increases circulation intensity and can shift where the strongest
flow occurs [3,8,13]. These trends align with the broader observation that internal flow in drying
droplets is highly time dependent and can undergo regime changes [8,11,52].

Time=8 min surface: Velocity magnitude (mys) -
x107 |
m —

2 -
150 0.06

1+ 0.04
0.5

ol 0.02
0.5 0

-0.002 0.002 0.004 0.008
Figure 13. Velocity field comparison at ¢t = 0 and ¢ = 4 min.
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Figure 14. Velocity field at f = 8 min.

3.5. Concentration Segregation at t = 0, 4, and 8 Minutes

Preferential evaporation of water enriches EG near the interface and, in many cases, near the
contact line. This enrichment matters for two reasons. First, it changes local material properties
(surface tension, viscosity, diffusion). Second, it introduces solutal Marangoni stresses that can oppose
or reinforce thermocapillary stresses [8,11,13]. In binary droplets, this competition is a key mechanism
behind flow transitions and complex multi-cell circulation [8,13].

Figure 15 shows the concentration distribution at t = 0, which is initially uniform, while Figure 16
shows the later-time distributions at = 4 and t = 8 minutes. The appearance of stronger gradients at
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later times is consistent with multicomponent evaporation studies and FEM modeling results showing
progressive segregation of the less volatile component [12,13,21]. Surfactants, if present, can further
modify segregation and interfacial transport [11,53].

Time=4 min gyrface: Concentration (mol/m?®) Streamline: Total flux (spatial frame)

0.003

0.002

0.001

D_

-0.004 -0.002 0 0.002 0.004 0.006 0.008 m

Figure 15. EG concentration distribution at = 0 min (initially well-mixed).

Time=8 min gyrface: Concentration (mol/m?®) Streamline: Total flux (spatial frame)

0.003
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0.001

G_

-0.004 -0.002 0 0.002 0.004 0.006 0.008 m

Figure 16. EG concentration distributions at t = 4 min and ¢t = 8 min showing progressive enrichment near the
interface and contact line.

3.6. Droplet Shrinkage with Time

Evaporation causes the droplet to shrink in both height and (depending on pinning) footprint
area. Here, under the pinned assumption, the droplet height decreases while the contact line stays
fixed. This is a standard drying mode reported in many coffee-ring contexts [1,4,28] and is frequently
associated with enhanced outward transport [30]. Figures 17 and 18 illustrate droplet profiles over
time, demonstrating sustained volume loss under heating. Local thermal gradients can also modify
the evaporation flux distribution [20,22].

-3

Time=8 min x10 mSu?ace#Tempeﬂature(dquh -
0 oy, 2 v

2 e e, s N

0

35

30
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23

Figure 17. Droplet profile at t = 0 min.
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Figure 18. Droplet profiles at t = 4 min and = 8 min illustrating shrinkage under heating.

3.7. Quantitative Metrics: Mass, Velocity, and Evaporation Rate

Beyond visualization, time-series metrics are useful because they connect directly to printing
process design (for example, drying time, peak convection strength, and the stage when segregation
becomes strong). Figure 19 shows the droplet mass versus time, and Figures 20 and 22 show charac-
teristic velocity measures. Figure 23 shows the evaporation rate versus time, which often transitions
from an early-time regime (strongly driven by heating and geometry) toward a more diffusion-limited
regime as the droplet shrinks and the driving gradients change [2,4,5,23,29]. Such time-dependent
behavior is consistent with both classical evaporation literature and modern coupled simulations
[12,19,21].

Peak Internal Velocity vs Time
0.0022f
0.0020
0.0018}
0.0016f

0.0014 |
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0.0008E 4 i i | i | I
0 2 4 6 8 10 12

Time (min)

Figure 19. Droplet mass versus time (normalized or absolute depending on COMSOL export).
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Droplet Mass vs Time
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Figure 20. Peak or characteristic internal velocity versus time.

EG Concentration at the Contact Line vs Time
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Figure 21. Additional mass versus time output (alternate normalization/export).
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Temperature Gradient vs Time
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Figure 22. Additional velocity versus time output (alternate location/definition).
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Figure 23. Evaporation rate versus time showing the transition from an initially faster stage to a diffusion-limited
regime.

3.8. Implications for Deposit Formation and Print Quality

The combined results support a clear physical picture consistent with widely reported drying
outcomes:

*  Outward capillary flow promotes edge accumulation and ring-like deposits [1,4,28].

¢  Thermocapillary Marangoni circulation can redistribute liquid and sometimes counter ring
formation, depending on the direction of surface-tension gradients and substrate heat supply
[3,6,18].

®  Solutal Marangoni effects become stronger as EG segregates, and these effects can create flow

transitions and complex circulation patterns that change where solutes and particles accumulate
[8,11,13].
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In printing contexts, these mechanisms map directly to observed improvements or failures in
line uniformity when changing substrate temperature or solvent composition [15,17,34,37,39]. In fact,
microdroplet evaporation has been exploited for controlled ring formation and “branding” effects
using modified inks [34]. Broader pattern formation studies show that deposit morphology can
be sensitive to subtle changes in evaporation conditions, particle interactions, and particle shape
[9,25,26,31,50]. Recent work also emphasizes that nanoparticle motion and deposition pathways can
be strongly influenced by the evolving internal flow field [54].

From a process-design perspective, several practical levers stand out:

*  Substrate temperature: increases evaporation rate but can also strengthen Marangoni flow and
alter circulation direction [6,20,52].

* Solvent system: controlling volatility contrast can manage how quickly a low-volatility compo-
nent accumulates at the rim [8,13,21].

e  Additives and surfactants: can change surface tension gradients and interfacial transport [11,53].

®  Substrate engineering: patterned or non-wetting surfaces can change evaporation modes and
deposition outcomes [32,33].

Finally, inkjet systems may also experience selective evaporation in regions other than the substrate
footprint, such as near the nozzle exit during jetting and flight. This can shift concentration even
before the drop lands [56]. While that effect is not modeled here, it reinforces the general message:
evaporation-driven composition changes can occur at multiple stages in printing [40,56].

3.9. Broader Relevance Beyond Metallic Inks

Although this paper focuses on a reactive silver-ink solvent system, the same coupled physics
appears in many related applications. Inkjet printing is used for thin-film electronics, biomaterials, and
even printing living cells; in these cases, drying and internal transport still shape final pattern fidelity
and function [39,41]. Wetting and spreading remain central to how droplets set their footprint and
contact angles [24]. The methods used here (axisymmetric modeling, coupled thermal/species/flow
fields, and moving-interface evaporation) are therefore broadly relevant across printed coatings and
functional deposition processes [22,27,30].

4. Limitations and Future Work

The present analysis is intentionally focused, but several limitations should be noted. First, the
model is 2D axisymmetric; real droplets can develop three-dimensional instabilities and asymmetric
Marangoni circulations, particularly in the presence of substrate heterogeneity or ambient airflow
[7,27]. Second, some thermophysical parameters can depend strongly on composition in concen-
trated mixtures, and including full composition-dependent property models may improve late-stage
predictions [13]. Third, the model assumes a smooth substrate and does not include contact-angle
hysteresis or surface roughness, which can modify pinning behavior and therefore alter evaporation
flux distributions and deposit morphologies [7,24]. Finally, the present study does not explicitly model
droplet-shape reconstruction from experimental profiles (e.g., ADSA methods), which can be valuable
for validating geometry and contact angle evolution [51].

Future work should:

e extend the formulation to 3D to capture asymmetric flow structures and possible instabilities
[7,27],

* incorporate composition-dependent material properties and improved surface-tension models
o(T,c) [13],

* add explicit particle/nanoparticle transport (advection—diffusion plus aggregation models) to
predict deposit morphology more directly [10,15,54],

* include substrate patterning and non-wetting effects to explore drying on engineered surfaces
[32,33],
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e and link droplet-scale drying to printhead /jetting conditions to account for upstream evaporation
and concentration changes [40,56].

These improvements would strengthen the model as a predictive design tool for printed electronics
and related coating processes, including emerging applications where precise droplet control is
essential [37,41].

5. Conclusions

A fully coupled multiphysics COMSOL model was developed to simulate evaporation of a
water—EG reactive ink droplet on a heated substrate under pinned contact line conditions. By coupling
Laminar Flow, Heat Transfer, Maxwell-Stefan Species Transport, and a moving-interface evaporation
representation, the model captures the central mechanisms that control internal transport: evaporation-
driven capillary flow, thermocapillary Marangoni circulation, solutal Marangoni stresses caused by
solvent segregation, and evolving temperature and composition fields [3,8,13,22,30]. The simulations
predict progressive EG enrichment near the interface and contact line, alongside time-dependent inter-
nal flow patterns that are expected to influence where silver precursors or nanoparticles accumulate.
Opverall, the results support the use of coupled simulation as a practical tool to guide ink formulation
(solvent ratio choice) and process conditions (substrate temperature) to improve feature uniformity
and reduce undesired ring deposition [12,13,17,21,39].
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