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ABSTRACT

Inkjet-based three-dimensional (3D) printing is widely used for fast and efficient non-contact manufacturing, yet
it suffers from several drawbacks, such as coarse resolution, lack of adhesion, manufacturing inconsistency, and
uncertain final part mechanical properties. These undesirable effects are related to complex flow phenomena in
colloidal droplets in inkjet 3D printing, particularly the internal flows and droplet deformations during the
deposition and drying processes. These challenges are due to the colloidal suspension droplets being kept in the
liquid state during printing. To overcome these disadvantages, this paper presents a novel freezing-sublimation-
based inkjet 3D printing concept that freezes the colloidal droplets upon impact followed by sublimation,
eliminating the undesirable particle transport and fluid motions during deposition. A series of experiments were
conducted to characterize the colloidal droplet behaviors during the impinging/freezing and sublimation pro-
cesses and evaluate the effects of the freezing process on droplet impinging dynamics as well as the final
deposition patterns through sublimation. It was demonstrated that the deposition patterns obtained from this
new method are much more uniform than the conventional evaporation-based deposition method. Both quali-
tative and quantitative methods were applied to analyze the colloidal droplet profiles during the printing process
(impinging, freezing, and sublimation), as well as the final deposition patterns. The study shows promising
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results of using this new method, providing a foundation for the development of the novel freezing-sublimation-
based inkjet 3D printing technique.

Nomenclature

u Viscosity of droplet

p Density of droplet

Pp Density of colloidal particles

Pair Density of air

o Surface tension coefficient of droplet in air

[ Static contact angle of droplet on the substrate

AR Area ratio of the printed pattern on the substrate

Bi Biot number

Bo Bond number

c Specific heat capacity of droplet

D Droplet diameter on the substrate

Dy Initial droplet diameter

D, Diameter of colloidal particles

Dinax Maximum spreading diameter of droplet on the substrate

g Gravitational acceleration

H Height of droplet on the substrate

h Convective heat transfer coefficient of droplet

hq Equivalent thickness of droplet at its maximum spreading
diameter

Hg Latent heat of ice

I Intensity of colloidal particles on the substrate

Lnax Maximum intensity on the substrate

Linin Minimum intensity on the substrate

k Thermal conductivity of droplet

L Characteristic length of droplet

m Mass of droplet

Ny The number of pixels in the expected deposition area on
the substrate

N, The number of pixels in the printed area on the substrate

R Radius of the printed pattern on the substrate

Rr Thermal resistance of droplet

Re Reynolds number

Smax Maximum spreading ratio of droplet

St Stokes number

t Time

to Initial time point

T4 Temperature of droplet

Tr Freezing temperature of droplet

T Surface temperature of the substrate

teezing ~ Freezing time of droplet

Vv Impact velocity

We Weber number

1. Introduction

Three-dimensional (3D) printing is an additive manufacturing (AM)
process that has received much attention in recent decades. Compared to
the traditional subtractive manufacturing methods, 3D printing has
brought in new design freedom and economic advantages, making it a
perfect fit for custom designs and prototype fabrications [1-3]. Many 3D
printing methods have been developed, including stereolithography
(SLA), selective laser sintering (SLS) or melting (SLM), fused deposition
modeling (FDM), direct energy deposition (DED), and inkjet-based 3D
printing, favoring the different manufacturing needs while being
applicable to a variety of materials [2-4]. Among these technologies,
inkjet-based 3D printing is recognized as a competent tool for
manufacturing complex and advanced structures of various materials,
with growing demands from aerospace, healthcare, biomedical, and
automotive industries [1,4].

Conventional inkjet-based 3D printing methods create 3D structures
layer-by-layer by jetting colloidal suspension droplets onto a substrate
with subsequent evaporation and deposition [1,2,5]. Usually, there are
two modes of inkjet printing: continuous mode and drop-on-demand
mode. In both of these two inkjet mechanisms, liquid colloidal drops
are jetted through an orifice or nozzle. Continuous printing can produce
drop jetting with generation rates in the range of 20-60 kHz and ve-
locities of more than 10 m/s [6]. While this offers fast processing, it is
more vulnerable to contamination as the ink is recycled [1]. The
drop-on-demand printing mode generates individual colloidal drops at
acoustic frequencies of 1-20 kHz and velocities of 5-8 m/s [7]. This
method has higher resolution and is considered more economical.
However, the drying of ink at the nozzle during downtime may cause
clogging and further jetting errors [1]. In general, the ink liquid prop-
erties, such as viscosity, surface tension, and density, must be within
certain ranges to allow inkjet printing to work correctly. The perfor-
mance of inkjet-based 3D printing is generally evaluated in terms of drop
placement accuracy, resolution, manufacturing consistency, and final

part mechanical properties [8], which are determined by the colloidal
droplet dynamics during jetting, impacting, spreading, and drying pro-
cesses [4,5].

One big challenge in inkjet 3D printing is the coarse printing reso-
lution, which is essentially determined by the droplet-substrate in-
teractions in the printing process, i.e., droplet impact, deposition, and
the subsequent drying processes. The droplet impinging dynamics on
solid surfaces have been extensively studied [9]. Various dynamic
phenomena have been observed, including splashing, spreading,
receding, and bouncing. For a colloidal droplet impacting a solid sub-
strate, the drop would spread to a maximum due to the dissipation of the
kinetic energy of the droplet. After the spreading stage, the drop recoils
back to an equilibrium shape that is determined by the surface energies
of the liquid and the solid surface. The dynamics of an impacting droplet
is significantly affected by liquid drop properties (i.e., viscosity, surface
tension, density, velocity, and diameter) and surface conditions (i.e.,
roughness, wettability, and shear modulus) [9-12]. As a result, the
resolution of inkjet-based 3D printing (i.e., printing drop footprint)
would essentially depend on the ink drop volume, drop spreading cap
size, and contact angle between drop and substrate.

During the evaporation-based drying processes of colloidal droplets,
various solid deposit patterns could form due to free surface movement,
contact line dynamics, and diverse internal flow structures that may
present during the evaporation processes [13-15]. The so-called coffee
ring pattern has been commonly observed, which forms due to the radial
capillary outward flow inside the sessile drop that replenishes the faster
drying at the rim of the drop [16]. Meanwhile, the surface tension
gradient along the drop radial direction generated from the vapor
pressure difference contributes to the Marangoni flow that can reverse
the replenishing flow and produce different deposit patterns [14].
Contact line dynamics also play an important role in determining the
evaporation rate, the internal flow structures, and particle transport
behaviors during the drop evaporation process [17]. Since the inkjet
droplets may have different sizes and surface energies, the viscous and
inertial forces of the droplets vary significantly during the printing
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process. Moreover, the substrate surface properties and ambient condi-
tions (e.g., humidity) also strongly affect the depositing dynamics during
the droplet evaporation [18]. As a result, the drying mechanism and
hence the final deposit pattern can be substantially different during the
various inkjet 3D printing processes. This has been the main source of
course resolution, defect formation, and manufacturing inconsistency in
inkjet-based 3D printing technologies.

When a colloidal droplet evaporates with a pinned contact line, the
coffee ring effect may occur due to the outward capillary flow that
carries the solute particles to the edge of the evaporating droplet [16].
This effect can be suppressed by either weakening the outward capillary
flow or increasing the inward Marangoni flow [19]. The outward
capillary flow can be suppressed by raising the ambient humidity,
reducing the droplet size, or introducing responsive droplets with cor-
responding applied external fields [19,20]. The inward Marangoni flow
is produced when the surface tension gradient presents along the radial
direction of a droplet [21]. This flow carries the particles near the
substrate surface to the top of the droplet [14] and can be enhanced by
adding surfactants [20,22]. Attempts to produce desired deposition
morphology also include jetting colloidal droplets on specifically
patterned substrates [19] to adjust spreading and wetting behaviors. For
example, the use of a hydrophilic-hydrophobic surface pattern can
generate desired deposit patterns and improve the printing resolution
and accuracy [23]. To control the deposition morphology in inkjet-based
3D printing and improve the printing resolution and manufacturing
consistency, various strategies have been developed, including tuning
the liquid properties [22,24,25], regulating ambient conditions [26],
employing surface patterning [18,27], applying external fields [19],
modulating the pH of the ink droplet by utilizing supporting water
droplets [28], precisely adjusting the drying and overlapping processes
of neighboring ink droplets during printing [29], and operating the
printing process on porous cellulose nanopaper surfaces [30].

Despite the noticeable advances made in controlling deposition
morphology in inkjet-based 3D printing, their applicability is highly
limited due to the very complex and variable solute particle behaviors
and solvent motions in different colloidal droplets that evaporate from
different substrate conditions. This has been the bottleneck preventing
inkjet-based 3D printing from becoming a more widespread AM tech-
nology. In this paper, as the first effort of its kind, a novel freezing-
sublimation-based method is developed to prevent the uncontrolled
transport of particles in colloidal droplets during the drying process in
3D printing. This method fundamentally enhances the deposition uni-
formity of colloidal particles during printing, which can be adopted
across various inkjet-based printing applications. Different from the
conventional evaporation method to deposit and form solid structures
from liquid suspensions, this freezing-sublimation-based approach can
essentially eliminate the undesired drop spreading, fluid motions, and
solute transport behaviors during manufacturing processes. While many
freezing-based methods have been developed and implemented in 3D
printing in the past decade [31-34], these methods have mainly focused
on packing solute particles between growing solvent crystals to form
desired networks and porous structures through sublimation of the
solvent. In these methods, the freezing-sublimation process is applied as
a specialized treatment to the entire 3D-printed part, creating the
desired internal porous structures.

In this paper, however, the use of freezing-sublimation is not to
produce network structures, but to offer more precise controls of drop
spreading and deposition uniformity in much broader inkjet 3D printing
applications beyond the existing freezing techniques of fabricating
porous structures. In this method, the ink droplets are instantly frozen
upon contact with the substrate, after which the frozen solvent is
removed through a sublimation process. With well-controlled pressure,
humidity, and temperature conditions during freezing and sublimation,
the undesired overspreading, particle transport, and fluid motions can
be eliminated.

To demonstrate this novel concept, a series of experiments were
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conducted in this study to evaluate both the dynamic and thermal pro-
cesses during the droplet impacting and freezing processes. In addition,
the final deposition patterns formed through freezing and sublimation
were also captured and analyzed. In the context that follows, the theo-
retical background of both the evaporation-based and freezing-
sublimation-based inkjet printing processes are first introduced. Then,
the experimental methods to study the droplet behaviors during
impacting, freezing and sublimation processes are described. Both high-
speed imaging and infrared thermal imaging techniques were utilized to
characterize the evolutionary details of the droplet during the freezing-
sublimation-based printing process. A series of image processing
methods are also introduced, followed by an in-depth discussion of the
measurement results of the droplet dynamics and thermal evolutions
during impacting and freezing, as well as the final deposition patterns.

2. Theoretical background

Conventional inkjet-based 3D printing involves multiple stages,
including droplet impingement and subsequent drying. In practical ap-
plications, the ink droplets typically have diameters in the order of
micrometers [35,36]. This small scale makes it particularly challenging
to accurately characterize the droplets’ transient hydrodynamic
behavior and heat transfer properties during the printing process. To
more intuitively replicate and elucidate the behavior of colloidal drop-
lets and the resulting particle distribution patterns on substrates in our
proposed method, this proof-of-concept study employed
millimeter-scale droplets. Although discrepancies may arise in this
large-scale laboratory model system, a detailed scaling analysis of the
experimental data (in the following sections) indicate that many un-
derlying physical processes are shared across scales, which is the focus of
this paper.

Fig. 1 shows time sequence images of printing a colloidal droplet
(0.5 % (w/v) Pearlitol 100 SD solution) on a hydrophilic substrate at
room temperature. Fig. 1(a) ~ (e) illustrates the hydrodynamics of the
droplet during the impinging process on the substrate (ty indicates the
initial contact). Right after the initial contact, the droplet spread to its
maximum diameter (D,qy) and then retracted and stabilized in a static
state. Under experimental conditions with a low droplet impact velocity
(V), no break-up splash or rebounding from the surface was observed.
Instead, the droplet only deformed on the surface during impingement,
called the deposition regime [37]. After the droplet stabilized in its static
state, the contact line of the droplet was pinned on the substrate. As
shown in Fig. 1(f) ~ (j), the droplet evaporated over time with a constant
contact area. In the end, colloidal particles remained on the substrate,
forming a coffee-ring-like pattern. Very few colloidal particles was seen
at the center of this printed pattern.

The transient diameter (D) and the height (H) of the droplet on the
substrate during these dynamic processes were measured to quantify the
geometrical shape change of the droplet over time (t). Fig. 2 shows the
temporal variations of the normalized D and H of the droplet during
impingement and evaporation-based drying processes on the substrate
at room temperature. Here, D indicates the horizontal distance from the
left to the right boundary of the droplet on the substrate, and H shows
the vertical distance between the substrate and the highest point of the
droplet.

Two stages, impingement and evaporation-based drying, can be
distinguished from Fig. 2 based on different trends of D and H. In the
impingement process, the droplet spread and reached its maximum
diameter after impacting the substrate. After that, the droplet retraction
occurred. The contact line receded towards the center of the droplet till
the droplet became static. This process is represented in the former part
of Fig. 2 as follows: after initial contact, D increased rapidly with
decreasing H. It implied that a spherical droplet was flattened on the
substrate, corresponding to the spreading process of the droplet. In a
short period, D achieved its maximum spreading diameter, more than
three times Dy, and started the retract process immediately, during
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Fig. 1. The time-evolution of a colloidal droplet during the impingement process, i.e., (a) ~ (e), and the evaporation-based drying processes, i.e., (f) ~ (j), on a
hydrophilic substrate at room temperature. Dy = 2.70 mm, V = 1.92 m/s. (Scale bar: 2 mm).

Fig. 2. A linear-log plot to show the geometrical shape change of a colloidal
droplet during the impingement and evaporation-based drying processes on a
hydrophilic substrate at room temperature. Dy = 2.54 mm, V = 1.84 m/s. D and
H indicate the diameter and the height of the droplet on the substrate,
respectively.

which D decreased with increasing H. Ultimately, the droplet displayed
features of a sessile droplet on the substrate. Both D and H achieved
constant values, indicating that the droplet reached a spherical cap-like
shape that can well balance surface tension forces along solid-liquid,
solid-air, and liquid-air interfaces acting at the contact line.

As time goes by, water molecules were released from the liquid
surface into the air due to the vapor gradient at the surface, enabling
evaporation-based drying. In Fig. 1, the contact area of the droplet was
almost constant during evaporation, and only the height of the droplet
gradually decreased. This observation was confirmed from the latter
part of Fig. 2: D had a negligible change during the evaporation process

with decreasing H. It suggested that the contact line of the droplet was
pinned on the substrate during this process. Evaporation was fast near
the contact line of the droplet, which has a high curvature of the droplet
profile. It induced an internal flow from the center towards the boundary
of the droplet to refill the loss of water. The induced flow can bring
suspending colloidal particles to the edge of the droplet. In the end, solid
particles gathered along the boundary of the droplet and formed a ring-
shaped pattern on the substrate [38-40]. This internal flow is undesired
as it can cause a nonuniform distribution of colloidal particles on printed
patterns. To examine fluidic motions that may affect the distribution of
colloid particles in inkjet-based 3D printing, theoretical models for
droplet impingement and the drying process on substrates were sum-
marized as follows.

2.1. A. Evolution of droplet impingement on substrates

When a colloidal droplet was ejected onto a substrate, the droplet
deformed instantly due to the inertial effects. During the process of
droplet impingement, the role of gravitational effects on the dynamic
process of droplet deformation was considered in relation to the size of
the droplet. The Bond number (Bo = (p —p,;)gL?/c) was used to quan-
tify the significance of the gravitational effect, which was obtained from
the ratio of gravitational to capillary forces. Here, (p —p,;,) indicates the
density difference between the colloidal solution and air, g is the grav-
itational acceleration, L is the characteristic length of droplets, and o is
the surface tension coefficient. When Bo is smaller than 1, it indicates
that gravitational and surface tension forces are balanced in the droplet,
and the gravitational effect is not dominant in the shape of the droplet.

Besides gravitational effect, the deformation morphology varies
based on the impact Weber number, which is a function of impact ve-
locity on the substrate (V) and the physical properties of this colloidal
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solution, including the density (p), the viscosity (u), and the surface
tension coefficient (¢). At the room temperature, if the Weber number
(We = pV2Dy/0) of droplet impact was small, and the surface wettability
of the substrate was hydrophilic, the droplet would spread along the
substrate without splashing or bouncing off from the surface [41-44].
During this spreading process, D would increase until the surface tension
and viscous forces within the droplet overcame the inertial force of the
droplet. Then, the droplet would recoil with a decreasing D. The
receding contact line would also lead to a decreased contact angle of this
droplet. In the end, the droplet achieved its static state when the contact
angle could balance all surface tensions along interfaces well.

The maximum diameter of the droplet during spreading (Dyqy) is one
of the critical parameters to characterize this spreading regime. Dp,q, can
be predicted using dimensionless numbers representing fluidic behav-
iors during droplet impingement. For instance, with a known Dy, Dyqx
can be obtained from S;;4y, the spreading ratio between Dp,q and Dq (i.e.,
Smax = Dmax/Dg)- In practice, Spqx can be approximately calculated as
follows [45]:

1
Sinax = VgRez (€9)

where

_ pVDq
u

Re (2)

However, it should be noted that the droplet impinging dynamics
and the associated droplet morphology and contact diameter, D, can be
significantly altered when the substrate surface is at freezing tempera-
tures. Depending on the heat transfer rate, the droplet could freeze or
solidify on the substrate at any moment during contacting, spreading or
retracting, inhibiting further D changes [46]. Here, the thermal process
of droplets freezing on the substrate can also be affected by the size of
the droplets. With this regard, the Biot number (Bi = hL/k) can be used
to evaluate the effects of droplet size on the freezing process, where h is
the convective heat transfer coefficient, L is the characteristic length of
droplets, and k is the thermal conductivity of the colloidal solution.
When Bi < 0.1, the temperature distribution within the spreading
droplet is effectively uniform, indicating that the droplet is in a ther-
mally homogenous state, and its size has a minimal effect on the freezing
process [47].

2.2. B. Evolution of droplet evaporation

After impingement, the geometrical shape of a static sessile droplet
on substrates was governed by surface tensions along three interfaces:
solid-liquid, solid-air, and liquid-air interfaces. When these forces ach-
ieve balance, the corresponding angle between the tangential directions
along air-liquid and liquid-solid interfaces is called static contact angle,
which depends on the surface properties of substrates. Also, the sessile
droplet would form a spherical cap-like shape to minimize its surface
energy.

During evaporation, water molecules in the sessile droplet would
escape from the liquid surface to become vapor at room temperature.
Depending on whether or not the contact line is pinned on the substrate,
the evaporation mode of the droplet varies: either the droplet has a
constant contact area or a constant contact angle during evaporation.
For the former mode, the droplet usually has an initial contact angle of
less than 900 on the substrates [48]. With an almost constant contact
area on the substrate, the contact angle of the droplet decreased linearly
over time during the drying process [38,49]. For the latter mode, the
contact line continuously recedes during evaporation, producing a more
complicated process with a changing wetted area of the droplet [50].
This mode occurs more often with unique substrate surface structures
and droplet deposition conditions, for instance, when the initial contact
angle of the droplet is greater than 900 [48]. It should be noted that most
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studies were focused on the evaporation mode of a droplet with a con-
stant contact area on substrates, as shown in Fig. 1, as it occupies 90 ~
95% of the droplet’s lifetime during evaporation [51].

In addition, the geometrical shape of droplets during evaporation is
predictable. Assuming that the droplet on substrates is a spherical cap,
the total height of the free surface (h) of any point on the profile of a
droplet on substrates can be represented as [52]:

R*(1)
sin®6(t)

h(r,t) = —r2 —R(t)coto(t) 3

Here, r is the horizontal distance from the center of the droplet
(r = 0), and t is the time duration since the beginning of evaporation. R
(t) and O(t) are the radius and the contact angle of the droplet as a
function of t, respectively. The boundary condition of this equation, h(R)
= 0, illustrates that the contact line is pinned on the substrate. With a
pinned contact line, the R of the droplet is constant over time.

It was found that the water mass decreased linearly over time. Thus,
the contact angle of a droplet decreased linearly with time for a droplet
with a pinned contact line on substrates. An approximation equation of
the contact angle of the droplet during evaporation is obtained: 8(t) =
60;(1 —t/ts). Here, 6; is the initial contact angle of the droplet on sub-
strates. tris the required total evaporation time till the free surface of the
droplet became flat on substrates.

The above equations inform that the evaporation rate varies signif-
icantly at the droplet surface with a curvature. When the contact line is
pinned on the substrate, most water loss occurs near the contact line of
the droplet during evaporation. Hence, an internal flow is induced from
the center toward the boundary of the droplet to refill the water loss at
the edge [53]. This flow can redistribute the suspended colloidal parti-
cles toward the contact line region of the droplet during the evaporation
process. When the droplet is completely dried, most colloidal particles
would deposit near the contact line of the droplet. This phenomenon,
which caused a non-uniform distribution of particles, formed a ring-like
pattern on the substrate and was known as the “coffee-stain” effect
[53-55].

2.3. C. Evolution of droplet sublimation

The geometrical shape of a frozen water droplet during sublimation
has been well studied. It was found that both D and H of a frozen droplet
would decrease, and the contact angle would not be constant during the
sublimation process. A frozen droplet’s sharp edges with high curvatures
were observed to be rounded and smoothed rapidly at the beginning of
sublimation. It is worth mentioning that the mass loss of the frozen
droplet is not refillable during sublimation. In addition, sublimation that
occurred by step motion could easily relocate weakly bonded frozen
water molecules at the edges of the droplet to form new steps on their
adjoining faces. On these formed steps, newly exposed frozen water
molecules sublimated easily and formed new steps in a continuing
process during sublimation, resulting in the droplet’s tips and edges
becoming rounded [56,57]. This smoothing process could increase the
contact angle of a frozen sessile droplet to around 900 in a short period
at the early sublimation stage.

After the smoothing process, the geometrical shape of a frozen
droplet exhibits a self-similar behavior during the late stage of subli-
mation. An equation to express the shape change of a frozen droplet at
the late time of sublimation was derived as follows [56]:

R(t) = /Ry — 2p(CY° /Hy )t (&)
H(t) = %R(t} 6))

The time, t, in this equation is the time duration since the beginning
of the late stage of sublimation, which can be approximately determined



H. Zhang et al.

ast = t;/2. R and H measured at t;/2 were used as initial values, Ro and
Hy, of this equation.

In addition, f is an evaporation parameter calculated from g =
De(Psar —Poo)/Pices Dc is the constant diffusion coefficient. p,, p.,, and
Pice indicate the constant saturation value of the vapor mass concen-
tration at the ice surface, a fixed value of the vapor mass concentration
far away from the ice surface, and the density of ice, respectively. C°
indicates the initial capacitance for a prolate spheroids-shaped droplet.
Here, a, b, and c are the three semi-axes of an ellipsoid droplet. With b
= ¢, the capacitance can be simplified as:

2 _ h2
oo _ 2va? - b ©)

a+Va?—b2
In <a a%—b? )

The solvent (such as water) can be removed via sublimation, but
colloidal particles contained in the droplet remain, forming patterns
through the mechanism of random propagating deposition of solid
particles in three dimensional on the substrate after the droplet is
completely sublimated [40]. It should be noted that small voids may be
created during the sublimation process due to the escape of vapor from
inside of the frozen droplet [58]. However, these voids would be much
smaller in comparison to the voids formed due to the nonuniform
deposition in the conventional evaporation-based drying process.

3. Materials and methods
3.1. A. Materials

In this study, 0.5 % (w/v) Pearlitol 100 SD solution was used as the
inkjet solution. The solution was prepared by mixing the Pearlitol
powder (E131G, Roquette) with distilled water. Average mean diameter
and the density of the powder particle were D, =100 pm and p,
=1.514 g/cm®, respectively. The physical properties of this solution
were measured at room temperature using electronic balance (TE32FT
digital scale, Taylor), a rheometer (MCR 302, Anton Paar) with a 50 mm-
diameter cone geometry (1o), and the pendant drop method-based
image analysis [59], respectively (p = 1000 kg/m>, 4 = 0.88 mPa:s,
and ¢ = 57.2 mN/m). The measured solution properties are similar to
water, which implies that adding a small amount of Pearlitol powder
would not affect the physical properties of water significantly.

The substrate for 3D printing was made from aluminum plates
(20 mm x 20 mm x 1 mm) with surface treatments. Each plate was
polished with two types of sandpapers in order (#800 and #2000 grids)
and then was painted using black paint (Painter’s Touch Ultra Cover
2 X, Paint 4+ Primer, Flat Black, Rust-Oleum). After that, the plate was
placed into a fume hood overnight to allow the painting to dry. The
contact angle, 0, of the inkjet solution on the substrate was measured as 6
~ 230 based on the 6/2 method from side view images captured by a
high-speed camera [60].

3.2. B. Experimental setup

To study the droplet impingement and freezing, as well as the
sublimation-based drying processes, a customized test rig was devel-
oped, consisting of two sections: the impinging and freezing platform
and the freeze-drying chamber. Fig. 3 shows the first section that can
generate droplets and release them onto substrates to produce droplet
impinging and freezing processes. Colloidal droplets can be generated
by injecting the prepared colloidal solution through a tubing connected
to a nozzle from a syringe (10 mL plastic syringe, inner diameter =
14.5 mm, Vita Needle Company) using a syringe pump (NE-300, New
Era Pump Systems, Inc.). A needle (Size 26, inner diameter = 0.26 mm,
Vita Needle Company) is fixed on a homemade frame on an optical table
as the nozzle. The volume flow rate of the syringe pump for colloidal
solution injection was 0.1 mL/min. The distance between the needle tip

Colloids and Surfaces A: Physicochemical and Engineering Aspects 713 (2025) 136513

Fig. 3. A schematic of the test platform for studying droplet impingement and
freezing processes on a precooled substrate.

and the substrate surface is adjustable, e.g., in this paper, the droplet
falling distance was set to be around 180 mm.

A thermoelectric-Peltier cold plate cooler & heater (CP-061HT, TE
Technology, Inc.) was fixed on the optical table as a test stage. An
aluminum plate with proper surface treatment was placed on the cold
plate as the substrate. The cold plate was connected to a pulse width
modulated temperature controller (TC-48-20, TE Technology, Inc.) and
a power supply (PS-24-6.5 A, TE Technology, Inc.) to adjust the surface
temperature of the cold plate and precool the substrate. A thermocouple
(DT304 Apollo IV Digital Temperature Logger, UEi Test Instruments)
was connected to the substrate’s surface to detect and monitor the
substrate’s surface temperature (Ts) in each experiment.

A high-speed camera (Phantom VEO 440-L, Vision Research) and a
thermal infrared camera (FLIR A655sc, FLIR Systems AB) were mounted
on the optical table to record droplet impingement on substrates from
the side and the top views, respectively. For highspeed imaging, an LED
light (RS-5620, RPS Studio CooLED 200 Studio Light, Dot Line Corp) was
used for illumination.

Fig. 4 shows the second section of the test rig that provides a
sublimation-based drying process for droplets frozen on the substrate. It
includes a commercial freeze dryer (HRFDS, Harvest Right, LLC.) and a
vacuum pump. After the droplet impingement and freezing processes are
completed, the substrate with the frozen droplet is transported into the
freeze dryer chamber for the sublimation process. Side-view images of
droplet sublimation are recorded using a monochrome digital camera
(DMK 23U445, The Imaging Source) through the observation window of
the freeze dryer. An LED light (RS-5620, RPS Studio CooLED 200 Studio
Light, Dot Line Corp) was used to provide illumination. A homemade
light reflector board was used in the freeze dryer chamber to provide
enough illumination for imaging purposes.

Fig. 4. A schematic of the test platform for studying the sublimation-based
drying process of a droplet frozen on a substrate.
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3.3. C. Experimental procedure

Fig. 5(a) illustrates the experimental procedure in this study,
including dripping a colloidal droplet, freezing the droplet on a pre-
cooled substrate, and sublimating the droplet in a freeze dryer. In detail,
a substrate was placed on the cold plate and precooled till T; = -10 °C for
preparation. After that, a colloidal droplet was generated at the needle
tip above the substrate by pumping the colloidal solution from a syringe
using a syringe pump. A low volume flow rate (= 0.1 mL/min) was
applied to minimize the inertia effect on the droplet. With a continuous
injection process, the suspending droplet kept growing, and eventually,
the droplet pinched off from the needle tip and impinged on the sub-
strate. In this study, the droplet size was determined by the size of the
needle (inner diameter = 0.26 mm for size 26 needle), measured as Dg
= 2.54 ~ 2.70 mm. The impinging velocity of droplet, V, is determined
by the distance from release to impact (accelerated due to gravity), e.g.,
V =1.82 ~ 1.92 m/s in this study.

Upon impacting the precooled substrate, the droplet would rapidly
freeze on the surface. A high-speed camera and a thermal infrared
camera were simultaneously triggered to record this process, from the
droplet’s initial contact with the substrate to its static state on the sub-
strate due to freezing. After that, the substrate with the frozen droplet
was transported into the freeze dryer for sublimation. An ice pack was
used during transportation to prevent any possible melting of the
droplet, and the sublimation chamber was precooled a lower-than
freezing temperature. Then, a monochrome camera was triggered to
record the evolution of the droplet. After that, the following steps were
made to achieve droplet sublimation: freezing, vacuum freezing, and
heating. In the beginning, the temperature inside of the sublimation
chamber (T) was reduced to around —30 °C. Then, vacuum freezing was
enabled by running a vacuum pump to reduce the pressure (P) to around
110 Pa while the temperature was maintained at —30 °C in the chamber.
After that, the heating process was launched to increase the temperature
of the chamber to around 15 °C, through which the sublimation was
accomplished.

The phase change of the colloidal droplet during these processes was
summarized in Fig. 5(b). When the droplet was generated at room
temperature (=~ 25 °C) at ambient pressure (101325 Pa), it was liquid.
After impingement, the temperature of the droplet was rapidly reduced

Fig. 5. (a) The experimental procedure of investigating the freezing-
sublimation-based 3D printing method. (b) A schematic diagram of the phase
change of a colloidal droplet during the impingement and the sublima-
tion processes.
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to below the freezing point on the precooled substrate. The droplet froze
and was kept at around —10 °C, the same temperature as T;. This cor-
responds to the freezing process shown in Fig. 5(b). After that, the frozen
droplet was transported into the precooled sublimation chamber
without phase change. Then, the sublimation chamber was operated to
decrease the pressure to 110 Pa, and then increase the temperature of
the chamber to 15 °C. Both the pressure and the temperature were lower
than at the solid/liquid/vapor triple point of water (611.66 Pa and 0.01
°C) [61], so the phase change of the droplet from solid to gas took place
in the sublimation chamber. This is shown as the sublimation process in
Fig. 5(b); no internal flow was induced in the droplet during the entire
drying process.

After the sublimation process was completed, only colloidal particles
remained on the substrate. Images of the obtained printing pattern
formed by particles were captured from the top using a digital camera
(EOS 6D Mark II, Canon) for advanced analysis. For comparison, addi-
tional experiments were repeated using droplets without a rapid
freezing process on substrates. Droplets were dripped on substrates with
Ts ~ 25 °C. After the droplet’s shape was static after impingement, the
droplet was either left on the substrate for evaporation at room tem-
perature or transported with the substrate into the freeze dryer for
sublimation. For the former case, the droplet’s evolution was continu-
ously recorded until the water phase was evaporated entirely. For the
latter case, the freezing process of the droplet was done in the freeze
dryer. Thus, as mentioned previously, around one hour of freezing at
—30 °C was required before the vacuum freezing process. Experiments
were repeated multiple times to confirm the repeatability of observa-
tions (N = 1 for droplets with an evaporation-based drying process and
N = 3 for droplets with a sublimation-based drying process).

3.4. D. Image processing and data analysis

3.4.1. D.1. Measurements of Dg and V of a droplet before impact

To characterize the droplet impingement condition, i.e., Dg and V, a
suit of customized Matlab codes was developed to process the snapshots
of droplets captured using the high-speed imaging system by following
the procedures shown in Fig. 6.

At the beginning, a snapshot of the droplet before impact, as shown
in Fig. 6(a), was converted into a binary image, as shown in Fig. 6(b),
using Matlab’s ‘imbinarize’ function. The ‘ForegroundPolarity’ param-
eter was set as ‘dark’ to indicate that the boundary of the droplet was
darker than the background of the image, and the ‘Sensitivity’ param-
eter was set as ‘0.40°. After that, the boundary of the droplet was
detected by using the ‘bwtraceboundary’ function. The white line shown
in Fig. 6(c) indicates the detected edge of the droplet from this image. In
the end, based on the detected boundary, a circular fitting was per-
formed. The fitting result is shown in red in Fig. 6(d), in which the dotted
line and the cross marker indicate the boundary and the center,
respectively. Dg was obtainable from the diameter of the fitting circle. V
was calculated from the average travel distance of the circle’s center and
the time interval over frames by repeating the same image processing
procedure to other frames from the same video.

3.4.2. D.2. Measurements of D and H of a sessile droplet on substrates
The change in the geometrical shape of a sessile droplet on substrates
was quantified by D and H, respectively. The procedure of image pro-
cessing is summarized in Fig. 7. To begin with, a raw snapshot of the
sessile droplet, as shown in Fig. 7(a), was converted into a binary image,
as shown in Fig. 7(b), by the ‘imbinarize’ function. The ‘Fore-
groundPolarity’ parameter was set as ‘bright’, and the ‘Sensitivity’
parameter was set as ‘0.20°. Then, the "interfaces" were detected by
using the ‘bwtraceboundary’ function. Then, the substrate surface
boundary was detected, as marked in red in Fig. 7(c). After that, the
droplet profile was probed as shown in Fig. 7(d) and (e). Thus, the
critical points were obtained from the boundary to characterize the
geometrical shape of the droplet, as shown in Fig. 7(f). It should be noted
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Fig. 6. The procedure of image processing to measure Dg and V from captured images of droplets before impingement. (a) Read a single frame of the droplet image
from the video. (b) Convert the image into a binary image. (c) Detect the boundary of the droplet on the image. (d) Perform circular fitting using detected boundary

to determine the droplet’s diameter and center on the image.

Fig. 7. The procedure of image processing to measure the evolution of D and H
from images of sessile droplets on substrates. (a) Raw snapshot of a sessile
droplet. (b) Convert the image into a binary image. (c) Detect the boundary of
the substrate surface. (d) Binary image of the droplet profile. (e) Detect the
boundary of the droplet using (d). (f) Measure D and H by referring to critical
points on the droplet profile. Red square markers, the cyan triangle marker, and
the magenta dash-dotted line indicating the left- and right-most points on the
boundary of the droplet, the top-most point on the boundary of the droplet, and
the surface of the substrate, respectively.

that, a “thick” boundary was observed in the image processing, which
was caused by light reflection at the interface. The droplet boundary was
defined as the outer edge of the detected object. Comparisons between
the detected droplet profiles and the raw images demonstrated excellent
agreement, confirming the accuracy and reliability of the image pro-
cessing approach. The left-most and the right-most points on the
boundary were marked as red squares, and the top-most point on the
boundary was marked as a cyan triangle, respectively. The linear dis-
tance between two red square markers was measured as D. The linear
distance between the cyan triangle marker and the magenta dash-dotted
line, which indicates the fitting line of the substrate surface, was
calculated as H. By repeating the same procedure for images extracted
from multiple frames, the evolution of D and H during the drying process

of droplets can be quantified.

The above procedure was applied to the droplet images captured
during the sublimation process. The profile of the droplet and the
location of the substrate surface were separated from the detected
boundaries, respectively. In the end, D was measured from the left-most
to the right-most points on the droplet profile, and H was calculated
from the surface of the substrate to the top-most point on the droplet
profile.

3.4.3. D.3. Characterization of deposition profiles of dried colloidal
droplets on substrates

After the drying process, colloidal particles remained on the sub-
strates and formed printed patterns. The image intensity profiles of the
captured patterns were used as a reference to evaluate the printing
quality.

The procedure of image processing is summarized in Fig. 8. Firstly, a
raw image of the printed pattern shown in Fig. 8(a) was converted into a
binary image, as shown in Fig. 8(b). Circular fitting was operated to
determine the smallest circle that can enclose the entire pattern shown
in Fig. 8(b). The fitting result was shown in Fig. 8(c), in a red dotted line
and a red cross marker indicating the boundary and the center of the
fitting circle, respectively. Then, the intensity profiles along the radius
direction can be obtained, as shown in Fig. 8(d). As a reference, blue
dashed lines were drawn from the center to 80 pixels away from the
boundary of the circle, with both ends marked by red cross and red circle
markers (100 apart between lines, with 36 lines in total). The intensity
profiles along all these dashed lines were extracted.

As an example, the intensity profile along the 3 o’clock direction was
read from an image by the ‘improfile’ function. The measurement result
was plotted by black square markers in Fig. 8(e), where the x-axis and y-
axis indicated the distance of the measured point from the center (R) and
I, respectively. A linear interpolation was implemented to unify the
number of extracted points along all directions, after which, new points
were obtained, marked by red dots in Fig. 8(f). In the end, I values were
re-scaled based on the maximum (I;,qy) and minimum intensities (Iyn),
respectively. R was normalized using Dg, too. Fig. 8(g) shows the final
result, in which the x-axis and y-axis indicate R/Dg and
(I = Imin)/ (Imax — Imin), respectively.

By repeating the same procedure, the intensity profiles along all di-
rections were measured from the raw images. Thus, an angular-averaged
intensity profile can be obtained and used to characterize the deposition
patterns of colloidal particles on the substrate.

4. Results and discussions

4.1. A. Impacting and spreading dynamics of colloidal droplets on
substrates with different temperatures

The effects of substrate temperature (particularly sub-freezing tem-
perature) on the impacting and spreading dynamics of droplets were
experimentally studied based on the high-speed images of droplet
impingement. Firstly, the process of droplet impingement on the
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Fig. 8. The procedure of image processing to characterize the deposition pat-
terns of colloidal droplets on substrates. (a) Read a raw image of the deposition
pattern of a colloidal droplet on the substrate. (b) Convert the image to a binary
image. (c) Operate circular fitting to find a minimum circle shown as a red
dotted line that can enclose all deposits into a circular range. (d) Find the center
of the fitting circle shown as a red cross marker. Determine the outermost points
(shown as red circle markers) at 80 pixels from the boundary of the fitting
circle. Connect the center of the circle with these points with blue dashed lines
to indicate the location of intensity measurement. (e) Measure I of each pixel
along the blue dashed line in the 3 o’clock direction. Plot measured I over R
using black square markers. (f) Operate linear interpolation to obtain 200 I
values from points with the same intervals of R from (e), and plot these I values
using red dot markers. (g) Re-scale I and R, and plot the result using red dot
markers. The x- and y-axis indicate normalized data as R/Dy and
(I — Imin)/(Imax — Imin), respectively.

substrate at T; &~ 25 °C was captured, as shown in Fig. 9(a). A droplet was
generated at the needle tip by injecting colloidal solutions using a sy-
ringe pump. The initial droplet diameter before impact was Dy
= 2.54 mm, and the speed of the droplet was V =1.84 m/s upon
impacting on the substrate. Under these conditions, the We of the
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Fig. 9. The time sequence of side view images of droplet impingement on
hydrophilic substrates. t; indicates the initial time point when the droplet
contacted the substrate. (a) Dy = 2.54 mm, V = 1.84 m/s, T ~ 25 °C. (b) Dgq
=2.58 mm, V =1.84 m/s, Ty ~ -10 °C. (Scale bar: 5 mm).

droplet was calculated to be 150.

After impinging on the surface, the droplet experienced a series of
dynamic stages. Firstly, the droplet started spreading in the radial di-
rection on the surface. A rim-lamella shape was formed during this
process, including a thin central lamella part and a thick surrounding
rim, which agrees with those discussed in [62] when the We was larger
than 13.4. Additionally, the surrounding rim was wavy, caused by
circumferential instability of the droplet rim. Under the low We condi-
tion, the inertial force is insufficient to cause a splash or breakup of the
droplet [63]. The droplet was kept in direct contact with the substrate
during the spreading process, which was named the deposition regime.
The droplet achieved its maximum spreading diameter (Dpg =
8.89 mm) at t = 0.004 s. After that, the droplet started to retract. The
contact line started to recede towards the center of the droplet. When the
contact line arrived at its equilibrium location, the contact line was
pinned on the substrate. During the retraction process, the oscillation
motion of the droplet continued. In the final state, the droplet became
static with a spherical cap-like shape. In this shape, the contact angle of
the droplet is known as the static contact angle. It could support
well-balanced forces between surface tension forces along all interfaces.
No significant change on the outer boundary of the droplet was observed
even during the following evaporation process.

With the same substrate and experimental setup, a colloidal droplet
was dripped on a precooled substrate with T ~-10 °C. The droplet
impacting and spreading processes are shown in Fig. 9(b). Dy
= 2.58 mm, V = 1.84 m/s, and We of the droplet was calculated as 153
for this experiment. Since T; was lower than the freezing temperature of
the colloidal droplet, a rapid freezing of the droplet was expected.
However, according to Fig. 9(b), the geometrical evolution of the
droplet during the initial impacting and spreading processes was iden-
tical to that in the T; =~ 25 °C case. After initial contact, the droplet
spread in the radial direction to form a rim-lamella shape till its
maximum spreading on the surface of the substrate. It suggested that the
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freezing process was slower than the dynamic spreading process, i.e., the
droplet remained unfrozen during the spreading stage. The geometrical
evolution of the droplet during the spreading process could still be
predicted based on We.

The retraction process of the droplets showed significant differences
on the substrate under the freezing T condition. After the spreading
stage, the contact line of the droplet was immediately pinned on the
surface of the substrate. The boundary of the droplet did not recede from
the maximum spreading diameter, although the colloidal droplet was
not completely frozen. The colloidal solution’s oscillation motion
continued until the droplet became static. It suggested that a thin layer
of colloidal solution at the bottom of the droplet was frozen on the
substrate, inhibiting the mobility of the contact line. Although the liquid
phase of the droplet above the frozen layer continued the oscillation, the
outer boundary of the droplet was fixed near the maximum spreading
diameter. Finally, the droplet became static and formed a thin disc-like
shape, with a larger D than the spherical cap-like droplet obtained in the
Ts; ~ 25 °C case. It was also seen that the angle between the frozen
droplet and the substrate surface was smaller than 6 of the liquid-state
droplet at Ts ~ 25 °C.

Fig. 10(a) shows the infrared thermal images of the droplet during
the impingement process on the substrate at Ts &~ 25 °C. The retraction
process of the droplet occurred rapidly from Dy, on the substrate after
impingement, as indicated by the dashed line in the first image of the
time sequence images. During the early stage, it was seen that temper-
ature of the droplet was around 22 °C, which was slightly lower than Ty,

Fig. 10. The time sequence of top view thermal images of droplet impingement
on hydrophilic substrates. t, indicates the initial time point when the droplet
contacted the substrate. (a) Dg = 2.70 mm, V = 1.92 m/s, Ts; ~ 25 °C. (b) Dy
=258 mm, V=1.84m/s, T; ~-10 °C. (Scale bar: 5 mm).
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which is suggested to be caused by the evaporative cooling effect. Over
time, the temperature of the droplet became the same as T;. After that, a
slow evaporation took place in a thermally quasi-steady state.

The thermal evolution of the droplet during the freezing process is
shown in Fig. 10(b). After impingement, the temperature at the outer
boundary of the droplet rapidly decreased below the freezing tempera-
ture. After that, a temperature increase occurred at the center region of
the droplet, due to the release of the latent heat of fusion during the
solidification phase-change within the droplet. Although the high-speed
camera image suggested that the droplet became static in less than
1 second after impingement, the colloidal droplet experienced a much
longer thermal process for freezing. In other words, the heat transfer
process continued after the droplet formed a static state with a thin disc-
like shape on the substrate. Finally, it achieved an equilibrium tem-
perature via heat transfer between the droplet and the substrate.

The experiments of dripping colloidal droplets on substrates with
different T; were repeated three times under each condition to confirm
the repeatability. The evolution of D from experiments was represented
as D/Dg over time in a linear-log plot, as shown in Fig. 11. The black
square and blue cross markers illustrated D/Dg obtained from substrates
with Ts =~ 25 °C and T; ~ -10 °C, respectively. t = 0 indicated the initial
contact time between the droplet and the substrate. The conditions of
droplet impingement for each experiment were summarized as follows:
When T ~ 25 °C, Dg = 2.54 mm, 2.56 mm, 2.55 mm, and V = 1.84 m/s,
1.85m/s, 1.84 m/s, respectively. When T ~-10 °C, Dy = 2.57 mm,
2.55mm, 2.58 mm, and V =1.83m/s, 1.82m/s, 1.84 m/s, respec-
tively. We and Re of droplets were not significantly varied for all ex-
periments, which were averaged as We = 150 and Re = 5330. Thus, Dy
was calculated as 8.63 mm as follows based on the averaged Dy
= 2.56 mm. The red dashed line in Fig. 11 indicates the predicted Dyqy/
Dy from this equation. By increasing V and Dy, Dpgx can be increased
until We of the impinging droplet becomes large enough that the
spreading pattern extends beyond the deposition regime [42,64].
Splashing may occur, and the volume of remaining colloidal solution on
the substrate will be reduced.

Re4 = 3.38

)

Smax
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Dax = SnaxDq = 8.63 mm (8)

As shown in Fig. 11, the data of D/Dg with Ty ~ 25 °C and Ts ~ -10 °C
agrees well at the beginning of the spreading process. After impinge-
ment, D increased rapidly and expanded to its maximum spreading
diameter. Dpq, of the droplet at Ts ~25 °C and T; =~ -10 °C were
measured as 8.99 mm and 8.75 mm from experimental data, which were

Fig. 11. A linear-log plot of the evolution of droplet diameter after impinge-
ment on substrates with different T,. D was normalized with D; (D4 = 2.55
+ 0.009 mm and 2.56 + 0.015 mm for Ty ~ 25 °C and —10 °C, respectively).
Black square markers and blue cross markers indicate data obtained at T ~ 25
°C and T; ~ -10 °C, respectively (N = 3). The red dashed line indicates the
prediction of Dp,,/Dg from Re of droplets.
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close to the predicted Dp,qy, 8.63 mm. Additionally, Dy, at Ts ~ -10 °C
was slightly lower than Djq, at Ts ~ 25 °C. The smaller maximum
spreading diameter under the freezing condition was consistently
observed in the repeated experiments, suggesting that the lower tem-
perature of the droplet indeed has an effect on the spreading dynamics.
The rapidly reduced temperature of the droplet due to heat transfer to
the precooled substrate caused the viscosity of the droplet to increase.
With the same inertia force acting on the droplet, the increase in vis-
cosity inhibited the spreading process and reduced the maximum
spreading diameter of the droplet. After the spreading stage, D at T; ~ 25
°C slowly decreased with some fluctuations, which corresponded to the
moving contact line oscillation of the droplet during the retraction
process. Eventually, D approached a constant value, which allowed
interfacial forces along three-phase interfaces to get balanced at the
contact line.

The equivalent thickness of the droplet at its maximum spreading
diameter (hy) is considered the characteristic length of the droplet (L),
which can be obtained from the volume of the droplet as follows:

9

Bo of the spreading droplets was calculated to be 0.004 based on the
range of D4 and L, with air density (pg;) of 1.20 kg/m3 at 20 °C [65]. This
value is smaller than 1, suggesting that gravitational effects on the
droplets were minimal. Therefore, studies conducted under these
experimental conditions are considered a valid demonstration of small
inkjet droplets in the micrometer scale.

Different from the evolution of droplets with T; ~ 25 °C, D on a
substrate with Ts; ~ -10 °C arrived at its constant value earlier. The D
stopped decreasing after D reached Dpqy. Based on the same L obtained
from the cylindrical shape approximation of the spreading droplet, h of
water under natural convection condition (= 200 ~ 1000 W/In2~K)
[66], and k of saturated water at around 22 °C (= 0.606 W/m-K) [67], Bi
was calculated to be 0.05 ~ 0.25. The value was not always smaller than
0.1, which suggests that only part of a droplet can have a transient
freezing process in this study, compared to micrometer-scale droplets
that have an order of magnitude smaller L. According to high-speed
images and thermal images of the droplet during freezing, it was vali-
dated that the droplet was not completely frozen at its maximum
spreading diameter. While the oscillation continued, no significant
change was shown in the evolution of D. The frozen thin layer at the
bottom of the droplet prevented the receding of the contact line. As a
result, the final D when the droplet completely froze on the substrate
with T ~ -10 °C appeared very close to Dyqy. This remains valid when
the same substrates were used. Surface properties of the substrate can
influence Dpqy and the spreading process of the droplets. It is worth
mentioning that, the smaller droplet, i.e., micrometer scale, in practical
3D printing applications would promote a faster freezing process, which
can create even finer printing resolution and more uniform particle
distributions.

4.2. B. Evolution of frozen colloidal droplets during sublimation

The heat transfer between the droplet and the substrate during the
droplet freezing process is equal to the sum of the latent heat of solidi-
fication of the droplet and the heat released by the cooling substrate. The
freezing time of the droplet (tfeezing) can be predicted as follows [68]:

- erhd[Hsz + C(Td — TF)]
Ureezing = 2

Here, Ry is the thermal resistance of water (= 1/k = 1.63 mK/W at

=161s (10)
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25 °C) [671, m is the mass of droplet (= §7r<%d> p =878 x 107°Kkg),
Hy; is the latent heat of ice (= 3.34 x 10° J/kg) [69], c is the specific heat
capacity of water (= 4179 J/kg-K at 25 °C) [67], Ty is the temperature of
droplet (= 25 °C), and Tr s the freezing temperature of droplet (= 0 °C).
In this study, tfeesing was longer than the time duration of the droplet
dynamic process shown in Fig. 11. It is expected that tfreesng can be
significantly reduced when the size of droplets becomes smaller.

After droplets were frozen on substrates, a sublimation-based drying
process was performed. The geometrical evolution of the frozen droplets
was recorded using a monochrome digital camera. The time sequence of
side view images of different frozen droplets was summarized in Fig. 12:
a droplet of distilled water impinged on the surface with T ~ 25 °C
before freeze-drying (sublimation), a colloidal droplet impinged on the
surface with Ts; ~ 25 °C before freeze-drying, and a colloidal droplet
impinged and froze on the surface with T; ~ -10 °C before freezing-
drying, respectively. For these three cases, the impinging conditions
were similar. Dg was 2.59 + 0.009 mm, and V was 1.85 + 0.004 m/s,
respectively. The sublimation process was operated via freezing, vac-
uum freezing, and heating functions of the freeze dryer. t, was deter-
mined as the beginning of the sublimation process when the pressure of
the freeze dryer became lower than the pressure at the triple point on the
phase change diagram of water.

Fig. 12(a) illustrates the sublimation process of a distilled water
droplet in the freeze dryer. It should be noted that the liquid droplet in
this case first experienced a freezing process in the freeze dryer, followed
by sublimation. It is seen that the frozen water molecules shift to water
vapor along the surface of the frozen droplet layer-by-layer. As time
went on, the angle between the frozen droplet and the substrate surface
was also increased gradually. During the sublimation process, both the
frozen droplet’s diameter and height decreased, a so-called self-similar
process. In the end, the frozen droplet was dried completely from the
substrate.

For the colloidal droplets, however, no significant shape change of
the frozen droplet was observed during sublimation, as shown in Fig. 12
(b) and (c). This indicates that sublimated water vapor would not bring
colloidal particles into the air from the droplet. Instead, the intensity
contrast of the droplet area decreased over time, suggesting a less solid
composition within the droplet, i.e., the formation of a porous structure
on the substrate. The intensity contrast decreased because illumination
light could pass through this porous structure, which made the object
brighter. These porous structures formed by colloidal particles were
fragile. After the sublimation process, colloidal particles collapsed onto
the surface of the substrate, forming the deposition patterns. Notably,
the colloidal droplets that impinged and froze on the substrate prior to
freeze drying—resulting in disc-like frozen droplets—exhibited a larger
surface area, leading to the shortest sublimation times observed in this
study.

The sublimation process of frozen droplets on substrates was inves-
tigated in repeated experiments. The evolutions of D and H for different
droplets during the sublimation process were represented in linear-
linear plots shown in Fig. 13(a) and (b), respectively. Green markers
show the reference data obtained from the distilled water droplet (Dg =
2.60 mm) case. The droplet was dripped on a substrate with T; ~ 25 °C
and was frozen in the freeze dryer after it achieved a static state. Black
and blue markers indicate the averaged data obtained from colloidal
droplets on substrates with Ts ~ 25 °C and T; ~ -10 °C in repeated ex-
periments for each case. The sizes of droplets were D; = 2.62
+ 0.035 mm, and Dy = 2.59 + 0.006 mm, respectively. For T; ~ 25 °C
cases, droplets were frozen in the freeze dryer after becoming static, so
the shape of the frozen droplet was a spherical cap, the same as the
frozen distilled water droplet. For Ts ~ -10 °C cases, droplets were frozen
upon impinging on the precooled substrates. As mentioned previously,
the shape of frozen droplets was a disc-like shape. After measuring D and
H from captured images, they were normalized with Dg. t = 0 indicated
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Fig. 12. The time sequences of side view images of droplets during the sublimation process. t; indicates the beginning of sublimation. (a) Distilled water droplet
impinged on the surface with T ~ 25 °C before freeze-drying (sublimation), D4 = 2.60 mm, V = 1.85 m/s. (b) Colloidal droplet impinged on the surface with T ~ 25
°C before freeze-drying, D4 = 2.58 mm, V = 1.85 m/s. (c) Colloidal droplet impinged and froze on the surface with T ~ -10 °C before freezing-drying, D4 = 2.59 mm,

V = 1.86 m/s. (Scale bar: 2 mm).

Fig. 13. A linear-linear plot of the geometrical evolutions of droplets during sublimation. (a) The normalized diameter of droplets (D/Dy) over time (t). (b) The
normalized height of droplets (H/Dy) over time (t). t = 0 indicates the beginning of the sublimation when the chamber pressure became lower than the pressure at the
triple point of water. Green cross markers indicate data obtained using distilled water droplet through direct sublimation (N = 1). Black triangle markers indicate
data obtained using colloidal droplet through direct sublimation only (N = 3). Blue circle markers indicate data obtained using colloidal droplet through impinging/

freezing followed by sublimation (N = 3).

the beginning of the sublimation process, which was determined when
the pressure of the sublimation chamber decreased to below the triple
point of water (= 611.66 Pa) in the phase change diagram [61]. In this
study, the experiment using distilled water was operated one time as a
reference, and experiments using colloidal droplets were repeated three
times for each condition.

As shown in Fig. 13, D/D4 and H/Dq of the distilled water droplet
decreased concurrently during the sublimation process. For colloidal
droplets, however, D/Dg and H/D4 were almost constant during the
entire sublimation processes. Since the colloidal particles were not
removed from the droplet along with the escaping water vapor during
the sublimation process, and no fluidic motion existed that could relo-
cate colloidal particles, the boundary profiles of frozen colloidal droplets
were not changed significantly over time in these plots.

Interestingly, H/Dgq showed more fluctuations as well as an
increasing trend over time from experiments using the disc-like shaped
colloidal droplet (which was formed through impinging and freezing
processes). It is suggested that along with the sublimation process of
water from the frozen disc-like colloidal droplets, fluffy and porous
structures were formed by colloidal particles and were loose from the
surface of the substrate, which altered the height profiles as shown in
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Fig. 13(b).

4.3. C. Deposition patterns formed through freezing and sublimation

After the drying processes (through evaporation or sublimation)
were completed, the colloidal particles were deposited on the surface,
and the images of the deposition patterns were captured to evaluate the
printing quality. Fig. 14 shows sample images of the deposition patterns
formed through different drying approaches: (a) Deposition of colloidal
droplet through impinging and evaporation at T; =~ 25 °C; (b) Deposition
of colloidal droplet through impinging on the surface of Ts; ~ 25 °C,
followed by sublimation in freeze dryer (with the formation of spherical-
shaped droplet); (c) Deposition of colloidal droplet through impinging
and freezing on surface of T; =~ -10 °C, followed by sublimation (with the
formation of disclike droplet). The impingement conditions of droplets
shown in Fig. 14(a), (b), and (c) were Dy = 2.54 mm, 2.57 mm, and
2.59 mm, respectively.

The left column images in Fig. 14 show the deposition patterns of
colloidal droplets through the different drying approaches. It is clearly
seen that the deposition processes without impinging and freezing (cases
(a) and (b)) produced similar deposition areas on substrates as shown in
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Fig. 14. Sample deposition patterns of colloidal droplets formed through different drying approaches: (a) deposition through impinging and evaporation at T; ~ 25
°C. D4 = 2.54 mm. (b) deposition through impinging on the surface of T; ~ 25 °C, followed by sublimation in freeze dryer (with the formation of spherical-shaped
droplet). Dg = 2.57 mm. (c) deposition through impinging/freezing on surface of T, ~ -10 °C, followed by sublimation (with the formation of disc-like droplet). Dgq
= 2.59 mm. The top-view images of the colloidal deposition patterns, the diagrams of the printing area of colloidal particles, and the plots of the intensity profiles
were illustrated in the left, middle, and right columns, respectively. (Scale bar: 5 mm).

Fig. 14(a) and (b). It is because the colloidal droplets under these con-
ditions reached static state as liquid with the same final contact areas
and contact angles before the drying processes. Though the drying
methods are different, the deposition footprint areas appear very
similar. In contrast, the deposition area produced through impinging,
freezing, and sublimation (case (c)) appears larger, as shown in Fig. 14
(c). This is due to the "locking effect" when the colloidal droplet froze
during the impinging and spreading process. It should be noted that,
while a larger deposition area was produced in this particular case of
colloidal droplet impinging and freezing on the surface of T ~ -10 °C,
followed by sublimation, a wide range of deposition areas are expected
to be generated by controlling the droplet impingement process and
environmental conditions, influencing both the freezing rates and
impact dynamics. For example, instant freezing of a colloidal droplet
upon impacting (minimized spreading) would generate a much smaller
deposition area. It can be achieved by decreasing Ts, reducing Dy, or
lowering the temperature of the droplets. In our preliminary studies, a
rapid freezing process was observed when the droplet was supercooled
before impingement on precooled substrate surfaces.

While different drying methods influence the deposition area, the
distribution of colloidal particles — and thus the deposition patterns —
are more significantly impacted by the drying methods. Fig. 14(a) shows
the deposition pattern formed through the conventional evaporation-
based drying method. Due to the Deegan flow within the liquid
colloidal droplet during evaporation, the particles suspended in the
droplet were brought toward the edge of the contact line of the droplet,
which caused a high concentration region of deposition in a coffee ring-
like pattern. In contrast, colloidal particles in Fig. 14(b) and (c) were
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distributed more uniformly over the entire deposition area. It is sug-
gested that the particles were kept in place with minimum redistribution
during the sublimation process. As a result, these particles could settle
down to the surface to form patterns with much more uniform deposit
distributions than evaporation-based drying cases. It is also found that
the density of particles in the printed area was lower in Fig. 14(c) than in
Fig. 14(b). With the same amount of the particles suspended in the
droplet, a larger deposition area would produce a less dense deposit
distribution. However, it should be noted that since the deposition area
can be controlled in the freezing-based method, the deposit density
could also be modulated by controlling the freezing rate and impacting
dynamics of colloidal droplet during printing.

Colloidal particles in the droplet were flowed with the deformation
of the droplets during the impingement and spreading process [70].
Different liquids may need to be selected as solvents for particles of
varying sizes or densities to ensure that the particles remain suspended
in the droplets and follow fluidic motion during 3D printing. To prevent
the particles’ motion from being dominated by inertia along their initial
trajectory, the Stokes number (St) of the colloidal particles in the
droplets of the selected solvent should be small. Here, St represents the
ratio of the particle relaxation time to the characteristic time scale of
fluid. In this study, St of particles was solved as follows, where p, and D,
indicate the density and diameter of colloidal particles, respectively
[71]. Averaged values of V (= 1.84 m/s) and D4 (= 2.56 mm) were used.

St= v_ 0.91
B 18uDy o

1)

St < 1 suggests that colloidal particles within the droplet will follow
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the fluid motion during the spreading and receding processes after
impingement on the substrate. According to experimental and simula-
tion studies using similar particle properties, concentrations, and
impingement conditions, a one-way coupling between the liquid phase
and particles was confirmed during droplet impingement. As the droplet
spreads, colloidal particles are carried radially along the direction of the
propagating rim and are then pulled back during the receding process,
with no particles leaving the droplet.

One exception may occur during the receding motion. It was found
that only a few particles were carried upwards at the center of the
droplet when the receding droplet reached its maximum height. This
created a dry spot with a limited number of particles in the droplet, but
particles could return to this center region when the dry spot was refilled
with liquid again during the oscillatory motion. After the droplet
reached equilibrium, it was found that the effects of impingement on the
distribution of particles in the droplet were limited [71].

This is also validated by the observation from Fig. 14, where the
particle distribution in the deposition pattern only changed with vari-
ations in the droplet thickness gradient on the substrates. After
impingement, the droplet reached a steady state within 25 ms, which
was shorter than tfree;ing. This suggests that the droplet was frozen in an
equilibrium state with uniform particle distributions in the liquid. This
led to the conclusion that the distribution of particles experienced
limited effects from the fluidic motions of the droplet during
impingement.

To quantify the deposition densities formed through the different
methods, the deposition patterns in the left column were digitized, as
shown in the middle column in Fig. 14. In these graphs, the x- and y-axis
indicate the pixel coordinates, respectively. The blue dots indicate pixels
covered by colloidal particles on substrates, and the red dotted lines
indicate the deposition areas on substrates. The coverage area ratio (AR)
is defined as the ratio between the number of pixels of colloidal particles
(Np) and the total pixels of the deposition area (Ng) on substrates, i.e., AR
= Np/Ng4 x 100 %. In this study, multiple trials were conducted for each
case. Detailed results of the repeated measurements were illustrated in
Table 1. The average AR of the obtained deposition patterns from the
evaporation-based drying method is 12.01 + 2.16 %, which is mainly
contributed by the deposits along the edge of the deposition region. On
the other hand, the average ARs of the patterns obtained from the
sublimation-based drying method are 85.50 + 8.32 % (direct sublima-
tion) and 85.12 + 6.14 % (impinging/freezing + sublimation), respec-
tively. It suggested that the sublimation-based drying method could
provide much more uniform and dense colloidal deposition.

Efforts were also made to extract the intensity profiles of the depo-
sition patterns, as shown in the right column in Fig. 14. The x-axis is R/
Dy, the normalized distance from the center of the droplet along the
radial direction. The y-axis is the scaled I from images using Iy and I;n.
For the intensity profile shown in Fig. 14(a), the peak I was found near
R/D4 =1, corresponding to the droplet’s contact line. It implied that
colloidal particles in the droplet were gathered along the contact line of
the droplet with high concentration. In addition, I in the center was
almost zero, indicating a void in the center of the deposition area. For
the intensity profile shown in Fig. 14(b), colloidal particles were
distributed uniformly in the deposition area, 0 < R/Dg< 1. AtR/Dg> 1,
a clear step on I was observed, indicating a sharp boundary of the
printed pattern. It should be mentioned that the colloidal particles were
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distributed in a three-dimensional shape after the sublimation process.
However, the deposition pattern and the subsequent analysis were ob-
tained based on the two-dimensional projection top-view of the deposits,
which consisted of multiple layers stacked together within the deposi-
tion area. All printed patterns in this study were obtained from similarly
sized droplets. A larger thickness of the deposition patterns resulted
when the deposition area of the droplets on the substrates was small. As
a result, even though the inkjet solution droplets on the substrates were
spherical, the concentration of particles at the edge and at the center of
the deposition area on the substrate could not be clearly distinguished if
both of them were high. Thus, when the deposition area was small
(particle density was high), the captured deposition pattern would not
be able to display the thickness variations of the deposits, but only a
uniform circular pattern with a sharp boundary. For the intensity profile
shown in Fig. 14(c), the colloidal particles were also distributed uni-
formly. However, a smooth decreasing trend of I was observed from R/
Dg= 0toR/Dg = 1.8, from the center to the boundary of the droplet. The
slight change in I over R was measurable because the density of particles
was lower when the deposition area became larger. Though the colloidal
particles were also stacked in three-dimensional after the sublimation
process, the inter-particle spacings would become larger. At the outer
area, the deposition thickness appeared smaller with less particles, thus
displaying a lower intensity in the extracted intensity profile. This sug-
gested that the freezing-sublimation-based method could essentially
"lock" the colloidal particles in place, and produce a more uniform de-
posit distribution. In the meantime, a three-dimensional deposition
pattern could form, in which the density of deposition particles corre-
lates to the local thickness of the colloidal droplet.

5. Conclusions

In this study, a novel freezing-sublimation-based method was
developed to fundamentally improve the quality of inkjet-based 3D
printing technology. To overcome the non-uniform distribution of
deposition patterns of individual ink drops, colloidal droplets are frozen
rapidly upon impinging on substrates, followed by a sublimation process
to remove the solvent. These processes are demonstrated to prevent the
undesired transport and redistribution of the colloidal particles sus-
pended in the droplet. Thus, the final deposits can form a printing
pattern with uniform distributions.

In the process of colloidal droplet impinging on substrates, with well-
controlled impact conditions, the spreading diameter of droplets on
substrates can be predicted. When T; is below the freezing point, the
final shape of droplets varies, depending on the competing outcome of
the heat transfer process (freezing rate) and the hydrodynamics during
impinging. In this paper, as a proof of concept, detailed observations and
analysis were conducted focusing on room-temperature colloidal
droplet impinging on a substrate with T; = -10 °C. It is found that the
colloidal droplet freezes during the spreading process upon impacting,
forming a disc-like ice drop on the surface.

During the sublimation process, the frozen water becomes vapor
directly, escaping from the colloidal drop, while the colloidal particles
remain in place, forming a three-dimensional structure on the substrate.
These deposits then form printed patterns on substrates. A slight
decrease in deposit density may present along the radial direction of the
droplet, corresponding to the reduction of the height from the center to

Table 1

The coverage area ratios of colloidal particles on substrates under different drying methods with different shaped droplets (N = 3).
Drying Method Evaporation Sublimation
Shape Spherical Droplet Spherical Droplet Disc-like Droplet
N, 1997 1457 1953 10356 10187 9802 22778 23608 26492
Ng 13777 13608 18067 11974 13279 10508 29189 26760 29736
AR (%) 14.50 10.71 10.81 86.49 76.72 93.28 78.04 88.22 89.09
ARgyg (%) 12.01 £ 2.16 85.50 + 8.32 85.12 + 6.14
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the boundary of the frozen droplet on substrates. Since there is no in-
ternal flows that can redistribute the particles, the final deposition
patterns appear much more uniform in comparison to those formed in
the conventional evaporation-based drying processes. Additionally, the
deposition coverage area ratio is found to increase to about 90 %
compared to the 10 % provided by the evaporation-based drying
method.

In conclusion, the novel freezing-sublimation-based method is
demonstrated to be capable of producing much more uniform deposition
patterns of each ink drop in inkjet-based 3D printing processes, thus
fundamentally improving the printing quality. This work will serve as
the technical and theoretical basis for the development and validation of
the novel freezing-based inkjet 3D printing technique for fabricating
high-quality functional structures.
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