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ABSTRACT: Capillary—dr'iYen transport is tra'ditionally attributed to the static Spontaneous imbibition
pore geometry and wettability. However, the time-dependent surface energy of f ) _

metal oxides, amplified by the high surface area of porous media, remains a key in ALD-functionalised
yet underexplored aspect. This study introduces a novel manufacturing route Y porous channels
capable of decoupling macroscopic geometry from surface chemistry by
integrating additive manufacturing combined with colloidal assembly (AMCA)
and functionalization by atomic layer deposition (ALD). This approach enables
the fabrication of highly porous aluminum(III) oxide (ALO;) and titanium
dioxide (TiO,) ceramic channels after thermal burn-out. Within these
structures, the structural and chemical properties are tuned and investigated.
Spontaneous imbibition experiments at 0, 6, and 24 h after burn-out reveal a
transition from a classical Lucas—Washburn rise to a resistance-limited regime
dominated by evaporation and viscous drag. Time-resolved contact-angle
measurements revealed that both oxides become superhydrophilic after burn-out and undergo subsequent hydrophobic recovery.
Despite TiO, being intrinsically more hydrophilic, Al,O; channels consistently exhibited faster imbibition rates and a higher liquid
rise. This behavior is attributed to the rapid surface relaxation of Al,O;, which reduces contact-line friction and minimizes pinning at
high-energy adsorption sites, thereby enhancing fluid uptake. Macroscopic geometrical variations in printed channels did not affect
the imbibition height but scaled linearly with imbibed volume, confirming the successful decoupling of geometric and chemical
transport factors. The excellent structural reproducibility of the AMCA-ALD method establishes it as a robust manufacturing
platform for programmable capillary transport. This approach provides a general pathway to design porous ceramics with
independently engineered geometries and surface chemistries for applications in microfluidics, diagnostics, and catalysis.

1. INTRODUCTION millimeters to micrometers, thus presenting either limitations
regarding the lower limit toward nanometric pore sizes or
reduced control over the pore size distribution.

This work overcomes these limitations by 3D printing water-
based polymeric suspensions by combining additive manu-
facturing with colloidal assembly (AMCA process).'”" This
approach enables the rapid fabrication of polymeric templates
that are subsequently coated with ceramic layers using atomic
layer deposition (ALD). After template burn-out, highly

Spontaneous imbibition is a capillary-driven transport
mechanism that governs a wide range of natural and
technological processes. In nature, it is responsible for water
infiltration in plants as well as fluid transport at the cellular
level.”” In technology, managing fluid transport in porous
media is critical for various applications including energy
storage, filtration, and catalysis.” > The efficiency of these

processes relies on the interaction between fluids and the i b 1 btained with unif
porous structure, which is determined not only by surface poOTous - Ceramic channels are obtained with unttorm pore

chemistry but also by pore geometry and interfacial proper- sizes, hereby named isoporous. In this work, aluminum(III)
ties 5 oxide (AL, O;) and titanium dioxide (TiO,) were selected as

Top-down techniques like lithography are often used to coatings due to their distinct intrinsic wettability.'¥"> A
fabricate porous structures capable of spontaneous imbibi- systematic investigation of spontaneous water imbibition in

tion.”” While precise, these methods limit material choice,

involve long processing times, and significant waste generation Received:  March 7, 2026
due to etch-based process.'” Looking broadly into the Revised:  June 1, 2026
fabrication methods for producing porous ceramics, other Accepted:  June 10, 2026

approaches include replica methods, sacrificial templating, and
partial sintering.'' However, these methods often result in
structures with pores’ sizes often on the upper range from
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Figure 1. Technical workflow with parameters: (a) printing of colloidal templates, (b) conformal ALD coating and template removal, and (c)
imbibition testing, illustrating the image processing (black-and-white conversion) used for water front tracking and a representative cross-section of

a porous ceramic channel.
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Figure 2. Overview of the printing process: (a) schematic of the AMCA process with a magnified view highlighting the colloidal assembly, (b)
picture of printed template lines before burn-out with a line’s profilometry measurement. The plot displays six independent height profiles recorded

from different lines on a single sample, illustrating the high reproducibility

of the AMCA process.

these channels was carried out (Figure 1). While the Lucas—
Washburn model provides a basic framework for analyzing
such dynamics, significant deviations are anticipated in these
porous ceramic channels as dynamic wettability and evapo-
ration become influential. The study demonstrates that fluid
transport is not solely governed by the static contact angle, as
predicted by some models. Instead, it is greatly influenced by
the dynamic evolution of surface energy and its impact on
contact line mobility.

2. MATERIALS AND METHODS

2.1. Additive Manufacturing Combined with Colloidal
Assembly

Aqueous suspensions of polystyrene (PS) particles (Microparticles
GmbH), with an average particle size of 2.94 + 0.09 ym and a
concentration of 100 mg'mL~', were printed onto glass substrates
(Polysciences Inc.,, Tissue Tack Microscope Slides, cat# 24216).
Following a previous protocol developed by our group for the 3D
printing of colloidal suspensions, the suspension concentration was
increased to 300 mg-mL™" prior to printing. The concentration was
increased by pipet removal of the supernatant after 5 min
centrifugation cycles (IKA mini-G, 6000 rpm)."*> The concentrated
suspensions were further homogenized in an ultrasonic bath for 15
min. The homogenized suspensions were then filled in 25 yL high-
precision glass syringes (Hamilton Company, 1702 RN with 26s-

gauge straight-type needle), which were mounted into a custom-made
direct writing equipment. High-precision linear stages (Physics
Instruments, M-126.2S1) defined the writing velocity of 1 mm-s™
by controlling the substrate velocity in relation to the fixed needle
(Figure 2a). Meanwhile, the plunger was actuated to extrude the
suspension at a constant dispensing velocity of 26 pm-s™'. The
printing process was monitored in situ by a camera (Edmund Optics,
E0-10012C 1/2” CMOS) and managed by executing macros written
with GCS command (Physics Instruments, GCS Commands). In a
typical printing run, the PS suspension is loaded in the syringe. A
droplet is extruded at the needle tip with a fixed 0.2 mm plunger
extrusion length as the substrate is raised to maintain a 100 ym gap
between the needle tip and the substrate. The extruded droplet forms
a liquid bridge upon contact with the substrate (Figure 2a). This
interaction between the suspension and the substrate along the needle
tip’s diameter creates a wet-pinned line as the substrate moves,
ensuring a constant width during the process (Figure 2b).

2.2. ALD Functionalization and Template Removal

The printed PS lines (Figure 2b) were coated with 65 nm thick films
of AL,O; or TiO, by ALD using a custom-made reactor (Hamburg
University of Technology, TUHH). The Al,O; film was deposited at a
chamber temperature of 95 °C. For each cycle, the metal-organic
precursor trimethylaluminum (Sigma-Aldrich, TMA) was introduced
with a pulse/exposure/purge sequence of 0.06/15/90 s, subsequently
followed by deionized water (0.12/15/90 s) to complete the surface
reaction and form the oxide. In a similar procedure, TiO, films were
deposited using titanium(IV) isopropoxide (Sigma-Aldrich, TTIP)
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Figure 3. Scanning electron microscope images of a porous AL,O; channel showing (a, b) top and (c) cross-sectional views.

heated to 85 °C, and introduced into the 95 °C chamber (1/30/90 s).
Afterward, deionized water (0.2/30/90 s) was pulsed to form TiO,.
The ALD reactor was constantly flushed with N, as carrier gas at 2 L-
h™' during both deposition processes. Finally, the resulting films’
thicknesses of both materials were measured by ellipsometry
(SENTECH, SENpro) on reference silicon wafers placed near the
3D-printed samples within the chamber.

After ALD, the coated lines were opened by manually removing
their bottom section with a razor blade before the printed polymeric
template was burned-out to obtain highly porous channels. The cut
also assured an entrance opening for future water infiltration into the
channels. The burn-out cycle was performed in air with a heating rate
of 0.3 °C'min~" from room temperature up to S00 °C, where the
samples were kept for 30 min.

2.3. Characterization

The morphology of the printed lines was evaluated using optical
profilometry (Alicona, Infinite Focus G4). Height profiles were
measured across a 500 ym wide rectangular area at the beginning,
middle, and end of each printed line to ensure representative profile
results. The profiles’ sections were extracted from the raw data using a
self-written Python script. Additionally, scanning electron microscopy
(FEL Nova NanoSEM 450) was used to verify the complete removal
of the sacrificial template, as well as the pores’ arrangement.

The fluid transport properties of the channels were characterized
using a custom-built imbibition setup (Figure S1) under controlled
laboratory conditions (21.2 & 0.7 °C and 21 + 3% relative humidity).
To ensure reproducible evaporation rates and minimize airflow
fluctuations, all experiments were conducted in a still-air environment.
For each experiment, a sample was mounted vertically on top of a
Milli-Q (Merck Millipore, Milli-Q) water reservoir, located on a lifting
platform. The capillary rise within a sample’s channels was recorded at
25 frames/s using a digital camera (Panasonic DMC-FZ300). To
enhance the contrast between wet and dry regions, the sample was
illuminated by a standard lamp (LED floodlight, 10 W). The recorded
videos were further split into frames and analyzed from 0 to 100 s
using custom Python scripts to extract the imbibition height
automatically by tracking the evolution of the grayscale values. The
initial position of the water meniscus in each channel was set as the
zero-height reference to ensure that height measurements were
independent of the initial meniscus shape.

Imbibition results were evaluated for both Al,O; and TiO, highly
porous channels. For each material, the measurements were
performed at three distinct elapsed times: immediately after PS
burn-out and 6 or 24 h later. Each sample had up to eight printed
lines to assess and up to three samples were analyzed for each material
and time, respectively. This approach provided a robust data set of
approximately 11 to 20 individual measurements per material and
time interval, ensuring the repeatability of the observed imbibition.
The resulting data are presented as mean values with error bars
representing the standard deviation.

To aid on the evaluation of the acquired imbibition results, static
contact angle measurements (dataphysics, OCA, Milli-Q water, Viroplet
= 3 uL) were also conducted on the ALD-coated substrates (Figure
S2).

3. RESULTS AND DISCUSSION

3.1. Morphology of Printed Templates and Porous
Ceramic Channels

The PS particles in the printed templates are arranged in a
disordered manner, indicating no long-range order (Figure
3a,)b). This disordered arrangement is characteristic of an
evaporation-dominated self-assembly. In this work, rapid
printing conditions promote this effect.'® The fast processing
time of AMCA introduces several simultaneous drying
phenomena, which makes defect suppression in micrometer-
wide printed lines challenging.'” In this work, the printing
parameters are optimized to hinder their formation. In addition
to direct writing, the colloidal particles self-assembling during
drying constitute the second component of the AMCA
method."” Traditional vertical convective self-assembly typi-
cally requires about 96 h to assemble 1 cm® In contrast, the
present direct-writing-based method produces the same area in
roughly 10 min. Although conventional drop-casting can
fabricate self-assembled structures in 20—30 min, it is prone to
enlarged coffee-ring formation.'®"

Beyond the inherent speed of the direct-writing process, the
AMCA-ALD platform has a significant potential for industrial
scalability via parallelization. While the current study uses a
single-nozzle configuration, the technique is adaptable to
multinozzle printhead arrays. Furthermore, the thermal burn-
out and ALD functionalization processes are batch compatible.
Multiple samples have the same processing time as a single
sample with the sole limitation being the dimensions of the
furnace and the ALD chamber. As a result, throughput can be
scaled effectively without increasing the total fabrication time.
This combination of high-speed printing and batch processing
makes the route highly suitable for large-scale production.

At the microscopic scale, particle mobility is governed by
solvent evaporation.”””" While the liquid bridge at the needle
tip remains wet, the printed line begins to dry as the substrate
is moved forward. Under standard laboratory conditions,
drying preferentially occurs at the three-phase contact line
between the substrate, suspension, and atmosphere."®** Fast
printing induces fast drying, generating evaporation-driven
capillary flows that transport particles toward the contact line.
Given sufficient mobility, strong capillary flows drive particles
to the edge, where they accumulate, giving rise to the coffee-
ring effect. At a smaller scale, electrostatic interactions between
particles and between particles and the substrate further
influence their assembly.”" In this work, the coffee-ring effect is
likely suppressed due to restricted particle mobility and
surface-capturing phenomena, both promoted by the fast
evaporation associated with the chosen printing parame-
ters.”””” These mechanisms are consistent with previous
studies on colloidal self-assembly.****
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Figure 4. Imbibition results: (a) reference frames used as origins for each material and time, including the color conversion used for tracking water
rise. Both open and closed channels can be identified on each sample. Scale is given by the 25 mm-diameter metallic stubs. (b) Imbibition height as
a function of time for each material and after-burn-out time. Lines represent the mean values, while the shaded areas indicate the standard deviation

(+1 SD).

Finally, the integrated AMCA-ALD platform (comprising
template printing, conformal coating, and thermal burn-out)
yields highly reproducible, crack-free ceramic channels with
consistent morphology across independent batches. Average
widths of 600 + 64 um and heights of 15.9 + 3.3 ym show
structural robustness, with the printed shape preserved after
ALD coating and burn-out. This leads in highly uniform
ceramic channels defined by the original colloidal packing
(Figure 3c).

3.2. Imbibition Dynamics in ALD-Functionalized Porous
Channels

Upon vertical contact with water, the liquid front sponta-
neously advances into the porous channels, showing
spontaneous imbibition with a characteristic two-regime
behavior (Figure 4). In the first few seconds, the water front
moves rapidly and maintains a nearly flat profile across the
channel’s width. As the imbibition rate decreases, the meniscus
gradually deforms into a concave shape (Figure S3). The
greater rise at the edges is attributed to the reduced local
height of the printed semicylindrical channels. This phenom-
enon appears in all channels, independent of oxide type (Al,O4
or TiO,) or the time elapsed after burn-out (0, 6, or 24 h).
The initial fast rise is followed by a shift of the imbibition
rate toward a slower regime, in which the water front
approaches a plateau. Such behavior is typical of spontaneous
imbibition in porous media.””*° During the early stage,
capillary forces dominate, and the Lucas—Washburn model
adequately describes the dynamics. The water front remains
essentially flat because capillary forces overwhelm the viscous
resistance and the disordered arrangement of pores averages
the infiltration laterally. As the liquid progresses and viscous

drag increases, the imbibition slows and the meniscus develops
its concave profile.”” >’

Plotting the imbibition height against the square root of time
(Figure S4) confirms Lucas—Washburn behavior during the
first few seconds, with all samples showing a linear relation-
ship.’>*' Beyond this point, the measurements deviate from
the classical model as viscous, gravitational, and evaporative
contributions become non-negligible.26’32’33 In several samples,
discrete height jumps are observed during the slower regime at
different times. These jumps appear in both Al,O; and TiO,, at
all investigated sample types (0, 6, and 24 h), indicating that
they are not experimental artifacts. Instead, they are consistent
with Haines jumps: sudden advances of the liquid front when
the meniscus overcomes a local pore constriction.”*

To quantitatively analyze the imbibition behavior, Siebold’s
parameter-extraction is combined with the macroscopic
formulation of Fries and Dreyer.”>*® The detailed derivation
and parameter extraction workflow are described in the
Supporting Information (Section S2). In brief, the height
evolution is described by the ordinary differential equation
(ODE)

dh 8y
d h (1)

where a contains the capillary driving pressure and viscous
resistance, b accounts for gravity, and ¢ represents the effect of
evaporation; Introducing the complete ODE here provides a
physical framework for interpreting the transition from the fast
to slow imbibition regimes.
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Figure S. Fries—Dreyer’s ordinary differential equation fit of the imbibition dynamics.

During the initial imbibition stage, gravity and evaporation
are negligible, and the ODE reduces to % ~ % Thus, the slope

of h*(t) directly yields the coefficient a.

The Siebold analysis distinguishes between the static radius
R, which sets the capillary pressure, and the hydrodynamic
radius Rp,, which controls viscous conductance. ALD-derived
porous networks contain two characteristic throat sizes
(Section S2b). These include smaller external three-sphere
junction throats (Figure 3b, Figure SS5a) and larger internal
throats at former templating sphere—sphere contacts (Figure
3¢, Figure S5b).”” As the driving capillary pressure is set by the
smallest constriction, the external junction throat radius is
taken as the effective Rg. With Rg and R, determined, the
permeability K follows from Siebold’s relation. This allows the
computation of the gravitational coefficient b. As for the
evaporative coefficient ¢, it is obtained from the long-time
plateau height using the steady-state form of the ODE. Sample-
specific evaporative fluxes and all model fits are reported in the
Supporting Information (Figure S6, Table S2).

Finally, the relative importance of gravity and evaporation
becomes clear when the limiting heights are compared. In the
hypothetical absence of evaporation (¢ = 0), the maximum
height predicted by Jurin’s equation™ is about 1 order of
magnitude higher than the experimentally observed rise. This
confirms that, under the present conditions, evaporation rather
than gravity sets the long-time limit of imbibition (Figure 5).
This discrepancy reveals a fundamental physical difference in
how these mechanisms scale. While gravity operates as a
constant linear force, evaporation acts as a cumulative
volumetric loss that increases proportionally with the wetted
surface area. Consequently, as the water front advances and the
total evaporative flux rises, a dynamic mass balance is reached,
which determines the final plateau.”® This state, rather than a
simple hydrostatic limit, causes the imbibition to stop when
the rate of liquid loss in the channels matches the supply rate
determined by the channel’s permeability.

To further investigate this evaporation contribution, closed
(single opening at the bottom) and open (two openings at
both ends) channels were fabricated within the same samples
(Figure 4). In the time frame analyzed and despite comparable
Lucas—Washburn slopes in the fast regime, closed AlL,O;
channels consistently reach slightly higher heights than open

ones immediately and 6 h after burn-out. After 24 h, both
geometries exhibit similar imbibition performance. The
average evaporative mass flux for all Al,O; channels is 0.309
+ 0.080 g'm~*s~". This value exceeds typical flat-water values
under still air. However, it is consistent with porous media
where evaporation occurs at confined menisci. Additionally,
large internal surface areas can increase local evaporative fluxes
significantly.”” Open AL,O; channels have a slightly higher
evaporative flux than closed ones (Table S2), consistent with
the additional opening facilitating vapor transport. The latter
increased evaporation counteracts capillary rise, which explains
why open Al,O; channels do not achieve similar imbibition
heights despite similar capillary driving forces.

In TiO, samples, by contrast, closed and open geometries
show almost no difference in either slope or final height at 0
and 6 h after burn-out. The average evaporative mass flux is
0.260 + 0.050 g-m_2~s_1. This lower value is consistent with
the more hydrophilic nature of TiO, surfaces, where stronger
liquid retention stabilizes the water meniscus and hinders
evaporation (Section 3.3). Interestingly, after 24 h, open TiO,
channels exhibit a substantially higher imbibition height than
closed ones, reversing the trend observed in Al,O; This
difference matches with the lower evaporative flux calculated in
the open channels, hereby suggesting that the prolonged
hydrophilicity of TiO, effectively decreases the evaporation
loss by stabilizing the liquid within the pores. Hence, the
limiting factor in closed TiO, channels is not only evaporation,
but also the resistance from trapped air. As TiO, retains its
hydrophilicity after 24 h, the walls are more easily saturated
with liquid, therefore hindering the escape of displaced air in
the closed channel. The resulting backpressure likely slows the
water front more significantly than the evaporative loss present
in the open channels. Consequently, the open TiO, channels
have a better imbibition capability despite higher exposure to
ambient air due to their remaining hydrophilicity. Detailed flux
and height values for all materials and times are summarized in
the Supporting Information (Table S2).

These observations demonstrate that channel openings do
not influence the rapid imbibition in the first stage, where
capillary forces dominate. Differences only become apparent in
the slower regime, when evaporation and trapped air pressure
start to compete with capillary-driven transport.‘m’41 Moreover,
the time-dependent evolution of the open/closed behavior
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points to a contribution from surface chemistry changes.
Thermal treatment at 500 °C and subsequent ambient
humidity exposure are known to modify oxide surface energy
and wettability through surface relaxation and adsorption
processes.””*’ The interplay between this time-dependent
surface chemistry and imbibition dynamics is examined in the
next two sections.

3.3. Decoupling Surface Chemistry Effects on Imbibition

Static and dynamic wettability are two aspects of surface
wetting. First, static wettability refers to the equilibrium of the
system, represented by the static contact angle (@), which
determines the magnitude of the capillary force. In contrast,
dynamic wettability describes the dissipative processes and
resistance encountered by the advancing three-phase contact
line, such as molecular pinning and contact-line friction. As
demonstrated in the following analysis, these latter properties
can evolve independently, leading to the observed transport
paradox. The two ceramic materials, aluminum(III) oxide and
titanium dioxide, were chosen to create porous channels with
comparable geometries but different surface chemistries. The
static contact angle values provide a reference for the
wettability of the corresponding ceramic channels. The
measurements confirm that TiO, is intrinsically more hydro-
philic than Al,Oj;, with contact angles of 6 = 40 + 4° and 6 =
71 + 6°, respectively (Figure S2). According to the Lucas—
Washburn equation, the imbibition rate is proportional to
cos(f) (eq S1). Consequently, the more hydrophilic TiO,
channels are expected to exhibit faster and higher imbibition.
Based on this equation, the ratio of expected heights should

account to hyyo /hy o, = cos(GTioz)/ cos(9A1203> =0.77/0.33 =

2.35, i.e., water should rise about 2.35 times higher in TiO,
channels.

Conversely, the experimental results show a consistent and
unexpected trend. Across all time intervals after burn-out,
AL,O; channels demonstrate similar or greater imbibition
performance. On average, the final height reached after 100 s is
4.66% greater in Al,O; channels, while the spontaneous
imbibition rate is 12.9% faster than in TiO, (Table S1). Fluid

transport in these channels is characterized by two distinct
regimes. An initial rapid rise follows the Lucas—Washburn
model (eq S1), while a subsequent slower phase is resistance-
limited (eq 1). Materials analysis reveals a clear contradiction
to the standard Lucas—Washburn expectations. Despite being
intrinsically less hydrophilic, Al,O; channels consistently
outperform the more hydrophilic TiO, channels. Furthermore,
imbibition performance for both materials improves over time
following burn-out. This trend is not limited to the final height
reached after 100 s, where gravity and, more critically,
evaporation effects dominate (Section 3.2). The same
tendency is observed during the initial rise, which is expected
to be a purely capillary-driven regime (Table S1). This
demonstrates that the discrepancy is not caused solely by
external resistances such as evaporation and gravity. Instead, it
also originates from the effective parameters within the Lucas—
Washburn equation itself (eq S1). It suggests that the effective
wettability governing the capillary driving force is not a fixed
intrinsic property but rather a dynamic parameter altered by
the channel structure and by the thermal burn-out process.
Contact angle measurements performed at different times
after burn-out (Figures S7 and S8) reveal that both oxides
become superhydrophilic immediately after burn-out (time
“0”), indicating a significant change in the surface chemistry,
which agrees with reports by other authors.">*** Water
droplets spread out completely upon contact with the oxide
films, yielding almost flat contact angles. Only Al,O; tested 24
h after burn-out shows a measurable value (0 = 11 + 1°), while
TiO, remained superhydrophilic. The loss of hydrophilicity, or
hydrophobic recovery, over time has been reported previously
and is attributed to surface relaxation and interactions with
ambient humidity.** For TiO, substrates, contact angle
relaxation occurs because maintaining hydrophilicity requires
a critical density of donor—acceptor complexes between water
molecules and surface hydroxyl groups (Ti—OH). When this
threshold is not met, the surface relaxes and gradually recovers
hydrophobicity.45 In this work, the faster hydrophobic
recovery observed for ALD-coated Al,O; suggests that fewer
or less stable complexes are formed compared to TiO,. This
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indicates that the imbibition behavior in the produced porous
channels is likely governed by time-dependent surface
energetics rather than by static intrinsic hydrophilicity values.

The initial superhydrophilic behavior arises from the thermal
removal of adsorbates and the creation of a high-energy oxide
surface.”***” The subsequent increase in contact angle is due
to the aforementioned hydrophobic recovery, which gradually
lowers the surface energy.”® In parallel, the imbibition
capability of both materials improves with increasing time
after burn-out. For instance, from 6 to 24 h, the final
imbibition height increases by 12.7% for Al,O; and 14.6% for
TiO,. These results emphasize that imbibition in the metal
oxide channels is not solely dictated by static wettability but is
heavily impacted by dynamic wetting phenomena occurring
during the capillary rise. While changes in surface chemistry
modify both static and dynamic contact angles, their impact on
fluid flow differs. On the one hand, the static contact angle sets
the capillary driving force in the Lucas—Washburn context. On
the other hand, dynamic wettability controls the contact-line
mobility and the viscous dissipation occurring at the rising
meniscus.”” "

These outcomes can be rationalized by considering dynamic
wetting at the advancing three-phase contact line. In capillary-
driven flows, the moving liquid front experiences drag due to
molecular pinning.””>* At the contact line, liquid molecules
adsorb onto active sites of the solid surface. According to the
molecular-kinetic theory of wetting, the movement of the
contact line is viewed as a series of discrete molecular jumps
between adsorption sites on the solid surface. Molecules must
repeatedly overcome energy barriers to advance the contact
line.>”™>* On highly hydrophilic, high-energy surfaces, the
density of such adsorption sites is high. While this high surface
energy provides a strong static contribution (low static 8), it
simultaneously increases the frequency of pinning events,
leading to significant frictional losses and molecular drag.so’52
Consequently, a paradox arises: the surface with the strongest
static driving force (TiO,) also possesses the highest dynamic
resistance (Figure 6).

Over time, surface relaxation reduces the density of active
sites and resulting in pinning. Thereby, it lowers contact-line
resistance and enhances the liquid rise. Importantly, this
resistance is not constant. As the surface ages, molecules from
the ambient atmosphere adsorb onto the surface hydroxyl
groups. Therefore, the number of hydroxyl groups available for
molecular pinning decreases. With fewer active sites, the
surface gradually loses its initial superhydrophilicity, and
contact angle relaxation occurs, as discussed above. In line

with the molecular-kinetic theory of wetting, the reduction in
pinning decreases the resistance at the contact line and thereby
increases the mobility of the liquid front.>

This time-dependent reduction in molecular drag appears to
be the dominant effect in this work. It can even compensate for
the gradual reduction of the capillary driving force associated
with the increasing static contact angle. The consistently
greater performance of Al,O; channels compared to TiO, can
thus be explained by differences in their surface chemistry.*>**
Both Al,O; and TiO, hydroxylate, but hydroxyl groups on
AlL,O; more readily relax upon exposure to ambient humidity,
leading to faster hydrophobic recovery and reduced molecular
pinning.42’48’56 TiO,, in contrast, maintains a higher density of
strongly bound Ti—OH groups, which tend to form donor—
acceptor complexes with water molecules.”> This stabilizes
long-lasting hydrophilicity but also enhances pinning at the
contact line, thereby hindering the mobility of the liquid front.
In other words, weaker hydroxyl binding and lower surface
energy in Al,O; promote more efficient dynamic contact-line
relaxation in the channels. In contrast, stronger hydroxyl-water
interactions on TiO, trap the contact line more effectively.
Ultimately, these differences in dynamic surface energetics
provide a rational explanation for the better imbibition
performance observed in Al,O; channels, despite TiO, being
intrinsically more hydrophilic.

3.4. Geometric Factors Influence

Geometric factors influence capillary-driven transport across a
number of length scales. At the pore scale, the imbibition rate
and rise height are regulated by the pores, which control
capillary pressure and viscous resistance (Section 3.2). At the
channel scale, the total volume of fluid uptake is expected to be
proportional to the cross-sectional area, as is the case for
simple cylindrical tubes.”®*” The pore radius and throat
geometry in the printed metal oxide porous channels studied
here are set by the template size and the self-assembly process
and therefore remain constant across all samples. In contrast,
the macroscopic channel geometry is fixed during printing and
can vary slightly among samples.

The average channel width and height are 600 + 64 ym and
15.9 + 3.3 pm, respectively, indicating minimal variation for a
direct-writing process. The mean cross-sectional area, obtained
by integration of the measured profiles, is 6666 + 785 um?®.
Although this geometric variability is modest, it is sufficient to
assess whether variations in channel-scale geometry affect the
imbibition dynamics.

No significant correlation is found between the final
imbibition height at 100 s and the cross-sectional area under
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any of the conditions studied (Figure 7a). This indicates that
within the explored range, the imbibition capability is
effectively independent of the overall cross-sectional width of
the channel. This observation is consistent with the capillary
theory, in which the rise height is primarily determined by
pore-scale parameters (pore radius, liquid properties, and
wettability), rather than by the macroscopic channel
dimensions. In addition, the relatively small variation in
cross-section may not be sufficient to induce substantial
differences in hydraulic resistance or evaporation losses and
thus in rise height. Width-dependent effects are typically
reported only when the dimensions vary more significantly,
with larger geometries sometimes showing higher rise due to
reduced boundary effects.*®

In contrast, clear trends emerge when considering the total
imbibed volume, calculated as the product of the imbibition
height and cross-sectional area (Figure 7b). For both materials,
the imbibed volume increases with the cross-sectional area, as
expected. For Al,O; channels, good Pearson correlations are
found at 6 h (r = 0.79, p < 0.001) and 24 h (r = 0.59, p =
0.015). Similarly, TiO, channels exhibit correlations at 0 h (r =
0.59, p = 0.012) and 24 h (r = 0.89, p < 0.001). In other words,
imbibition height depends mainly on surface chemistry and
dynamic wetting. However, the imbibed volume scales linearly
with channels’ cross-section, as expected from geometric
considerations.

This behavior distinguishes between bulk-like flow within
the pore space and interfacial dynamics. At the pore walls,
liquid—solid interactions introduce additional friction and
control the rise dynamics.25 In other words, geometry dictates
the uptake capacity, whereas the rise dynamics are mostly
governed by pore-scale properties and surface chemistry.

Finally, the results confirm that fluid transport in the
disordered porous channels is predominantly influenced by
liquid—solid interactions and time-dependent surface chem-
istry, rather than macroscopic geometric features. As expected,
channels’ cross-sections nonetheless determine the total
volume of liquid uptake. Therefore, while macroscopic
geometry does not influence the imbibition capability, it
remains a critical design parameter for applications requiring
maximized transport capacity.

4. CONCLUSION

In this work, ALO; and TiO, isoporous channels were
fabricated by combining the direct writing of colloidal
suspensions (AMCA) with conformal ALD coatings. The
method produces ceramic channels with well-defined pore size
and reproducible line geometries, while allowing surface
chemistry to be functionalized independently via the choice
of ALD oxide.

Spontaneous water imbibition in these channels showed a
robust two-stage behavior: an initial Lucas-Washburn regime
followed by a resistance-limited regime dominated by
evaporation. Within this framework, a key and counterintuitive
result was that Al,O; channels imbibe faster and higher than
TiO, channels despite the latter being intrinsically more
hydrophilic on flat films. These findings established time-
dependent surface energetics and contact-line friction as
decisive factors, indicating that dynamic wetting can outweigh
nominal static hydrophilicity in governing the capillary rise.

Meanwhile, geometrical analysis revealed that across the
range of printed channel dimensions investigated here, the
macroscopic cross-section did not affect water rise but linearly

scaled the imbibed volume. This decoupling of rise dynamics
(set by pore-scale properties and surface chemistry) from
uptake capacity (set by the printed geometry) is an important
design feature of the AMCA-ALD platform. Furthermore, the
structural reproducibility and time efliciency of the method
establish it as a robust manufacturing platform. The
compatibility with parallelized printing via multinozzle arrays,
as well as the batch-processing nature of thermal treatment and
ALD functionalization, naturally facilitates scalability. These
features allow for a significant increase in throughput as
multiple samples can be processed simultaneously without
extending the total fabrication time.

Taken together, these results establish AMCA-ALD as a
general strategy for engineering ceramic porous channels with
independently tunable geometry and surface chemistry, and for
disentangling the roles of evaporation, surface energetics, and
dynamic wetting in capillary transport. Future work will extend
this approach to different template sizes, oxide chemistries, and
liquids, while incorporating more detailed, material-specific
surface characterization. Hence opening opportunities to tailor
fluid transport in printed ceramic architectures for applications
in microfluidics, diagnostics, catalysis, and energy systems.
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