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The effect of humidity, temperature, and drying
duration on microparticle detachment force:
insights into capillary-induced deformation
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We experimentally investigate how drying history influences microparticle—substrate adhesion in hydro-
philic systems. By systematically varying air temperature, relative humidity, and drying duration under
controlled conditions, we quantify the detachment force of individual microparticles. Air temperature
emerges as the dominant factor: higher temperatures and lower humidity enhance adhesion, while pro-
longed drying generally reduces it, except under combined high-temperature and low-humidity
conditions, where strong adhesion persists. Complementary scanning electron microscopy (SEM) results
reveal drying-time-dependent changes in the particle—substrate contact size, consistent with capillary-

Received 5th November 2025, induced compression of the contact zone followed by partial relaxation. These findings indicate that

Accepted 31st January 2026 transient capillary stresses during evaporation deform the particle—substrate interface and leave a lasting
DOI: 10.1039/d5sm01109d imprint on adhesion strength. Overall, the study shows how capillarity, drying dynamics, and contact
mechanics couple to regulate adhesion in colloidal systems, offering new insights into particle—substrate
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1 Introduction

Microscopic particles or dirt, although invisible to the naked
eye, can have a notable impact on our daily lives. Their
presence is a common concern in different sectors, like the
food industry where they act as contaminants, or in microelec-
tronics where they may pose a risk of flawed microfabrication.
Their removal is, therefore, crucial in application domains
ranging from microtechnology,"™ automotive™® to food”*°
industries. Yet cleaning technologies must be improved to
reduce energy consumption as well as the use of water and
detergents.” Achieving efficient cleaning with minimal energy
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input is closely linked to understanding and controlling the
adhesion of dirt to the substrate.

The relevance of adhesion mechanisms extends well beyond
dirt removal. Similar physical processes also govern particle-
particle and particle-substrate interactions in drying systems,
where adhesion plays a central role in phenomena such
as cracking, delamination, and peeling of drying deposits.
In particular, the adhesion of colloidal particles to a solid
substrate during droplet evaporation has been shown to strongly
influence crack morphology and delamination pathways.'>"?
These effects are of fundamental importance in coating techno-
logies, where controlling adhesion during drying is essential for
ensuring mechanical integrity and performance.

Adhesion arises from a complex interplay of van der Waals
forces, capillary bridges, electrostatic interactions, and mecha-
nical interlocking. Theoretical descriptions have long relied on
contact mechanics models, most notably the Johnson-Kendall-
Roberts (JKR)'* and Derjaguin-Muller-Toporov (DMT)"® the-
ories, which describe adhesive contact between elastic bodies.
The JKR model applies to soft, highly adhesive materials,
whereas the DMT model is better suited to stiff, weakly adhe-
sive ones. Maugis'® bridged these regimes with the Dugdale
cohesive zone model, and later refinements'”'® incorporated
roughness and viscoelasticity. Despite these advances, such
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models remain essentially static and are unable to capture
the dynamic, history-dependent nature of adhesion. A typical
situation in real systems occurs when a dirt particle, initially
suspended in a liquid, becomes deposited on a surface follow-
ing evaporation of the surrounding fluid. During drying, the
contact area evolves and a liquid bridge forms between the
particle and the substrate before eventually collapsing. As a
result, the adhesion force between a particle and a substrate
can be strongly influenced by the environmental conditions
prevailing during particle deposition and drying. Yet, despite
its relevance, the influence of drying history on subsequent
adhesion has been only scarcely investigated, aside from a few
notable studies.

Several studies have examined the environmental conditions
during the evaporative phase on the adhesion."®* Faille et al.*®
demonstrated that temperature and the duration of particle
residence on a surface significantly affect the detachment force.
Shiri et al.*® reported that temperature and humidity modulate
adhesion in pressure-sensitive adhesive films by altering the
evaporation rate, surface roughness, and internal cohesion.
Thill and Spalla,>* as well as Endo et al,*” highlighted the
critical role of capillary bridges in determining both deposition
morphology and adhesion strength. However, these studies
primarily focused on isolated parameters and did not provide
a comprehensive understanding of how drying-induced adhe-
sion evolves dynamically under coupled environmental effects.

To address this gap, the present study investigates how
evaporation—and the associated formation of liquid bridge-
s—affects the adhesion of a microparticle at its contact zone
with a substrate. To this end, samples of particle suspensions
are dried under controlled environmental conditions before
being immersed for detachment force measurements using a
custom-built setup. This configuration mimics practical clean-
ing processes, in which dirt particles typically undergo an
immersion phase following a prior drying step.

Once immersed, we experimentally measure the detachment
force of individual microparticles and demonstrate that adhe-
sion depends strongly on the environmental history preceding
detachment. Complementary SEM observations further reveal
variations in contact geometry that reflect the influence of the
drying process.

To isolate the specific role of drying, we focus exclusively on
hydrophilic particles and hydrophilic substrates. This choice is
motivated by our recent findings showing that the wetting
properties of the interacting surfaces strongly influence adhe-
sion forces during detachment.'>** In particular, we previously
demonstrated that the presence of a trapped bubble at the
particle-substrate interface can introduce additional capillary
forces, but that such entrapment is not expected to be prevalent
when both surfaces are hydrophilic. While surface roughness
may modify the apparent wettability through contact-line
pinning and could, in some cases, promote bubble trapping,
the particle-substrate combinations investigated here were
selected to minimize this effect. Under these conditions, bub-
ble entrapment is therefore considered unlikely, allowing us
to focus on how environmental drying parameters—namely
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relative humidity, air temperature, and drying duration—
govern the detachment force measured after drying.

2 Experimental

We first present the methodology used to carry out the drying
stage of microparticles initially dispersed in a water droplet.
The method details the steps taken while maintaining precise
control over both temperature and relative air humidity.
We next provide details on the protocol to carry out the
experiments that permitted us to estimate the force required
to detach a particle from a surface.

2.1 Methods and materials

To investigate the effect of drying conditions on microparticle
detachment from the substrate, we employed a climate cham-
ber (Memmert HPC50), which allows for controlled regulation
of temperature (from 35 to 90 °C) and relative humidity (from
20 to 90%). Preliminary tests were conducted to verify the
chamber’s ability to accurately maintain the prescribed tem-
perature and humidity levels, as well as to determine the
stabilization time required to reach the setpoints. This stabili-
zation period ranged from approximately 10 min under
the most favorable conditions (low humidity combined with
high temperature) to about 30 min under the least favorable
conditions (high humidity combined with low temperature).
Based on these assessments, the experimental range was set
to temperatures between 35 °C and 80 °C as well as relative
humidity between 20% and 80%.

We used hydrophilic silver coated silica microspheres
(SiO2MS-AG-4.1, Cospheric) having a diameter of 2 pm (coeffi-
cient of variation = 3.3%) with a density of 4.1 g cm™>. The
particle contact angle was measured using the method of
placing a droplet on a lawn of particles.>* Briefly, we passed
1.5 mL of particle suspension through a filter (cellulose esters
0.025 um) to form a dense lawn of particles. Then, a water
droplet was placed on this lawn and the contact angle mea-
sured using an optical tensiometer (Biolin Theta Lite) in
“sessile drop” mode to measure static contact angle. The same
optical tensiometer was used to measure the substrate contact
angle. The static contact angle, measured for silver-coated silica
microspheres and the glass substrate (coverslip) that was pre-
viously cleaned with isopropanol, was determined to be 10° £+
4° and 39° £ 1°, respectively. The coverslips were cleaned
by sequential rinsing with isopropanol and deionized water,
followed by drying in an oven at 40 °C for 10 minutes. After
cooling to room temperature, droplets containing microparti-
cles were deposited onto the cleaned coverslips, which were
then placed in the climate chamber.

16.2 mg of particles were dispersed in 5 ml of de-ionized
water, resulting in a concentration of approximately 1.9 x 10°
particles per milliliter. While the concentration was not a
critical factor in the experiments, it was selected to avoid
situations with densely packed particles on the substrate or
very few particles for measuring the detachment force. A drop

This journal is © The Royal Society of Chemistry 2026
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of this suspension was placed on the coverslip which was
thereafter placed into the chamber for controlled drying.
To maintain consistent droplet sizes throughout all experi-
ments conducted across various temperature and humidity
ranges, we standardized the droplet size containing the micro-
particles to 4 puL. This volume guaranteed a swift and complete
evaporation of the droplet within a few minutes, even under the
least favorable conditions of high humidity and low tempera-
tures. This complete evaporation time was at least one order of
magnitude smaller than the shortest investigated duration, viz.
24 h, after which the test cell was removed from the chamber to
measure the detachment force. It should be emphasized that
the term that will be used throughout the manuscript “drying
duration” will refer to the total environmental exposure time
during which the droplet dries and the particle-substrate
contact evolves. As will be seen, the measured detachment
forces do not necessarily correspond to an equilibrium state,
even at the longest exposure times investigated.

After removing the coverslip from the chamber and allowing
it to cool to room temperature, we carefully poured 4 mL of
Hanks’ balanced salt solution (HBSSt)* to fully immerse the
particles. To prevent loosely adhered particles from floating,
this immersion step was performed twice: after the initial
addition of HBSS, we gently removed the solution, thereby
discarding any non-adherent particles and then replenished
the sample with a fresh 4 mL of HBSS before proceeding with
detachment force measurements.

Afterwards, the coverslip is positioned within a vacuum
chamber (Nalgene, volume 4.7 L; vacuum pump Laboport N
86 KN.18) for a duration of 60 minutes. Although the manu-
facturer’s specifications indicated that the pump achieves a
maximum vacuum level of approximately 100 mbar after
around 10 minutes for our 4.7 L vacuum chamber, our pressure
measurements revealed that it took approximately 15 minutes
to reach the targeted vacuum level of 100 mbar. The prolonged
degassing time integrated into our experiments aimed to
eliminate any excess gas within the HBSS solution. This meti-
culous degassing procedure was specifically devised to prevent
any potential entrapment of bubbles beneath a particle, which
could interfere with the measurement of detachment force.>

2.2 Detachment force measurement

The detachment force measurement procedure draws inspira-
tion from the patch-clamp technique,*® albeit with modifica-
tions. Rather than using a voltage difference for clamping, we
employ flow depression. Traditionally, the patch-clamp techni-
que involves a pipette filled with an electrolyte solution and an
electrode, interacting with a cell submerged in a bath contain-
ing a ground electrode. Voltage is applied to clamp the cell, and
researchers monitor ionic currents using connected electrodes
and an amplifier. In our adaptation, we exclusively utilize

+ HBSS is commonly used as a buffer in cell culture media to maintain osmotic
pressure and physiological pH. Its composition (in mmol) is: 142 Nacl, 5.6 KCI, 1
CaCl,, 1 MgCl,, 10 HEPES, 2 NaHCOj3, 0.44 KH,PO,, and 0.34 Na,HPO,, with an
osmolarity of 300 mOsm L™ and pH 7.4.

This journal is © The Royal Society of Chemistry 2026
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Fig.1 Schematic of the patch-clamp setup used in this work. In a
traditional patch-clamp setup the vacuum pump is not present.

electrodes to assess the electrical resistance of the pipette,
aiming to determine its tip size'"** (for detailed information
on the calibration process correlating the tip size with the
resistance, refer to S1).

A schematic illustration of the setup is shown in Fig. 1.
A controlled flow depression (Fluigent LineUp Flow EZ) is
directed through the pipette when its tip closely approaches
the microbead’s surface. Subsequently, the pipette is vertically
moved away from the particle at a specified speed (3 um s ).
The inverted microscope monitors from beneath the particle’s
response in real-time. If the particle remains affixed to the
substrate without detachment, signifying non-detachment, we
re-approach the micropipette and apply increased aspiration
pressure. This iterative process continues until the particle
detaches (Fig. 2). The minimum pressure required for detachment,
considering the surface area of the pipette’s tip, yields the corres-
ponding force needed to dislodge the particle from the substrate
(refer to S2 for details). The difference between the detachment
pressure and the last pressure at which the detachment process
failed is regarded as the uncertainty zone. An illustrative video of
the particle detachment process is included as Video S3. It is
important to note that, after the drying step in the climate
chamber, particles formed a ring-shaped deposit characteristic of
the coffee-ring effect.”” Detachment force measurements were
carried out solely on well-isolated particles (as shown in Fig. 2),
typically located away from the dense peripheral region of the
deposit. This approach was adopted to prevent interactions with
neighboring particles and avoid collective effects.

We employed a 3-inch length, 1.5 mm diameter single capil-
lary with a filament sourced from “World Precision Instruments”.
This capillary was drawn using the P-97 Flaming/Brown Micro-
pipette Puller from “Sutter Instruments”. With the ability to
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Fig. 2 Micro-pipette approaching an individual microparticle (top). Suc-
tion is applied via controlled under pressure within the pipette channel
(middle). The particle is subsequently detached and lifted by the pipette
(bottom).

modify the micro-pipette’s tip, we developed five distinct programs
to pull the capillary tube at varying velocities and temperatures,
facilitating the creation of diverse micro-pipette tips. In contrast to
prior studies where the micro-pipette surface remained fixed for
specific particle sizes,"' our approach involved modifying the
micro-pipette tip size to regulate the force applied to the particle.
This adjustment allowed us to enhance precision by reducing the
uncertainty zones, especially in situations where particle detach-
ment occurred under low pressure.

For each detachment curve, at least 22 individual particles
were dislodged from the same substrate. Particular care was
taken to select well-isolated particles to avoid any collective or
neighboring effects that could bias the measurements. Addi-
tionally, to prevent re-capturing an already detached particle,
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the pipette was fully withdrawn from the sample after each
detachment while maintaining the same aspiration pressure
used during the removal. A new pipette was then installed in
the system before proceeding with the next measurement.

3 Results

As previously mentioned, our focus in this study revolves
around analyzing the impact of temperature, humidity and
drying duration on detachment force. Each experiment was
conducted under constant conditions, with only one parameter
altered at a time. This approach enables us to delineate and
comprehend the individual effects of each parameter.

Prior to presenting the main results, it is essential to
emphasize that the repeatability of our measurements was
carefully verified. To this end, tests were conducted on distinct
samples, each subjected to identical drying conditions. Fig. 3
presents the comparison: experimental data points are shown
as symbols, while solid lines represent a nonlinear least
squares fit to the data using the logistic function:

100 (e — 1)

Px) =, (1)

—c
where b > 0 and ¢ < 0 are fitting parameters, x denotes the
applied force (in nN), and P(x) corresponds to the percentage of
particles removed at that force. As illustrated in Fig. 3, only
minor variations were observed across the samples, confirming
the robustness and reproducibility of the experimental
procedure.

Fig. 4-7 shows the effect of various drying conditions. Each
figure comprises a primary large plot displaying experimental
data points as well as the fitted logistic function as the solid
lines, complemented by a smaller subplot below. The subplots
are the derivatives of the determined fitting function P(x)
whose fitting coefficients, b and c are given in S4. They illustrate
the dispersion and range of measured forces under a specific
experimental condition.
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Fig. 3 Verification of measurement repeatability: detachment force
measured for three different samples dried under identical conditions
(At =24 h, T =35°C, H = 80%).

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Effect of humidity and drying time variation (At) on detachment
force under constant temperatures of (a) 35 °C and (b) 80 °C. Solid lines in
the main plot represent fitted logistic functions.

Fig. 4 and 5 examine the influence of drying conditions on
particle detachment. Specifically, we investigate the effect of
humidity levels (H = 20% and H = 80%) in Fig. 4, and the effect
of temperatures (T = 35 °C and T = 80 °C) in Fig. 5, each across
three drying durations (A¢ = 24 h, 48 h, and 72 h). In each case,
one parameter, either temperature or humidity, is held con-
stant to isolate the impact of the other. A consistent color-coded
scheme is used to distinguish between the datasets, which
appear in both figures for ease of comparison under varying
conditions.

3.1 Effect of humidity and drying time At

Fig. 4(a) and (b) depict the impact of humidity and drying time
variation (At) on detachment force at temperatures of 35 °C and
80 °C, respectively.

In Fig. 4(a), the data at H = 20% (depicted in green tones)
demonstrate a slight decrease with increasing At. This decline
is more noticeable when observing the data dispersion on the

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Effect of temperature and drying time variation (At) on the detach-
ment force under constant relative humidity of (@) H = 20% and
(b) H = 80%. Solid lines in the main plot represent fitted logistic functions.

smaller plot, where the peak of Gaussian distributions shifts
toward smaller detachment forces as At increases. The scenario
for H = 80% (in brown hues) is more intricate, showcasing
substantial variations in detachment force when measured at
24 h compared to 48 or 72 h. Notably, the values of the
detachment force, Fy, at At = 24 h extend up to approximately
2.5 nN, while they mostly remain below 0.5 nN for At =48 h and At
= 72 h. Moreover, the data from At = 48 h and At = 72 h exhibit
close proximity, appearing almost indistinguishable—a similarity
supported by the shape and position of their corresponding
Gaussian functions in the smaller plot. Finally, the Gaussian
spread of the data at A¢ = 24 h seems notably wide, while the
other datasets exhibit relatively smaller standard deviations.

In Fig. 4(b), where the temperature remains constant at
80 °C, the influence of drying time is evident for both tested
relative humidity levels of H = 20% (depicted in red tones) and
H = 80% (in blue hues). A consistent decline is observed from
At = 24 h to At = 72 h for H = 80%, showcasing a Gaussian
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function with the smallest standard deviation at At = 72 h.
Conversely, at the lower relative humidity of H = 20%, not only
are the data values generally larger than those of H = 80%, but
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they also display more spread and exhibit ‘flattened’ Gaussian
distributions. Additionally, the measured Fq data initially show
a decline when At changes from 24 h to 72 h, but surprisingly,
they rebound to values nearly matching those at 24 h.

3.2 Effect of temperature and drying time At

Fig. 5(a) and (b) illustrate the influence of temperature and
drying duration (At) on the detachment force at constant
humidity levels of H = 20% and H = 80%, respectively.
In Fig. 5(a), the data corresponding to T = 35 °C (shown in green
tones) replicate those in Fig. 4(a), enabling direct comparison with
the results obtained at 7' = 80 °C. A slight and consistent decrease
in detachment force with increasing At¢ is observed for both
temperatures. However, a striking difference emerges: higher
drying temperatures lead to substantially larger detachment forces
(up to an order of magnitude greater) compared to the lower
temperature condition. Fig. 5(b) presents the same comparison at
H = 80%. Here, the detachment force Fj is higher at shorter drying
durations. At T = 80 °C, F4 consistently exceeds the corresponding
values measured at 7 = 35 °C for each drying duration At.
This highlights the strong influence of temperature on particle
adhesion, even under high humidity conditions.

To discern the influence of humidity, we conducted experi-
ments at intermediate humidity levels of 40% and 60% while
maintaining a constant drying duration of At = 24 h and a
temperature of T =35 °C (Fig. 6). As evident from the figure, the
detachment force initially declines with rising humidity levels
until H = 60%. However, it experiences a substantial increase
for a humidity of H = 80%. To better highlight this behaviour,
we have included an inset within the figure. This inset portrays
the force Fgs00,, Necessary for detaching 50% of the particles
and which we derived from the logistic functions. This inset
shows Fgs00, as a function of the humidity levels. Each data
point exhibits the corresponding Fgs09, value (in nN). Notably, a
marked increase is observed at the highest tested humidity
level (80%) at T = 35 °C. This sharp rise may reflect a change in
the dominant physical mechanisms such as enhanced capillary
condensation that may strengthen the interaction between the
particle and the substrate under high humidity conditions.

Finally, to discern the influence of temperature, we con-
ducted experiments at intermediate heat levels of 50 °C, 57.5 °C
and 65 °C while maintaining a constant drying duration of At =
24 h and humidity of H = 20% (Fig. 7). An increase in
temperature leads to an initial rise in F4, which then appears
relatively constant across intermediate temperatures of 50 °C,
57.5 °C, and 65 °C, yet exhibits a notable surge at T = 80 °C.
Interestingly, the higher the temperature, the flatter the Gaus-
sian function of the force distribution, suggesting a wide
variation of F4. Again, to better visualize the effect of the
temperature, an inset plot of Fgs00, is given in the figure.

4 Discussion

To provide a comprehensive summary of the findings on the
effect of drying duration presented in Fig. 4 through Fig. 7,
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Fig. 8 Effect of drying duration under constant temperature and relative
humidity.

we illustrate in Fig. 8 the detachment force Fys¢9, required to
remove 50% of the microparticles as a function of drying time,
At. This figure compiles data from the extreme tested drying
conditions, specifically at temperatures of 35 °C and 80 °C, and
relative humidities of 20% and 80%. As mentioned before, the
determination of Fgsg9, is derived from the logistic function
fits, specifically at the point where P(x) = 50%. The insights
from Fig. 8 reveal multiple observations based on Fgsge, at
various durations under constant temperature or relative
humidity. Firstly, higher temperatures correspond to increased
detachment forces. Secondly, there is a trend of decreased
detachment force with rising At, although an exception arises
at T = 80 °C with H = 20%, showcasing an initial decline
followed by an increase. Nonetheless, the general trend dis-
plays lower Fys00, after 72 h compared to 24 h (third observa-
tion). Fourthly, at a relative humidity of H = 80%, the disparity
in Fg4s00, values between experiments conducted at 7' = 35 °C
and T = 80 °C appears to diminish over time, nearly vanishing
at the 72-hour mark. Furthermore, at the longest tested dura-
tion of 72 hours, the discrepancy in Fyso, values for experi-
ments at H = 80%, as well as the case of T =35 °C at H = 20%,
remains more or less in the same range. This stands in contrast
to experiments carried out at 7 = 80 °C at H = 20%. These
findings suggest that over time, the impact of drying at various
humidity levels becomes less significant compared to the
influence of temperature.

The observations above suggest that lower temperatures
combined with longer drying durations under high humidity
conditions may significantly enhance particle removal and
surface cleaning efficiency. The observed variation in detach-
ment force could result from the combined effects of chemical
bonding and time-dependent changes in the physical contact
between the particle and the substrate. Fig. 9 presents a
scanning electron microscope (SEM) image of the particles
used in the experiments. It reveals that the silver-coated parti-
cles exhibit a rough surface, likely resulting from the coating
process during manufacturing. However, this surface rough-
ness is not expected to alter their hydrophilic behavior, and
may even help prevent bubble entrapment between the particle

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 A scanning electron microscope (SEM) image of silver coated silica
microspheres (SiO2MS-AG-4.1, Cospheric).

and the hydrophilic substrate upon immersion.>* To explore
how the contact area between the particle and substrate evolves
with drying time, we analyzed two conditions: T = 80 °C at
H=20% and T = 35 °C at H = 80%.

The results are presented in Fig. 10, which shows the
measured contact length obtained from SEM imaging. Due to
the irregular and rough morphology of the particles, the contact
zone cannot be approximated as a perfect circular disk.
Consequently, we characterize the contact by a representative
contact length. Although each measurement captures only a
two-dimensional cross-section, the full dataset for each condi-
tion effectively samples the 360° contact perimeter. For each
drying condition, all individual data points are shown in a
neutral color, while the mean and median values are high-
lighted with colored square and star markers, respectively, to
emphasize the overall trend. Additionally, colored lines are
used to indicate the mean trend for each condition. Notably,
under the drying condition of T = 80 °C and H = 20%, the
average contact length initially decreases and then increases
over time. This evolution mirrors the trend observed in the
detachment force Fg4s00, under the same conditions. Such a
correlation suggests that variations in the contact area may
influence the detachment force. However, this trend is not
observed under the condition of T = 35 °C and H = 80%.
Although the contact length decreases between At = 24 h and
At = 48 h and remains smaller than that measured at 7= 80 °C,
H = 20% for the same time points—consistent with the lower
corresponding detachment force (¢f. Fig. 8)—it then increases
and reaches a magnitude comparable to that of the higher
temperature condition.

To validate the hypothesis linking drying conditions to
changes in both the contact area and chemical bonding, which
may in turn affect the detachment force, a more in-depth
investigation of the particle’s mechanical properties and
potential chemical interactions would be required. These
aspects lie beyond the scope of the present study and will be
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Fig. 10 Contact size at the base of the particle for experiments con-
ducted at T =80 °C, H = 20% (top) and T = 35 °C, H = 80% (bottom). Each
data series, comprising between 11 and up to 32 points, is displayed with
individual data points in neutral colors, and mean/median values high-
lighted by colored square and star markers, respectively. The inset com-
pares the mean trends from the two main panels.

the focus of future work. Nonetheless, the comparison of
detachment forces Fys09, under “fast drying” conditions (i.e.,
T=80 °C, H = 20%) and ‘slow drying’ conditions (i.e., T = 35 °C,
H = 80%) at drying durations of At =24 h and 48 h offers strong
indications of particle deformation occurring during drying. In
addition, contact length measurements across different drying
durations (At) reveal variations that reflect evolving particle-
substrate interactions. In parallel, Fig. 8 shows a consistent
decrease in Fys¢o, values between 24 h and 48 h across nearly all
conditions, with nearly identical rates of decrease, except for
the case of H =20% and T = 35 °C. This trend suggests that the
particles may experience a relaxation phase following compres-
sion that would have occurred earlier during drying. Such
compression could result from capillary bridges that form
between the particle and the substrate, pulling the particle
toward the surface and increasing the contact area. Interest-
ingly, this effect appears to depend strongly on the environ-
mental conditions: at high temperature and low humidity, the
detachment force is notably higher, indicating stronger capil-
lary forces during drying. Conversely, at high temperature and
high humidity, the detachment force is significantly lower,
suggesting that large capillary forces may not sufficiently
develop in these conditions, possibly due to slower evaporation
or altered bridge formation dynamics.

This capillary-induced ‘“compression” mechanism appears
reminiscent of the phenomenon described by Ipatova et al.,*
where a trapped bubble beneath an immersed microparticle
exerts forces that either retain the particle against the substrate
or contribute to its removal. In our case, the evolution of the
detachment force, together with the measured variations in
contact area, supports a scenario in which particles experience
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Fig. 11 Schematic representation of forces acting on a microparticle
during drying. (a) When the particle is fully immersed, only the Laplace
pressure acts uniformly around it. (b) As drying progresses and a capillary
bridge forms, both the Laplace pressure and capillary forces contribute to
pressing the particle against the substrate.

an initial compression during drying, followed by partial
relaxation within the first 48 hours. The schematic in Fig. 11
depicts the compression experienced by a particle throughout
the drying process. When the particle is fully wetted, the
compressive force arises solely from the Laplace pressure
(Fig. 11(a)). As drying proceeds and a capillary bridge forms,
an additional capillary force develops, that may further press-
ing the particle against the substrate (Fig. 11(b)).

Additional evidence of this compression comes from the
Gaussian distributions of detachment force data, which are
notably narrower at lower drying temperatures (Fig. 5(a)). This
suggests reduced variability and more uniform contact beha-
vior under milder drying conditions. In contrast, higher tem-
peratures—especially under low humidity—appear to promote
stronger particle deformation during drying, potentially due
to more pronounced capillary effects. This may result in
increased contact areas, enhanced spreading, and ultimately,
higher adhesion forces.

5 Conclusion

In this study, we investigated the detachment force required
to remove a hydrophilic microparticle from a hydrophilic
substrate after a controlled drying step. This specific surface
combination was deliberately chosen to avoid bubble entrap-
ment, a phenomenon previously shown to strongly affect
detachment forces when either surface is hydrophobic.>® The
drying step was conducted under various environmental con-
ditions, including changes in air temperature, relative humid-
ity, and drying duration.

Our findings reveal that while decreasing humidity tends to
increase the detachment force, the effect of temperature is
considerably more pronounced. Furthermore, increasing the
drying duration generally leads to a reduction in detachment
force, except under the condition of low humidity combined
with high temperature, where stronger adhesion is observed. A
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key result of this work is the identification of a link between
drying conditions and the evolution of the contact area between
the particle and the substrate, as measured by SEM imaging.
The contact length was found to vary over time, suggesting that
drying may induce capillary-driven compression of the particle,
followed by a relaxation phase. This trend was consistently
observed across most of the tested conditions during the first
48 hours of drying and is further supported by the narrowing of
Gaussian distributions of detachment force at lower tempera-
tures, indicative of more uniform contact behavior.

Where earlier studies focused on the effects of individual
parameters such as temperature or humidity on adhesion," >
our results reveal a more integrated picture. The interplay
between temperature, humidity, and drying duration shows
that adhesion cannot be explained by a single factor alone.
Instead, it arises from the coupled influence of evaporation
dynamics, capillary stress buildup, and interfacial deformation.
This study thus extends previous work by showing how drying
history shapes the mechanical state of the particle-substrate
contact, providing a unified framework for understanding
drying-induced adhesion.

Beyond its experimental insights, this work also highlights
the need to incorporate history-dependent effects into theore-
tical models of adhesive contact. Classical approaches such as
JKR," DMT," and their later extensions'®'® successfully
describe static elastic interactions but do not yet account for
the evolving contact geometry and stress redistribution induced
by drying. The present findings therefore lay the groundwork
for developing next-generation adhesion models that bridge
static contact mechanics with time-dependent, capillarity-
driven processes.

Finally, regarding potential applications, our results suggest
that cleaning processes involving hydrophilic particles on
hydrophilic surfaces may benefit from operating at lower
temperatures—regardless of humidity level—as this facilitates
particle removal while reducing energy input. When humidity
is limited, extending the drying duration may further enhance
cleaning efficiency by promoting particle relaxation and
decreasing adhesion strength. This finding contrasts with con-
ventional industrial practices that rely on elevated tempera-
tures for cleaning and opens promising avenues for energy-
efficient surface hygiene strategies. It should be emphasized,
however, that these conclusions apply specifically to systems
where both the particle and the substrate are hydrophilic. As
shown previously,” mixed wettability can lead to bubble
entrapment and drastically alter adhesion. Future work will
address such scenarios and further probe capillary-induced
contact deformation, encompassing both mechanical compres-
sion and chemical bonding, as central determinants of detach-
ment behavior.
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