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Wetting phenomena are relevant in several technological applications, particularly those involving
hydrophobic or hydrophilic surfaces. Many substrates support multiple wetting states depending on
surface conditions or droplet history —a behavior known as metastability. This feature is crucial both
for its theoretical complexity and for its relevance in practical applications that rely on controlling
metastable states. While several experimental and computational techniques have been developed to
study metastability, they tend to be complex or computationally expensive. In this work, we introduce
an alternative approach based on concepts from active matter physics. We investigate the wetting
behavior of a droplet placed on a pillared surface using a 3-spin Cellular Potts model with a polarity
term that mimics a self-propelled droplet. Applying this model to a pillared substrate with known
metastable wetting states, we demonstrate that increasing activity enables the droplet to traverse free
energy barriers, explore consecutive metastable states, and eventually suppress metastability entirely.
Our results show that activity reduces the disparity between dry and wet states and provides a reliable
framework for identifying and quantifying metastability through contact angle measurements.

The study of wetting phenomena is of great interest due to its
wide range of technological applications involving hydrophobic
and hydrophilic surfaces. Significant effort has been made to
understand droplet behavior on rough solids, aiming to design
substrates with controlled wetting properties1–6. Since the foun-
dational work of Wenzel7 and Cassie-Baxter8, the concept of ap-
parent contact angle has become central, accounting for intrin-
sic wettability and surface heterogeneities. Some models have
since emerged based on surface chemistry and topography, yet
most rely on the equilibrium assumption, which means that the
droplet adopts a single, stable wetting state. In reality, however,
surfaces can support metastable states, where the droplet is lo-
cally trapped, leading to effects like contact angle hysteresis9–11.

Metastability is common in wetting and poses both theoretical
challenges and practical relevance. For example, superhydropho-
bicity often relies on metastable states9, while super-slippery sur-
faces aim to eliminate them12. Therefore, understanding and
controlling metastability is key to engineering advanced func-
tional substrates.

Experimentally and computationally, probing metastable states
is difficult, as it requires extensive trials. Some methods in-
clude observing droplets from below13 or using varied initial con-
ditions14–16. Computational tools like umbrella sampling and
adaptive biasing17 have proven useful but are often complex and
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resource-intensive.

To overcome local energy barriers, experiments often intro-
duce initial droplet velocity or substrate vibrations9. Inspired by
this, a promising route is continuous, nonequilibrium energy in-
jection—such as self-propulsion. This can be achieved via engi-
neered surfaces, coalescence, or external fields18–21. More gener-
ally, active matter systems, where internal agent dynamics drive
motion, provide a compelling framework for understanding this
phenomenon22–27.

While some numerical and experimental studies have explored
how active suspensions alter wetting on flat surfaces28–30, their
implications for the metastability paradigm in wetting physics re-
main largely unexplored.

In this work, we apply principles and methods from active mat-
ter physics to probe the wetting properties of a substrate and char-
acterize its metastability. We simulate the system using a 3-spin
Cellular Potts Model. Activity is modeled via a polarity term31

in the energy functional, which drives a time-varying directional
bias in the droplet’s dynamics. This mimics a self-propelled
droplet that exhibits isotropic motion, similar to what is shown in
previous experimental results with self-propelled droplets32–35.
This model is employed to investigate the wetting behavior on
a pillared surface, a substrate whose wetting properties are well
understood in the absence of the activity term. In particular, the
pillared surface is known to have several metastable states, rang-
ing from dry to wet, depending on its roughness6,15,17. Here
we show that, for certain substrate roughness, increasing activ-
ity causes the droplet to transition through consecutive free en-
ergy minima and, beyond a certain threshold, can even suppress
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Fig. 1 (a) Definition of the geometric parameters of the pillared surface:
roughness ratio r = 1+4hw/(a+w)2, where a is the inter-pillar distance,
w is the pillar width and h is the pillar height; L is the system size. (b)
Schematic representation of the free energy F as a function of the water
fraction penetrating the substrate f , based on results from two distinct
pillared surfaces in Ref. 17. The light-green curve, which exhibits a sin-
gle minimum, corresponds to a surface with a high roughness ratio r,
whereas the dark-green curve, displaying multiple local minima, repre-
sents substrates with lower r. (c) Cross-sectional representations of the
water droplet at each minimum of F , arranged from the driest to the
wettest state (I–IV).

metastable behavior entirely. Overall, higher self-propulsion re-
duces the disparity between the driest and wettest metastable
states. This allows us to clearly identify whether a substrate ex-
hibits metastability and to estimate the number of local minima
while simultaneously measuring the associated contact angles.

This work is organized as follows. Section 1 introduces the
parameters of the pillared surface studied in this work and re-
views its wetting properties as established in previous studies.
In Section 2, we present the numerical model used, along with
the initial conditions employed in the simulations to investigate
metastability. Section 3 presents and discusses the main results,
followed by Section 4, which contains our conclusions.

1 Metastability of a pillared surface
Metastability is often understood in terms of a complex land-
scape of a system’s thermodynamic potential. In this framework,
systems that exhibit metastability are interpreted as having local
minima in their free energy landscape, separated by barriers that
may depend on one or more system variables.

In the context of wetting phenomena, a metastable state cor-
responds to a particular wetting configuration. These configu-
rations typically fall into two categories: dry states, where the
droplet does not fully infiltrate the substrate, and wet states,
where the droplet penetrates the surface texture. Dry states are
commonly referred to as Cassie–Baxter (CB) states, while wet
states are known as Wenzel (WE) states. Each state is charac-
terized by its apparent contact angle θC and a filling fraction f ,
which quantifies the portion of liquid that penetrates the sub-
strate relative to the whole droplet.

The wetting properties of a droplet placed on a pillared sub-
strate have been explored in recent works15,17,36. The geometry
of the pillared surface is determine by a pillar height h, a pil-
lar width w and an inter-pillar distance a (Figure 1(a)) and the

roughness ratio r of this surface is given by r = 1+4hw/(a+w)2.

Using a 3-spin cellular Potts model (described in the next sec-
tion) and a continuous model that minimizes the global interfa-
cial energy, it was shown that the final wetting state of a droplet
depends on its initial condition15 as previously observed experi-
mentally9,14. A droplet initially placed in a dry state would re-
main in a (another) dry state with a high contact angle, even
though this state were not the most energetically favorable one
according to the continuous model. On the other hand, if the
droplet was initially placed wetting the substrate, the final state
obtained in the simulation would correspond to the thermody-
namically stable configuration.

To better investigate this behavior, it was performed a com-
bination of constrained Monte Carlo simulations and the string
method to compute the free energy profile of a liquid droplet de-
posited on a pillared surface as a function of the water fraction
penetrating the surface f 17. A schema of the result is illustrated
in Figure 1(b). The results reveal that for a certain range of ge-
ometric parameters (specifically, those associated with high sur-
face roughness) the substrate exhibits a single free energy mini-
mum, corresponding to a superhydrophobic wetting state. As the
surface roughness decreases, the number of local minima in the
free energy profile increases, indicating the emergence of one dry
metastable state and multiple wet states (Figure 1(c)).

2 Numerical Model

2.1 The Cellular Potts Model (CPM)

The Cellular Potts Model (CPM), originally introduced by Graner
and Glazier37, has been widely used to study wetting phenom-
ena in textured surfaces38,39, in particular, wetting of pillared
surfaces6,15,36.

We begin with the 3D CPM, defined on a simple cubic lattice.
The system is governed by the following Hamiltonian:

H0 =
1
2 ∑
<i,j>

Esi,sj(1−δsi,sj)+λ

(
∑

i
δsi,1 −VT

)2

+ mg∑
i

hiδsi,1 (1)

where the spin si ∈ {0,1,2} represent gas, water and solid states,
respectively (Figure 2(a)).
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Fig. 2 (a) Schematic cross-section of a 3D droplet over a pillared sub-
strate in the Cellular Potts Model (CPM). Each pixel corresponds to a
different state (si = 0,1,2). (b) Representation of the activity term, Eq. 2.
The displacement of the droplet’s center of mass is measured at intervals
of ∆tP (in Monte Carlo Steps, MCS). The vectors P⃗ (orange) and c⃗ (red)
are planar and interact only within the horizontal plane.

The first term in Eq.(1) represents the energy related to the
presence of interfaces between sites of different types. The sum-
mation ranges over pairs of neighbors which comprise the 3D
Moore neighborhood in the simple cubic lattice (26 sites, exclud-
ing the central one), Esi,s j is the interaction energies of sites si

and s j of different states at interfaces and δsi,s j is the Kronecker
delta. The second term is responsible to keep the droplet volume
around a target volume VT . The summation is over the pixels of
water and λ represents the compressibility of the water. The last
term is the gravitational energy associated to the droplet.

In our simulations the length scale is such that one lattice spac-
ing corresponds to 1 µm and the surface tensions values are di-
vided by 26, which is the number of neighbors that contributes
to the first summation of our Hamiltonian. Therefore, the in-
terfacial interaction energies Esi,s j = Aσsis j , with A = 1µm2 are
given by E0,1 = 2.70× 10−9µJ, E0,2 = 0.96× 10−9µJ and E1,2 =

1.93 × 10−9µJ. The mass in a unit cube is mw = 10−15kg and
λ = 0.01× 10−9µJ/(µm)6. This defines what we refer to as the
passive case droplet, which serves as the starting point for imple-
menting its active counterpart.

2.2 A self-propelled droplet: the CPM with activity

There are several ways to achieve self-propulsion in a droplet,
ranging from the design of specialized surfaces to merging pro-
cesses or even the application of external fields18–21,40. In this
work, we focus specifically on isotropic and Brownian-like mo-
tions, where the droplet exhibits random motion without any in-
tentional directional control driven by external forcing. This type
of behavior was already reported on experimental literature, and
can be characterized as a persistent Brownian motion32–34.

In such systems, the energy is generally injected trough the

constitutive agents of the droplet solution, which then character-
izes it as a active matter suspension. To incorporate this feature
in the model, an additional term is added to the variation of the
Hamiltonian when a spin is changed: ∆H = ∆H0+∆Hα , where the
additional term is given by31,41

∆Hα =−µP̂(t −∆tP) · c⃗ (2)

with µ representing the magnitude of an effective force corre-
sponding to the active energy input and P̂(t −∆tP) is a polariza-
tion vector that captures the displacement of the droplet’s center
of mass over a fixed time window ∆tP. In our simulations, we set
∆tP = 1 Monte Carlo Step (MCS) and test the robustness of this
choice in the Supplementary Material (SM). Vector P⃗ functions as
a memory term, fluctuating due to the stochastic nature of the
Monte Carlo method. When multiplied by the activity parame-
ter µ in a new force term, this stochastic variable gives rise to
persistent Brownian motion.

Vector c⃗ represents the displacement of a water pixel at the in-
terface, during a trial spin flip, and is obtained during the simula-
tion as follows: If a gas site turns into water this site is considered
the final position and a random neighboring water site is chosen
to be the initial position. Otherwise, if a water site changes to gas,
this site is considered the initial position while a random neigh-
boring water site is the final position. For simplicity, we assumed
that self propulsion fluctuates only on the horizontal plane, with-
out vertical components.

The total run of a simulation is at least 2 × 105 MCS from
which the last 10% of the total running time are used to mea-
sure observables of interest. Each MCS is composed by VT num-
ber of trial spin flips. A spin flip is accepted with probability
min{1,exp(−β∆H)}, where β = 1/T and T acts as noise to allow
the phase space to be explored. Here we used T = 13 that was
shown to have an acceptance rate of approximately 20% for the
passive system15. The simulation is exemplified in Figure 2(b).

2.3 Pillared surface and the initial configurations

We consider a 3D droplet on a pillared surface, with geometric
parameters defined in Figure (1)a. The pillar width is fixed at w=

5 µm and the height at h= 10 µm, while the interpillar spacing a is
varied within the range a ∈ [5 µm,11µm]. This yields a roughness
ratio—defined as the ratio of the true surface area to the apparent
projected area—given by r = 1+ 4hw/(a+w)2, which spans the
range r ∈ [1.78,3].

To account for the influence of initial conditions, the system is
initialized in two different wetting states. The first configuration,
referred to as D0, consists of a droplet in the shape of a sphere
tangentially touching the surface, as illustrated in Figure (3)-a.
The second correspond to fully wetted case, with contact angles
θc = 90◦, referred as W0, shown in Figure (3)-b. In both cases, the
initial droplet volume is set to VT ≈V0 =

4
3 πR3

0, with R0 = 50 µm.

Journal Name, [year], [vol.],1–7 | 3



Fig. 3 Two initial wetting configurations used in the Monte Carlo simu-
lations: one in the dry state, refereed as D0 (a) and one in the wet state,
W0 (b).

2.4 Observables

Wetting measures. The apparent contact angle (θc) of the droplet
is estimated by assuming a spherical shape, which is a valid ap-
proximation for the droplet size used here, where interfacial en-
ergy dominates over gravitational effects15,17. Under this as-
sumption, θc is defined as

θc = arcsin
(

2H.B
H2 +B2

)
, (3)

where B and H are the base radius and height of the droplet,
respectively, measured directly from the simulations. The validity
of the spherical approximation is confirmed through circularity
measurements and holds for µ < 8, as shown in the SM.

The volume fraction f of liquid penetrating the substrate is cal-
culated as the ratio between the number of liquid pixels located
below the pillar height (Vpu) and the total volume of the droplet
(V ), which fluctuates around a target volume VT during the sim-
ulation. In the steady state, this gives f = Vpu

V .
Dynamical measures. Dynamical proprieties were studied

through the calculation of the mean squared displacement
(MSD), defined as:

|∆⃗r(∆t)|2 = |⃗r(t0 +∆t)− r⃗(t0)|2; (4)

where r⃗(t) represents the position vector of the center of mass
of the droplet at time t. The average is computed over multiple
measurements of |∆⃗r(∆t)|2, leading to MSD = ⟨|∆⃗r(∆t)|2⟩.

3 Results and Discussion

3.1 Wetting Measures

Figure (4) summarizes the wetting behavior of the pillared sub-
strates for three different roughness values r. The top row of the
figure shows the droplet’s most frequent contact angle θC for two
initial configurations, D0 and W0. The middle row displays cross-
sections of the droplet for different values of activity µ, while
the bottom row presents the fraction of water that penetrates the
substrate.

The first column in Figure (4) corresponds to the substrate with
the highest roughness ratio explored in this study, r = 3. The re-
sults show that: i) There is no significant difference in either θC or
the penetration fraction f , regardless of the initial configuration,
indicating that this substrate does not exhibit metastability. ii)
Similarly, θC and f remain constant across all values of the activ-

ity parameter µ. The cross-sectional views visually confirm that
the droplet remains in a dry state, regardless of the initial condi-
tion or the value of µ. Additionally, for µ > 8, the droplet devi-
ates from a spherical shape, showing visible deformation, which
is quantified in the SM.

We emphasize the presence of a horizontal dotted line in Fig-
ure (4)a marking the value of the contact angle, θC, which is the
unique stable state reported in reference17. As briefly discussed
in the previous section, that study computed the free energy pro-
file for the pillared surface and found that, for this particular
roughness value r, there exists a single free energy minimum.
This minimum corresponds to a dry state and exhibits the same
contact angle θC observed in our simulations.

As the roughness ratio r decreases—shown in the second and
third columns of Figure (4)—a noticeable difference in both con-
tact angle θC and penetration fraction f is observed depending
on the initial condition. When the droplet starts from the D0 con-
figuration, the contact angle remains high (θC ≈ 145◦), and f ≈ 0
for all values of µ, indicating that the droplet stays in a dry state.

However, when the droplet is initialized in a wetting configu-
ration such as W0, the behavior changes. Focusing on the middle
column, which corresponds to an intermediate roughness value
(r = 2.18), the contact angle starts at approximately θC ≈ 120◦ for
µ = 0, with f ≈ 10%. The corresponding cross section confirms
that the droplet wets the substrate. As µ increases, θC also in-
creases, while the penetration fraction f decreases. At a given
value µt , the final state becomes identical for both initial condi-
tions. This indicates that above a threshold activity µt , the self-
propulsion is sufficient to drive the droplet into the dry state,
effectively overcoming the energy barrier between metastable
states.

For the smallest roughness ratio studied (r = 1.78), the droplet
always remains in a wet state when initialized in W0, although
it transitions through a series of distinct wetting states character-
ized by varying values of θC and f , as shown in Figure (4)-c,f and
can be visually interpreted by the cross sections of the droplets.

We note that these figures also include several horizontal dot-
ted lines, which represent the contact angles of metastable states
identified in the reference17. This suggests that on substrates
with multiple free energy minima, the self-propelled droplet is
able to explore a range of metastable states as µ increases. Since
the droplet visit more than one wetting minima at a time, some
analyses are needed in order to distinguish the most frequent θc

(see details in the SM).
In the SM, we examine the robustness of the observed

metastable states by initializing the droplet in an alternative wet-
ting configuration. The results indicate that the same metastable
states are explored as in the case starting from the reference con-
figuration W0. This suggests that the self-propelled droplet is ca-
pable of consistently probing these states. However, some of the
metastable states reported in reference17 are not accessed in our
simulations. We attribute this to the shallowness of those free en-
ergy minima, which may be easily bypassed due to the relatively
high activity of the self-propelled droplet.

Figure (5) shows the relationship between the threshold activ-
ity µt and the roughness ratio r for various substrate geometries.
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Fig. 4 Wetting properties for three roughness values r. Top row: contact angle θC of the droplet as a function of activity µ. Middle row: cross-sections
of the droplet for different values of µ. Bottom row: fraction of water penetrating the substrate f as a function of µ. All plots are shown for two
initial conditions: D0 and W0. The differences in θC and f between these initial conditions indicate that substrates with r = 2.18 and r = 1.78 exhibit
metastability, whereas r = 3 corresponds to a surface with a single energy minimum. Horizontal dotted lines indicate the values of θC associated with
the free energy minima reported in Ref. 17.

Fig. 5 The threshold value µt is shown as a function of the substrate’s
geometric parameters. The x-axis (bottom) represents the interpillar
distance a, while the top axis indicates the corresponding roughness ratio
r. When µt = 0, the substrate exhibits a single energy minimum. For
µt > 0, multiple minima emerge, signaling the transition from a non-
metastable substrate to one that supports metastable states.

Parameter µt serves as an indicator of metastability: µt = 0 sig-
nifies the absence of metastability in the substrate, while µt > 0
indicates the existence of metastable states. Moreover, the results
reveal that µt decreases approximately linearly as r increases, sug-
gesting that greater self-propulsion is required for the droplet to
escape from deeper energy wells associated with lower rough-
ness. This also implies that, for sufficiently high activity, the
droplet can overcome energy barriers and effectively suppress
metastability, reaching the dry state.

We repeated the measurements of θC vs. µ for larger values
of ∆tP = 10,100, and show in the Supplementary Material that the
results remain highly robust. This indicates that the self-propelled
droplets are effectively probing the substrate’s free energy land-
scape rather than simply undergoing random, activated motion.

3.2 Dynamical Measures

The mean squared displacement (MSD) curves of the self-
propelled droplet are shown in Figure 6. Persistent Brownian mo-
tion typically exhibits two characteristic regimes: an initial bal-
listic regime (MSD ∝ ∆t2) followed by a diffusive regime (MSD
∝ ∆t1), though intermediate behaviors may also arise. The tran-
sition from ballistic to diffusive motion reveals the persistence
length lP of the self-propelled droplet, representing the typical
distance it travels before its polarization direction changes.

For the substrate with roughness ratio r = 3 (Figure 6a), no
significant differences in droplet dynamics are observed between
the two initializations, D0 and W0. This supports the notion that
this substrate does not exhibit metastability, as discussed in the
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Fig. 6 Dynamical proprieties. Top row: MSD vs ∆t multiple µ(colors) curves for (a) r = 3, (b) r = 1.78. Droplets were initialized in 2 different initial
wetting conditions: D0 (circle marker) and W0 (diamond marker). Bottom row: Representative trajectories associated with four MSD curves (I, II, III
and IV) of droplets starting seat t = 0 (ligth blue) until t = tmax (dark blue). The circles reproduces the initial and final droplet circumference over the
pillars. The parameter sets are: (I) r = 3, W 0,µ = 0.5; (II) r = 1.78,W 0,µ = 0.5; (III) r = 1.78,W 0,µ = 2; (IV) r = 1.78,D0,µ = 2

previous section.
In contrast, for the case r = 1.78, shown in Figure 6b, no-

table behaviors emerge at relatively low values of activity µ. At
short times, the ballistic regime appears to be independent of the
initial condition. However, beyond this initial phase, the MSD
curves diverge, with one trajectory exhibiting higher motility than
the other, corresponding to D0 and W0, respectively. This effect
is particularly evident for µ < 4 in Figure 6b. As µ continues
to increase, the curves converge again, suggesting that dynamic
observables like MSD are no longer sensitive to the underlying
metastability captured by the contact angle θC and volume frac-
tion f , as shown in Figure (4).

Across all cases in Figure 6, increasing µ extends the dura-
tion of the ballistic regime, consistent with observations in the
literature31,41. Furthermore, the regime following ballistic mo-
tion varies depending on the combination of roughness r, activity
µ, and the initial wetting condition. These variations are qual-
itatively illustrated by representative droplet trajectories in Fig-
ures 6I-IV. For r = 3—a non-metastable substrate—all values of µ

eventually lead the droplets into a diffusive regime, independent
of the initial condition. In this scenario, µ primarily determines
the scale of both persistent and diffusive motion, as exemplified
in Figure 6I.

Conversely, for the metastable substrate with r = 1.78, the ini-
tial wetting condition plays a critical role. The W0 initializa-
tion can lead to either a trapped state (Figure 6II) or a caged
state (Figure 6III), depending on the value of µ. Meanwhile,
droplets initialized with D0 display consistent motile behavior
across both substrate types, resulting in a typical diffusive pattern
(Figure 6IV).

We tested the robustness of the dynamical behavior with re-

spect to the memory parameter ∆tP (see SM) and found that the
MSD is highly sensitive to its value. Larger ∆tP enhances the po-
larization term, resulting in a delayed transition to the diffusive
regime. This sensitivity suggests that MSD alone cannot reliably
infer the metastable properties of the substrate. We argue that ∆tP
should be chosen such that the persistence length lP is compatible
with the substrate’s geometric scale. For instance, if lP ≫ a, mean-
ingful information about substrate-induced metastability cannot
be extracted from the MSD. Nevertheless, regimes characterized
by highly linear droplet motion—where lP is large—remain phys-
ically relevant in other contexts, such as those involving nematic
active systems26,28.

4 Conclusions
In this work, we present a novel approach to investigating wetting
metastability by integrating active matter dynamics into a cellu-
lar Potts framework31,41. Through simulations of self-propelled
droplets driven by polarization forces31,41, we demonstrate how
activity modulates access to metastable states on pillared sub-
strates.

We quantified the wetting behavior of the substrate by measur-
ing the droplet’s contact angle θC and the liquid penetration frac-
tion f , while the mean squared displacement (MSD) was used to
assess the droplet’s dynamics. The system exhibits configuration-
dependent wetting states—a hallmark of metastability. Notably,
beyond a critical activity threshold, µt , droplets converge to a
single dry state, irrespective of initial conditions. This transition
implies that self-propulsion energizes droplets sufficiently to sur-
mount inter-state barriers. The threshold µt itself emerges as a
quantitative descriptor of substrate metastability, scaling linearly
with geometric parameters like the roughness ratio, r.
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While the wetting observables (θc, f ) remain robust to varia-
tions in the model parameter ∆tP, the MSD shows pronounced
sensitivity. This highlights the importance of selecting ∆tP such
that the resulting persistence length (lP) is compatible with the
characteristic roughness scales of the substrate, ensuring a physi-
cally meaningful interpretation of the dynamics.

Broadly, our work explores the potential of active droplets as
adaptive probes for wetting metastability. By mapping local en-
ergy minima through measurements of θC and f , the approach
offers insights that could inform experimental strategies for wet-
tability control and contribute to the design of functional sur-
faces in applications such as microfluidics and self-cleaning mate-
rials42,43.
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1 The measure of the contact angle θC: separation of the peaks

Figure 1: Normalized frequency of two θc histograms after the peak separation procedure. For the
same roughness (r = 1.78) and initialization (D0): µ = 1 (left) led to a single peak, and µ = 2 (right)
led to two peaks . The legend associate the time average value of each cluster to the labeling color.

After confirming that the droplet has reached a steady state by analyzing the curves of θC and f
as functions of MCS, we select the final 10% of the simulation time and examine the histograms of
these quantities. Two typical examples are shown in the Fig. 1, corresponding to different values of
µ. Depending on the parameters, multiple peaks may appear in the histogram, indicating that the
droplet transitions between distinct θC values. Notably, one peak is significantly more dominant than
the others—by a factor of 50 to 100—and this trend holds across all parameters studied.

To systematically identify these peaks, we employ the k-means clustering algorithm. This unsuper-
vised method partitions a set of n data points into kk clusters by assigning each point to the cluster
with the nearest mean (centroid). Since the number of clusters k is an input of the algorithm, we de-
termine its optimal value using a physically motivated criterion. The procedure for peak identification
follows these steps:

1. We test different values of k in the range k ∈ [1, 5]. For each k, we compute the average contact
angle ⟨θC⟩k associated with each cluster;

2. to determine whether k peaks are physically meaningful, we impose a minimum separation thresh-
old ∆θ∗C = 6◦. Specifically, if |⟨θC⟩k − ⟨θC⟩k+1| < ∆θ∗C , clusters k and k + 1 are considered in-
distinguishable, and thus correspond to the same peak. This threshold is justified by the typical
roughness-induced variations in θC observed on the substrate.

An example of the clustering result obtained using the above procedure is shown in Fig. 1. The
average of θC value of the most frequent peak is the one reported in the main text.
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2 Droplet shape dependence on µ

To assess the validity of the spherical approximation, a measure of droplet roundness was considered.
Given that the water-substrate interface is expected to approximate a circular shape, this approach
provides a meaningful evaluation. To quantify this, an ellipsoid regression fit was applied at the
droplet pillars contact pixels, and the time series of the minor (r−) and major (r+) axes was recorded
to compute the normalized circularity (e):

e =
r−
r+

.

Figure 2 shows the circularity e as a function of activity µ for two different substrates. We find that
a spherical shape assumption remains valid for µ < 8, where the average circularity typically satisfies
e ≥ 0.9. Interestingly, even in the passive case, e is not exactly 1, as the droplet may occupy grooves
differently along the x and y axes.

Figure 2: Average circularity e dependence on activity (µ) for distinct initialization: D0 (blue) and
W 0 (green). Each panel represent a different substrates: r = 3 (left) and r = 1.78 (right).

3 Robustness of the results against ∆tP and the initial condi-
tions

The memory time (∆tP ) parameter is used in the active CPM literature [1, 2]. Despite its apparent
consistency, ∆tP is often treated as an adjustable parameter, with its deeper model dependencies
left unexplored and unclarified. To investigate this, some relevant values of ∆tP were tested using a
reference set of parameters already employed in the main study: ∆tP ∈ (1, 10, 100). The same activity
and wetting measurements were conducted for these memory times.

The analysis revealed that ∆tP has a significant impact on the droplet’s dynamical behavior,
resulting in a rapid increase in persistence as ∆tP increases (Figure 3). This effect is similar to the
influence of µ, as both contribute to increasing the persistence length lP , thereby delaying the onset
of the diffusive regime. This finding aligns with previous studies on active nematic droplets, which
exhibit both chaotic and linear motion [3, 4, 5, 6].
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Figure 3: Each MSD frame has a fixed r value and ∆tP with multiple µ (colors) curves. Droplets
were initialized in 2 cases: D0 (diamond marker) and W 0 (circle marker).

Figure (4) shows the influence of ∆tP on the measure of θC as a function of the activity µ. We
observe that the steady-state wetting quantities remain practically unaffected by ∆tP .

In the main text, we showed how θC vs µ depends on two initial wetting conditions: a dry state
(D0) and a wet state (W0). Here, we introduce an additional wet initial condition, referred to as W1,
illustrated in the inset of Fig.5a. This configuration represents an even more extreme wetting case,
with an initial contact angle of θc = 300. Figure5 shows that the droplet visits the same set of states
for both W0 and W1, indicating the robustness of the results to the degree of initial wetting.

Furthermore, the consistency of the θC vs. µ curves across larger values of ∆tP = 10, 100 and dif-
ferent initial conditions suggests that the self-propelled droplets are effectively probing the substrate’s
free energy landscape, rather than exhibiting purely activated, random motion.

-
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Figure 4: θc vs. µ diagrams for fixed h = 10 and r = 3 (a) or r = 1.78 (b) . Each color indicates the
the most frequent θc for both initial conditions in combination with the explored ∆tP .

Figure 5: θc versus µ diagrams for three substrates. Each point indicates the the most frequent θc for
three initial conditions: D0, W 0 (green) and W 1 (red). Horizontal lines in r ∈ (3, 2.18, 1.78) are the
numerical values for each energy minimum found by reference [7].
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