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Abstract

Three-dimensional (3D) epicuticular wax coverage on plant surfaces contributes to mul-
tifunctional surface properties, such as enhanced water repellence, reduced pathogen
adherence, modified optical properties, and reduced insect adhesion. The diversity in wax
projection morphology, size, abundance, and spatial arrangement among plant species
results in a broad spectrum of anti-adhesive effects, reflecting both phylogenetic history
and ecological function. This study presents a numerical model consisting of 3D tubular-
shaped structures randomly deposited on a substrate and forming a highly porous layer.
The simulations based on this model demonstrate a strong reduction in adhesion to the
contacting insect adhesive pad. It is found that a structure formed by sufficiently long
tubes, where the length is enough to support the tubes in space and build a porous 3D
structure with a very low density, at relatively weak attraction to the underlying substrate,
leads to the weakest adhesion. The model is constructed on the basis of our recent works
combining discrete and continuous approaches in biological modeling. It mainly exploits
the technique of the movable digital automata, allowing modeling of numerous numerically
elastic cylinders that can be moved in 3D space, elastically collide with one another and
with boundaries, and build self-consistent surface structures, which can be used to mimic
nano- or microscale surface coverages of real plants.

Keywords: adhesion mechanics; anti-adhesive surface; epicuticular wax; plant-insect
interactions; porous elastic structure; wax projection; 3D structure

1. Introduction

W) Check for updates Plants interact constantly with arthropods in their environments, establishing relation-

ships that range from mutualistic pollination to antagonistic herbivory. For locomotion,
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and their derivatives that crystallizes on the outer cuticle [6-8]. Epicuticular wax pro-
jections vary greatly in their morphology, including plates, platelets, rodlets, tubules,
filaments, etc., and range in size from less than one micrometer to several tens of microme-
ters [1,5,9-12]. These structures confer a set of multifunctional surface properties to plants,
such as enhanced water repellence, reduced pathogen adherence, modified optical proper-
ties [6,7,13,14], and, importantly, reduced insect adhesion [1,15-20]. The diversity in crystal
morphology, size, abundance, and spatial arrangement among plant species contributes to a
broad spectrum of anti-adhesive effects, reflecting both phylogenetic history and ecological
function [1,6,7,15,18,20-22].

Numerous experimental studies have demonstrated that plant surfaces covered with
three-dimensional (3D) epicuticular waxes show significantly reduced insect attachment
compared to smooth or wax-free surfaces [1]. Force measurements and traction experiments
consistently reveal weaker adhesion and frictional forces for a wide range of insects,
including beetles, flies, aphids, and stick insects, when tested on wax-covered plant surfaces.
For example, surfaces with wax projections often decrease insect traction and pull-off forces
by several folds relative to smooth controls. Importantly, this reduction is often correlated
with crystal dimensions and density: larger and sparsely distributed crystals generally
cause greater reduction in attachment strength [23]. These consistent observations across
taxa underscore the functional effectiveness of 3D epicuticular waxes as physical anti-
adhesive barriers.

Several mechanistic hypotheses have been proposed to explain how 3D plant waxes
interfere with insect adhesion. The most widely supported mechanism is the roughness
hypothesis, which posits that the nano- and microscopic topography created by wax pro-
jections drastically reduces the real contact area between the insect’s adhesive pad and
the substrate [4]. Adhesion and friction forces in biological systems are strongly depen-
dent on intimate contact at the molecular level; when surface roughness exceeds certain
critical dimensions relative to pad structures, insects cannot conform their soft adhesive
tissues sufficiently, and adhesive forces decline sharply. Experimental and theoretical work
supports this idea: critical roughness scales that prevent insect adhesion overlap with the
typical size ranges of epicuticular wax projections [4,24-26].

In addition to geometric roughness, the contamination hypothesis suggests that wax
projections, particularly those loosely bound to the cuticle, can detach and adhere to insect
attachment organs, thereby impairing their adhesive function [1,4,25-29]. Detached projec-
tions or their fragments may lodge within the microstructures of adhesive pads, effectively
creating a secondary rough layer on the pad surface that further reduces actual contact with
subsequent substrates. This mechanism has been directly observed for certain plant species
with fragile wax crystals and correlates with decreased attachment in insects [27-31].

Other mechanisms have been proposed, including the fluid-adsorption hypothesis,
which suggests highly porous wax coverages can absorb the lipid-rich secretion that
mediates wet adhesion in many insects, thereby weakening adhesive forces [4,32,33].
Finally, the wax-dissolving hypothesis posits that components of insect pad secretions
may chemically interact with and dissolve parts of the wax projections, altering surface
chemistry in a way that hinders adhesion. While evidence for this latter mechanism
remains limited, it highlights the complex interplay of physical and chemical factors at the
insect-plant interface.

Collectively, these mechanisms illustrate how 3D plant epicuticular waxes operate as
multifaceted anti-adhesive surfaces shaped by millions of years of coevolution with insect
appendages. Understanding these natural strategies not only deepens ecological insight
into plant-insect interactions but also inspires biomimetic applications in agriculture and
materials science aimed at reducing pest attachment through engineered surface topogra-
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phies. This study was undertaken to understand how the geometry and arrangement of
one particular type of wax projections alter the adhesion of plate-like structures similar to
those of insect adhesive pads. We selected tubular wax projections, as they are present in
numerous plant taxa (Figure 1), such as for example Nelumbo nucifera, Aquilegia vulgaris,
Chelidonium majus, Prunus domestica, and Eucalyptus gunnii.

Figure 1. Scanning electron microscopy (SEM) micrographs of plant surfaces with tubular wax
projections in the adaxial (upper) leaf side of Aquilegia vulgaris (a), Chelidonium majus (b), and
Eucalyptus globulus (c). Scale bars: 1 um (a,b); 2 um (c). (a,b) from [20].

Using a numerical modeling approach, we generated surfaces covered by tubular
structures of different aspect ratios in various arrangements on the surface (depending on
the degree of their interactions with the neighboring tubes) and numerically probed their
adhesiveness, which is dependent on their contact area with the approaching adhesive
plate that simulated an insect adhesive pad. The model was constructed on the basis of our
recent works combining discrete and continuous approaches in biological modeling [34].
It mainly exploits the technique of the movable digital automata, allowing modeling of
numerous numerically elastic cylinders that can be moved in 3D space, elastically collide
with one another and with boundaries, and build self-consistent surface structures, which
can be used to mimic experimentally observable nanoscale surface coverages of real plants.

2. General Description of the Model

The system under consideration can be basically treated as a large number of 3D
cylindrical shells, which mechanically mimic the wax tubes forming a complex porous
(fractal) epicuticular plant coverage (see SEM images in Figure 1). Taking minimization
of the numerical time consumption into account, it seems natural to create a simplified
artificial model of every real tube using a set of more or less uniformly distributed nodes
of cylindrical mesh (shell), which basically reproduces the form of the real tube. Having
such a shell model in hand, one can turn on a mutual interaction of the tubes, add their
interaction with a solid substrate, and solve a system with a relatively small number of
dynamic equations to simulate sufficiently realistic behavior.
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Observing the simulation results in dynamics, one can adjust all the interactions to
reproduce rather realistic scenarios, where the objects would be allowed to collide and rotate
in 3D space as elastic objects, interacting with boundaries and with the insect adhesive pad
(later called the foot) when the latter is placed on the top of a system built using a large
enough set of tubes. Our previous experience indicates that, in contrast to other methods of
simulation, such an approach is less time-consuming (which normally happens for complex
many-body systems) but reproduces reasonably realistic and practically interesting aspects
of reality.

A number of examples of numerically generated systems for the problem under
consideration are shown in the figures below. The construction of the tubes resembles
the one applied in our previous studies [34]. Formally, the equations of motion are very
compact and similar to the Newtonian ones:

m;ov;/ot = —0H(x;, p;)/op; = £ 1)

where, as usual, the information about the system is contained in the structure of the
Hamiltonian H(x;, p;). From a mathematical point of view, the model describes a system
of N particles represented by the vector radius r;, the momentum p;, and the interaction
potential U/( ’ri - ]|) . Trial interaction between the nodes forming the mesh is a mutual
repulsion. For example,

Ureputs (1: — 1;]) = Ciexp{—[(x; — 1;) /c;;]*} )

where C;; define the magnitude, while ¢;; are the radii of the repulsion. Notably, this
repulsion does not allow different parts of the system to collide with one another. Besides,
one needs a kind of “effective” attraction, which maintains the distances between the nodes
close to their originally prescribed values:

Uptastic (ti — 1]) = Kijexp{—[(x; — ;) /re 11 — [(t; — 1)) /a;]*} 3)

This two-valley potential automatically keeps the nodes inside the tube always con-
nected to each other at the characteristic constant (close to original) distance a;;. Such
interaction provides the stability for the mechanical system and imparts effective longitudi-
nal and lateral stiffness, which is provided by the proper choice of elastic constants [34].

Technically, the procedure was organized as follows. We created a set of initial coordi-
nates for every tube and calculated mutual distances for all pairs of nodes 4;; in it. When
the interaction denoted by Equation (3) was applied, it allowed the tube to move stably
and rotate freely in 3D space as a mesoscopic “body”. In principle, one can tune the elastic
constants, making them different for different parts of any complex structure that is made
up of a combination of simpler ones. In particular, one can connect a given number of
segments, either stronger or weaker, to better adjust the properties of the real tube.

We have applied this in our previous works for objects combining a small number of
different parts. However, here we mainly concentrated on a study of the system produced
by a large number of practically equivalent tubes. Moreover, our goal here was to study
regularly how the length (aspect ratio) of the tubes and their interaction with a solid bottom
substrate, representing a plant epidermal surface, influence the resulting system behavior.
In this case, it was even better to take all tubes as exact equivalents and study the general
(statistical) properties of the relatively large system.

Moving in space, the system of elastically connected nodes dissipates energy because
of mutual friction between them. Such dissipation spreads, particularly when the body
collides with either potential energy relief or artificially organized external boundaries.
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The boundaries lead to repulsion, deformation of every tube, and result in dissipation,
depending on the mutual velocity of different nodes.
If the dissipation is included

N

£~ Y (v —vj)expl— [(ri —17)/co]?] (4)

j=1
the complete system can be described by the set of equations:
miavi/at = —aH(Xi, pl)/apl = fl' + f? (5)

It certainly loses energy with time and finally stops, because its total moment of motion
tends to zero, i.e., m;)_dv;/dt — 0. Usually, this does not occur when the kinetic energy is

produced by a sourcel working outside the purely dynamic description. One can formally
incorporate it into the model using an artificial energy source &7 (for example, the so-called
“Langevin source” Z7 [35]).

However, the present study represents a case where one can treat a random stochastic
supply as negligibly weak and where the system tends to stay close to an equilibrium. In
this case, the system self-organizes into a frozen final state with extremely slow kinetics,
as described by Equation (5). Dissipation and nonlinearity of interactions, together with
the boundary conditions, cause desirable evolution and self-organization of the system.
Understanding of this led us to the following simulation procedure.

1.  We started with a random (generally unstable) uniform average distribution of N
tubes (all below N = const. = 150) having some random initial velocities and allowed
them to interact and move according to the system in Equation (5).

2. When, due to dissipation, the kinetic energy of the system Ej;, became less than
some preliminary prescribed limit (let us say Ey;;, < 0.01Ey;, |0 ), we stopped the
routine and calculated all desired values (in particular, the total adhesion force) for a
practically unmovable static system.

3. After this, we changed either the length of the tubes or the force of their attraction
with the substrate and resumed the routine. This gave us some new values.

The results of such a simulation, recorded in the resumed step-by-step procedure, are
presented in the figures below as well as in Supplementary Movies S1 and 52.

3. Numerical Results Obtained from the Model

The typical intermediate state caused by the procedure described above is shown in
Figure 2a. The tubes are plotted using MATLAB-generated surfaces in 3D space (MatLab
R2022a, The MathWorks Inc., Natick, MA, USA). They are colored according to the dif-
ference between the kinetic Ey;,, = g‘,l p?/2m and potential U; = ‘ gl U(|r;—r;|) energy of

i= ij=

every individual segment in the standard “jet” colormap of MAT]LAB. Such colorization
is rather informative, because it visually separates individual tubes, simultaneously pro-
viding information about the z-coordinate of a particular surface segment and the local
absolute stress of deformed ones (due to changes in their U; potential energy). One can
directly see from a comparison between Figure 2a and Figure 2b that an extremely strong
attraction was obtained between the tubes and the bottom substrate. For comparison, we
also added Figure 2c, which reproduces a typical 3D configuration found for extremely
short tubes having a length comparable to their diameter L ~ D.
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Figure 2. Typical result of random deposition of the tubes in 3D space, colored according to the

N N

difference between kinetic Ey;, = Y. p?/2m and potential Uj = ¥ U(|ri—1)|) energy for every
i=1 ij=1

individual segment in the standard “jet” colormap of MATLAB. The arrangement of tubes was

obtained at weak (a) and extremely strong attraction (b) of the tubes to the substrate. (c) shows the
results of deposition of very short tubes with lengths comparable to their diameters L ~ D.

The visualization of the simulation process should be accompanied by the quantita-
tive (statistical) information extracted from the interactions incorporated into the model
(Equation (5)). In particular, one can extract a histogram of the z-coordinate distribution of
all the segments that make up the presented 3D structure at every realization of the model
parameters (Figure 3a). Simultaneously, one can calculate the distribution of the adhesion
force that influences every segment of each tube contacting the insect foot placed on top of
the effective 3D surface (Figure 3c). How this calculation is carried out can be observed in
the Supplementary Movies.
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Figure 3. Instant intermediate distribution of the vertical coordinates z (a) and distribution of the
local vertical force f; (c) acting between the 3D structure and the planar surface placed on its top
Z = max(z). Evolution over time of both distributions presented in (a,c) is reproduced in the
time—space {t,z} diagrams shown in (b,d), respectively.

Information about the evolution of these distributions over time can be collected and
presented using artificial colors in time—space diagrams as it was done in static pictures.
These diagrams (Figure 3b,d) recorded up to the same instant moment shown in Figure 3a,c,
respectively, accompany the corresponding histograms of z-coordinate (Figure 3a) and
vertical force f, (Figure 3c).

As we already mentioned, the routine of the simulation was resumed every time we
changed the model parameters. The complete evolution of the surfaces over time with
regularly varied lengths of tubes is reproduced in Supplementary Movie S1. Static images
of the important moments, for the convenience of the reader, are provided in Figure 4a-h.
In this figure, each structure is shown at the stage when it is basically built, its kinetics
is frozen, and quantitative data about the integral adhesion force are recorded. One can
visually compare different structures formed at different tube lengths and qualitatively
predict the expected integral adhesion. Figure 4i—p show eight static images of the advanced
tube system configuration at varied attraction forces of the tubes to the underlying substrate
(Supplementary Movie S2).

Effective upper surfaces of the 3D structure, found for every combination of tube
length and attraction to the substrate, were calculated using the MATLAB scatter plot
interpolation technique. In particular, this allowed restoration of the effective “footprints”
of the contacts between the structures formed by each tube’s special disposition and the
insect foot placed horizontally on top of the 3D structure. Examples of such footprints
are reproduced in Figure 5a,c,e. One can visually compare these footprints for different
structures. It is especially interesting in Figure 5c demonstrating well-pronounced prints of
the horizontally lying individual tubes.
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Figure 4. Complete evolution of the surfaces over time with different lengths of tubes
and varied attraction forces of the tubes to the underlying substrate is presented in
Supplementary Movies S1 and S2. (a-h) show eight static images of the advanced tube system
configuration at varied tube lengths (Supplementary Movie S1). (i—p) show eight static images of
the advanced tube system configuration at varied attraction forces of the tubes to the underlying
substrate (Supplementary Movie S2). Each structure is shown at the stage when it is basically built,
its kinetics are frozen, and quantitative data about the integral adhesion force are recorded. One can
visually compare different structures formed at different tube lengths (a—h) or at different levels of
attraction to the substrate (i—p) and qualitatively predict the expected integral adhesion. The lengths
of the tubes range from one to twelve times their diameter. The interaction strength is from less than
0.1 to almost 1.2.

Using this model, one can also calculate the special correlation function G(r — ')
=<z(x,y)z(x',y')> of every contact. Widths and depths of the maxima and minima pro-
vided us with clear information about the characteristic size of the voids in the real struc-
ture (which is actually strongly porous) and its anisotropy. In particular, the system in
Figure 5c,d that demonstrates clear prints of the horizontally lying individual tubes shows rather
pronounced anisotropy of the correlation function G(r — ') = <z(x, y)z(x/,y)> as well.

From a biological point of view, the most important information can be extracted
from the dependence of total (mean) adhesion on the length of the tubes making up a
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highly porous 3D structure. This information is summarized in Figure 6. Interestingly, the
structure formed by the sufficiently long tubes (where the length was sufficient to support
the tubes in space and build a porous 3D structure having a very low density) showed
relatively weak total adhesion for the system. In contrast, very short tubes of the dense 3D
structure demonstrated the strongest adhesion to the insect foot.

0 50 100 0 50 100

Figure 5. Examples of the insect “footprints” on the 3D wax structures. In (a,c,e), footprints of the
contact between the upper surface of the 3D structure presented in Figure 2a—c, respectively, and
a horizontal plane simulating an insect adhesive pad (foot) are shown. Corresponding correlation
functions G(r — ') = <z(x, y)z(x’,y")> calculated for these surfaces are reproduced in (b,d,f).
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Figure 6. Total adhesion force F, calculated for different lengths of tubes. L, /D is length normalized
to diameter. Dots are actual results of the numerical experiment. The line is a guide for eyes.
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Dependence of the total (mean) adhesion force on the attraction force of the tubes with
the underlying substrate is also very important (Figure 7). For this experiment, in order to
obtain results comparable with the previous ones, we took the tubes of fixed intermediate
length L,/D =~ 5.5. Three-dimensional structures with low density, which were formed
at a relatively weak attraction to the substrate fy, < 0.4, showed weak total adhesion to
the insect foot in the corresponding limit. Much higher density of the structure, especially
close to the substrate, was seen in the opposite limit. It caused stronger adhesion, as seen
in the corresponding side of the curve.
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Figure 7. Total adhesion force F, calculated for different attraction forces of tubes to the underlying
substrate fo,. Dots are actual results of the numerical experiment. The line is a guide for eyes.

4. Discussion

The porous layer of wax projections covering epidermal plant surfaces is generated by
the numerical model. The model consists of wax tubes randomly disposed on a substrate.
It is shown that it naturally reproduces the formation of the porous wax layer, which
looks natural and provides reduced adhesion to the contacting insect foot placed on top
of this layer. The numerical model is based on our recent works and mainly exploits the
technique of the movable digital automata [34]. Numerically created elastic cylinders
(tubes) can move in 3D space and collide with one another and their boundaries. They
produce a 3D surface structure that visually mimics the coverage of real plants and gives
reasonably correct numerical results. We studied their adhesive interactions with the flat
plate simulating the insect adhesive pad.

4.1. Implications for the Anti-Adhesive Function of Plant Epicuticular Waxes

Plant epicuticular waxes are widely recognized as multifunctional surface coatings
that play a crucial role in plant-environment interactions. Numerous experimental studies
have demonstrated that wax-covered plant organs can significantly reduce attachment
forces of insects [1,15-22,29], often leading to slipping or detachment. However, the
mechanistic origin of these anti-adhesive properties remains complex, as wax layers exhibit
pronounced structural diversity of highly porous 3D assemblies [9,36,37]. The numerical
model presented in this work provides a physically transparent framework for interpreting
anti-adhesive properties of waxy plant surfaces from a structural and mechanical point
of view. By representing wax elements as elastic cylindrical tubes forming a porous,
deformable layer, the model captures essential geometric and dynamical features observed
in real plant wax coverage while remaining computationally tractable. Importantly, the
model allows systematic variation of parameters that are difficult to control experimentally,
such as effective wax projection length, stiffness, and interaction with the underlying
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substrate. This makes it possible to directly relate the structural organization of the wax
layer to the resulting adhesion forces acting on the insect’s foot.

4.2. Porosity and Reduction of Real Contact Area

One of the central outcomes of the simulations is a strong dependence of total adhesion
force on the spatial density and porosity of the tube-based layer. For sufficiently long
tubes, the system self-organizes into an open, low-density 3D structure, where individual
elements support one another and form a mechanically stable but highly porous network.
In this regime, the effective upper surface of the 3D structure contacting the insect foot is
fragmented and spatially heterogeneous, as demonstrated by the reconstructed footprints
and their corresponding correlation functions.

From the perspective of contact mechanics, such a structure naturally leads to a strong
reduction of real contact area [38-40]. Although the nominal contact area between the insect
foot and the plant surface may be large, only a limited number of tube segments actually
participate in load-bearing contact. This is fully consistent with experimental observations
on waxy plant surfaces, where adhesion reduction is frequently attributed to diminished
real contact due to surface roughness and nano- or microscale asperities [4,24,29]. The
present model demonstrates that this effect does not require rigid roughness alone: a
deformable, elastic, and dynamically assembled porous layer is sufficient to suppress
adhesion even when individual elements are compliant.

In contrast, simulations with very short tubes show a collapse of the porous architec-
ture into a much denser layer. In this limit, the upper surface of the 3D structure becomes
more compact, and the number of contact points increases significantly. As a result, the total
adhesion force rises sharply, in agreement with the intuitive expectation that denser surface
coverage promotes stronger mechanical coupling between the foot and the substrate. This
provides a natural explanation for why plant surfaces bearing distinct 3D wax structures
often exhibit reduced adhesion compared to those with smoother or more compact wax
films [30,31].

4.3. Mechanical Compliance and Energy Dissipation

Another important aspect revealed by the model is the role of mechanical compliance
and energy dissipation within the wax layer. The elastic interactions between nodes, com-
bined with dissipative forces, lead to a system that gradually relaxes into a mechanically
stable, near-equilibrium configuration. During contact with the insect foot, local deforma-
tions of the tubes absorb part of the mechanical energy, while frictional dissipation between
nodes prevents efficient force transmission across the layer.

This behavior closely parallels experimental findings, where epicuticular wax layers
are described as mechanically fragile or are prone to deformation under load [26,29,41]. In
such cases, adhesion is reduced not only because of the limited contact area, but also because
applied forces are dissipated within the wax layer itself rather than being transmitted to
the underlying rigid plant tissue. The model supports the idea that wax layers act as
mechanical buffers, decoupling the animal attachment system from the solid substrate.

Importantly, the simulations show that excessive attraction of the tubes to the substrate
leads to densification of the layer, especially near the underlying surface. This reduces the
layer’s ability to reorganize and deform, resulting in increased adhesion forces. From a
biological point of view, this suggests that wax layers that are weakly bound to the plant
cuticle or capable of partial detachment may be more effective in preventing adhesion. This
finding is consistent with observations of easily removable wax projections in many plant
species [28-31].
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4.4. Anisotropy and Directional Effects

The reconstructed footprints and their correlation functions reveal that certain struc-
tural configurations, particularly those dominated by horizontally lying tubes, produce
pronounced anisotropy in surface morphology. Such anisotropy may potentially have
important biological implications. Directional dependence of adhesion and friction may
affect the locomotion efficiency of insects depending on movement direction relative to
surface microstructure, as previously shown for microstructural ridges (cuticular folds) of
plants [42].

The present model demonstrates that such anisotropy can emerge naturally from the
self-organization of flexible wax elements without imposing any predefined directional
order. This suggests that plants may potentially exploit not only the presence of wax
projections but also their statistical organization to create surfaces that are mechanically un-
favorable for attachment in some preferred directions or under varying loading conditions.

4.5. Implications for Anti-Adhesive Strategies in Plants

Taken together, the results support the idea that anti-adhesive properties of plant
waxes arise from a combination of geometric, mechanical, and dynamical factors. Rather
than acting as a simple rough coating, wax coverages function as adaptive, self-organizing
porous systems, whose macroscopic properties emerge from interactions at the mesoscopic
scale. The numerical results indicate that optimal anti-adhesive performance is achieved in
the regime where the wax elements are sufficiently long and weakly bound to the substrate,
allowing the formation of a low-density, mechanically compliant network.

This finding aligns well with biological observations that many highly slippery plant
surfaces bear elongated wax projections or even filaments forming 3D coverages [26,29,43].
Such structures minimize adhesion while remaining stable under environmental pertur-
bations. Additionally, elongated wax projections with high aspect ratios may be easily
broken, even under forces of single insect adhesive hairs, and contaminate insect adhesive
organs [4,26,28-31]. Conversely, conditions that promote wax layer compaction (external
load forces) or strong substrate binding may reduce the anti-adhesive effect, potentially
explaining seasonal or developmental changes in plant surface properties [44].

4.6. Limitations and Outlook

While the present model intentionally simplifies the chemical and structural complex-
ity of real epicuticular wax coverages, it captures key mechanical principles that are likely
to be universal. The use of elastic cylindrical elements does not explicitly account for wax
chemistry, crystallographic anisotropy, or fracture processes. Nevertheless, the robustness
of the observed trends suggests that the anti-adhesive effect is primarily governed by
mechanical organization rather than fine chemical details [45]. Future extensions of the
model could include polydispersity of tube dimensions, different geometrical shapes of
the structures, partial detachment or breakage of elements, and explicit coupling to more
realistic animal attachment models. Such developments would further bridge the gap
between numerical simulations and biological reality and may help to design bio-inspired
anti-adhesive surfaces based on the same principles exploited by plants.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/surfaces9020037/s1. Supplementary Movie S1. Every part of the
movie starts from the initial configuration with the array of vertical tubes randomly placed inside a
square area of the underlying substrate. The tubes interact with one another, with side boundaries,
and attract to the substrate, as described in the main text. Due to the complexity of the many-body
problem, dynamic chaotization of the process develops and leads to the scenario that is directly
seen in the movie. The difference between particular scenarios depends, among other parameters,
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on an individual tube’s length. This length is varied step by step from one section of the movie to
another. Extremely short tubes mainly fall down to the substrate, while longer tubes collide with one
another. This often prevents their complete falling and favors the formation of a complex (porous) 3D
structure. Different behaviors of the system are associated with different total adhesion forces, which
are calculated simultaneously with the process and are reproduced in the movie. Supplementary
Movie S2. The same as in Movie 1, with variation in the attraction of the tubes to the substrate. One
can see that after a critically strong attraction to the substrate, almost all the tubes fall down to the
surface. This fall causes dense packing of the system and leads to a stronger mean adhesion force
between the 3D structure and an imaginary horizontal plane placed on the top of the system.
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