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Rugotaxis: Droplet motion without external energy supply

Panagiotis E. Theodorakis1, Sergei A. Egorov2,3,4 and Andrey Milchev5

1 Institute of Physics, Polish Academy of Sciences, Al. Lotników 32/46, 02-668 Warsaw, Poland
2 Department of Chemistry, University of Virginia, Charlottesville, VA 22901, USA
3 Institut für Physik, Johannes Gutenberg Universität Mainz, 55099 Mainz, Germany
4 Leibniz-Institut für Polymerforschung, Institut Theorie der Polymere, Hohe Str. 6, 01069 Dresden, Germany
5 Bulgarian Academy of Sciences, Institute of Physical Chemistry, 1113 Sofia, Bulgaria

PACS 47.55.D- – Drops and bubbles
PACS 68.35.Ct – Interface structure and roughness
PACS 02.70.Ns – Molecular dynamics and particle methods

Abstract – Nano-patterned substrates offer possibilities for controlling the motion of fluids with-
out external energy supply in novel technologies in microfluidics, coatings, etc. Here, we report on
the rugotaxial motion of droplets on wrinkled substrates with gradient in the wavelength of the
wrinkles by exploring a broad range of parameters, such as amplitude of the wrinkles, substrate
wettability, droplet size and wavelength gradient. Adopting a theoretical and molecular dynam-
ics approach, we determine the Cassie–Baxter and Wenzel states of the droplets, investigate the
efficiency of rugotaxis as a function of different parameters, and discuss additional effects, such as
pinning. We find that shallow wrinkles characterised by small wavelength gradients, and moderate
adhesion of the droplet to the substrate favour the rugotaxis motion with growing droplet size,
when pinning is avoided. We also find that the driving force in rugotaxis is the gain in interfacial
energy between the droplet and the substrate as the droplet enters regions of denser wrinkles
(smaller wavelengths of the wrinkles).

The development of various technologies in microflu-
idics, microfabrication, coatings, and biology require the
motion of fluids along predetermined trajectories [1–8].
A possibility of realising such motion is by using gradi-
ent substrates, namely substrates with gradually changing
properties in a certain direction along the substrate [9–12].
For example, by exploiting differences in tissue stiffness,
cells are able to move from softer to stiffer regions, a phe-
nomenon known as durotaxis [13,14]. Durotaxis is partic-
ularly appealing for nanotechnology applications, because
fluid motion is sustainable without providing external en-
ergy from a source [15–18]. In contrast, motion caused, for
example, by a temperature gradient (thermotaxis) would
require external energy supply into the system to maintain
the gradient that is responsible for the fluid motion [19].
In this regard,characteristic cases of droplet motion caused
by external energy supply are chemically driven droplets
[20,21], and droplets on vibrated substrates [22–24] or wet-
tability ratchets [25–27]. Moreover, in the case of vibrated
substrates, the vibrations allow the droplet to overcome
pinning and move against its gravity, as a consequence of

an up or down symmetry breaking caused by the substrate
that cause the deformation of the droplet [22–24].

Hiltl and Böker have recently demonstrated in their ex-
periments the possibility of causing the motion of a wa-
ter droplet onto a sinusoidal wrinkle-patterned, solid sub-
strate without using an external energy source, a phe-
nomenon known as rugotaxis [28]. In this case, the wave-
length characterising the wavy shape of the wrinkles de-
cays as a function of the position, namely, there is a wave-
length gradient characterising the wrinkles [28]. Hiltl and
Böker have found that the droplet moves toward smaller
wrinkle dimensions (wrinkles described by smaller wave-
length). By investigating wrinkled substrates with wave-
lengths between 230 and 1200 nm, and amplitudes ranging
from 7 to 230 nm, they attributed this phenomenon to the
imbalance of the receding and advancing contact angles.
In particular, contact angles correlate with the wavelength
of the wrinkles, that is, larger contact angles for larger
wavelengths, which naturally corresponds to differences
of the substrate density along the direction of the wave-
length gradient and the rugotaxial motion. The imbalance
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Fig. 1: A typical snapshot of an initial configuration for the ru-
gotaxis study with a droplet on a wrinkled substrate with gra-
dient in the wavelength, λ, characterising the sinusoidal shape
of the wrinkles. The dimensions of the substrate in the x and
y directions are Lx = Ly = 100σ. The amplitude of the wrin-
kles is A = 2σ, the initial wavelength at the very left side of
the substrate is λ0 = 10σ and that at the right side of the sub-
strate is λE = σ. Given the linear decrease of the wavelength in
the x direction, the wavelength gradient is constant and equal
to Gλ = (λ0 − λE)/Lx = 0.09, in this case. The rugotaxial
motion of the droplet takes place in the x direction, along the
wavelength gradient, as indicated by an arrow. Snapshots have
been produced using VMD software [50].

between the advancing and the receding contact angles as
the driving force for droplet motion has been theoreti-
cally discussed in detail by Brochard [29] in the context of
chemical or thermal gradients. Moreover, more recently,
an asymptotic theory has been developed to match the
advancing and the receding side to respective solutions of
the problem at the microscale, where the velocity at the
microscale is used as the small parameter of an asymp-
totic expansion, which provides the droplet shape and its
velocity as a function of the wettability gradient [30].

While wrinkled substrates without gradients [31–38]
and substrates of similar geometries [39–45] have been
studied in different contexts, rugotaxis have remained un-
explored. Inspired by the work of Hiltl and Böker [28],
we employ theoretical [46, 47] and molecular dynamics
(MD) [17] modelling to investigate the self-propelled mo-
tion of nanodroplets on wrinkled, solid substrates with
wavelength gradient characterising the wrinkles. We show
that the efficiency depends on the particular choice of pa-
rameters for the substrate, which leads to specific scenar-
ios, when rugotaxis is possible. We also find that the driv-
ing force of the rugotaxis phenomenon is the gain in the
interfacial energy between the droplet and the substrate
as the droplet reaches areas of denser wrinkles. Toward
studying rugotaxis, we have also explored the transition
between Cassie–Baxter [48] (CB, state where the liquid
droplet does not penetrate the grooves on rough surfaces
and leaves air gaps between the droplet and the substrate)
and Wenzel [49] (W, state where the droplet penetrates
the grooves without any gap between the droplet and the
substrate despite its roughness) states in substrates with-
out gradient and compared our results with theoretical
predictions [38] in order to set the stage for a better un-
derstanding of rugotaxis.

Figure 1 illustrates an initial configuration of our in sil-
ico experiments for a particular case. A liquid droplet is
placed on a sinusoidal substrate with wavelength gradient
of the wrinkles in the x direction. This requires that the x
and z coordinates of the beads be associated with the rela-
tion z = A sin (2πx/λ), where A is the amplitude and λ is
the wavelength characterising the wrinkles. To implement
a gradient in the wavelength of the wrinkles, one needs to
multiply the wavelength with a coefficient that depends
linearly on the position x of the bead on the substrate.
Such substrate design is able to cause the rugotaxial mo-
tion of the droplet in the x direction along the wavelength
gradient. Rugotaxial motion will take place for a particu-
lar set of parameters characterising the substrate design,
such as the amplitude of the wrinkles, A, as well as the ini-
tial wavelength, λ0 at the one end of the substrate and the
final wavelength at the other end, λE (λ0 > λE). The lat-
ter wavelengths determine the wavelength gradient of the
wrinkles, expressed as Gλ = (λ0−λE)/Lx (Lx is the linear
dimension of the substrate in the x direction). The adhe-
sion of the droplet to the substrate is controlled through
the εsp parameter of the Lennard-Jones potential. The
details of our MD model are the same as in Ref. [17] (See
Supplmentary Information). In order to suppress droplet
evaporation, we consider polymer melt droplets made of
sufficiently long linear macromolecules of length N = 10
monomers each. This choice ensures the absence of evap-
oration effects, which might have otherwise affected the
outcome of our in silico experiments [17]. In our study,
different droplet sizes were considered, namely Np = 100,
600, and 4800, where Np is the total number of polymer
chains comprising the droplet.

By investigating a range of amplitudes (A = 0.5–2.5σ),
wavelengths (λ = 1–10σ) and strengths of attraction
(εsp = 0.1–0.7ε) between the droplet and the substrate,
we have initially determined the state [e.g. Wenzel (W),
Cassie–Baxter (CB)] of the droplet on substrates with-
out gradient by using MD simulation. Our results are
presented in the form of state diagrams in Fig. 2 for two
cases, namely A = σ and A = 2σ. The cases λ = σ are not
shown in the figure, because they represent flat substrates
and a discussion about W and CB states would be irrele-
vant. Also, cases that the attraction strength εsp = 0.1ε
were omitted, because the droplet would detach from the
substrate due to its thermal fluctuations. The results of
Fig. 2 are in agreement with theoretical predictions [38],
which suggest that the CB state gradually appears in our
diagrams in place of the W state as the amplitude of the
wrinkles increases, which translates into the increase of
the substrate roughness A/λ for each λ. Moreover, an
increasing strength of attraction between the droplet and
the substrate favours the W state, in agreement with the
theory [38]. While for very small amplitude (A = 0.5σ)
the W state appears even for very small strength of at-
traction between the substrate and the droplet and the
CB state is only partially present during the simulations,
for A > 0.5σ, the CB state becomes stable and appears in

p-2



Rugotaxis

A = 1.0 W CB FWCB

CB

W

λ

εsp = εsp =

A = 2.0

 2

 4

 6

 8

 10

 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8

CB

W

 2

 4

 6

 8

 10

 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8

a b
�

<latexit sha1_base64="HRIQLMFYOCGIGwB9UAGNEgDm9D0=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDWvXyvlap3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPnvePKw==</latexit>

�

<latexit sha1_base64="HRIQLMFYOCGIGwB9UAGNEgDm9D0=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDWvXyvlap3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPnvePKw==</latexit>

[�
]

<latexit sha1_base64="H6BKeIt4a/aLFBdLNItglsrST60=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48VTFtIQ9lsN+3S3U3c3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5UcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRWyeZItQnCU9UN8Kaciapb5jhtJsqikXEaSca3878zhNVmiXywUxSGgo8lCxmBBsrdYOeZkOBw3615tbdOdAq8QpSgwKtfvWrN0hIJqg0hGOtA89NTZhjZRjhdFrpZZqmmIzxkAaWSiyoDvP5vVN0ZpUBihNlSxo0V39P5FhoPRGR7RTYjPSyNxP/84LMxNdhzmSaGSrJYlGccWQSNHseDZiixPCJJZgoZm9FZIQVJsZGVLEheMsvr5L2Rd1r1C/vG7XmTRFHGU7gFM7Bgytowh20wAcCHJ7hFd6cR+fFeXc+Fq0lp5g5hj9wPn8ABL2P9w==</latexit>

λ
[�

]

<latexit sha1_base64="H6BKeIt4a/aLFBdLNItglsrST60=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48VTFtIQ9lsN+3S3U3c3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5UcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRWyeZItQnCU9UN8Kaciapb5jhtJsqikXEaSca3878zhNVmiXywUxSGgo8lCxmBBsrdYOeZkOBw3615tbdOdAq8QpSgwKtfvWrN0hIJqg0hGOtA89NTZhjZRjhdFrpZZqmmIzxkAaWSiyoDvP5vVN0ZpUBihNlSxo0V39P5FhoPRGR7RTYjPSyNxP/84LMxNdhzmSaGSrJYlGccWQSNHseDZiixPCJJZgoZm9FZIQVJsZGVLEheMsvr5L2Rd1r1C/vG7XmTRFHGU7gFM7Bgytowh20wAcCHJ7hFd6cR+fFeXc+Fq0lp5g5hj9wPn8ABL2P9w==</latexit>

["]

<latexit sha1_base64="u8ZcZ3Uo9j4Wx210NARlPjPXX4k=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVRY9FLx4r2A9ol5JNZ9vQbHZNsoWy9Hd48aCIV3+MN/+NabsHbX0w8PLeDJl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju5nfGqPSPJaPZpKgH9GB5CFn1FjJ73THVGGiubCPXrniVt05yCrxclKBHPVe+avbj1kaoTRMUK07npsYP6PKcCZwWuqmGhPKRnSAHUsljVD72XzpKTmzSp+EsbIlDZmrvycyGmk9iQLbGVEz1MveTPzP66QmvPEzLpPUoGSLj8JUEBOTWQKkzxUyIyaWUKa43ZWwIVWUGZtTyYbgLZ+8SpoXVe+yevVwWand5nEU4QRO4Rw8uIYa3EMdGsDgCZ7hFd6csfPivDsfi9aCk88cwx84nz8mOpJb</latexit>

["]

<latexit sha1_base64="u8ZcZ3Uo9j4Wx210NARlPjPXX4k=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVRY9FLx4r2A9ol5JNZ9vQbHZNsoWy9Hd48aCIV3+MN/+NabsHbX0w8PLeDJl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju5nfGqPSPJaPZpKgH9GB5CFn1FjJ73THVGGiubCPXrniVt05yCrxclKBHPVe+avbj1kaoTRMUK07npsYP6PKcCZwWuqmGhPKRnSAHUsljVD72XzpKTmzSp+EsbIlDZmrvycyGmk9iQLbGVEz1MveTPzP66QmvPEzLpPUoGSLj8JUEBOTWQKkzxUyIyaWUKa43ZWwIVWUGZtTyYbgLZ+8SpoXVe+yevVwWand5nEU4QRO4Rw8uIYa3EMdGsDgCZ7hFd6csfPivDsfi9aCk88cwx84nz8mOpJb</latexit>

Fig. 2: State diagrams for droplets on wrinkled substrates without gradient as a function of the wavelength, λ, and the substrate–
droplet attraction strength, εsp, for different substrate amplitudes, as indicated. Symbols are as follows: W: Wenzel state, CB:
Cassie—Baxter state, WCB: droplet is in the W or the CB states at different instances in time during the simulation due to
the thermal fluctuations, and F: Film (droplet spreading due to the strong attraction between the droplet and the substrate as
the density of the wrinkles increases). Here, Np = 600.

a larger number of cases as the roughness A/λ increases.
However, the MD results also indicate the existence of a
metastable state (WCB; Figure 2), where the droplet is
either in the W or the CB state during the simulation.
In addition, we observe that the WCB regime is gener-
ally narrow and, also, absent in particular cases as εsp
increases. Our results can be summarised as follows: The
formation of the W state is favoured by a small ampli-
tude, A, a large wavelength, λ, and a large attraction be-
tween the droplet and the substrate, εsp. Our results are
in agreement with the theoretical predictions and further
comparisons with theory will be discussed in the following
[38].

The equilibrium contact angle [?, 51–54], θE , provides
the means of theoretically computing the free energies of
Wenzel (W) and Cassie–Baxter (CB) states as a function
of the substrate roughness r = A/λ [38]. These results
are presented in Fig. 3a for four representative values of
θE . The free energies are given in dimensionless form,
F/(γLV λσ), where γLV is the surface tension of the liquid–
vapour boundary, and σ is the monomer diameter. As ex-
pected (Fig. 2a), with increasing roughness, the W state
becomes metastable, while the CB state becomes stable.
For each value of θE , this transition occurs at a particular
critical roughness, Ac/λ. Above the line, the CB states
are stable, while below the line the W states are stable.
Following this analysis, the results obtained from the sim-
ulation are presented in Fig. 3b, which are in very good
agreement with the theoretical predictions. In particular,
for θE < 90◦, only W states are possible. In addition, as
θE approaches 180◦, even a small degree of roughness can
induce the transition from W to CB states. The simula-
tion results indicate that the boundary between the W and
CB becomes sharper for larger values of θE . Finally, the
CB state is absent for θE < 90◦ (εsp > 0.6ε), in agreement

with the theoretical calculations [38] (Fig. 3a). We have
also analysed the different contributions to the free energy
on the basis of a hybrid MD–DFT approach [46, 47] (See
Supplmentary Information for more details on the method
and references therein). In particular, we have identified
the attractive term between the droplet and the substrate,
Fsp, as the main factor that determines the state of the
droplet (W or CB). Interestingly, the dependence of Fsp

on the attraction strength, εsp, shows a faster than lin-
ear decrease as εsp increases, that is when the adhesion
of the droplet to the substrate is stronger. This is due to
the increase of the substrate density as the wrinkles be-
come denser for smaller wavelengths, λ (inset of Fig. 3a).
Moreover, differences in Fsp are small, at least for weaker
adhesion, when the droplet is in ‘loose’ contact with the
substrate.

We have analysed the rugotaxial motion for a wide and
relevant range of parameters. From our results, we have
determined that each case is distinct. For example, two
substrates with the same gradient, Gλ, but different sets
of (λ0, λE) can show completely different behaviour re-
garding their ability to cause rugotaxial motion. Apart
from these obvious differences, certain parameter combi-
nations can cause the droplet to be in the W or CB states,
the formation of a film, pinning, and others. In a recent
molecular dynamics study [55], it has been found that even
the slightest heterogeneity on the substrate can hinder the
motion of a droplet on a substrate (pinning). Overcoming
such a pinning barrier (depinning) can take place by an
increasing interfacial energy between the droplet and the
substrate as the droplet attempts to overcome the barrier,
which can be achieved by exploiting changes of properties
of the substrate along the direction of the motion. In this
case, the difference in wettability along the pinning barrier
has been exploited [55], while in our study the motion is
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Fig. 3: (a) Free energies of Wenzel (W) and Cassie–Baxter (CB) states of a droplet with Np = 600 as a function of substrate
roughness, A/λ, for four values of the contact angle θE , as indicated. Solid lines correspond to stable states while dashed lines
correspond to the metastable states. Inset presents the free energy component of the interaction between the droplet and the
substrate as a function of the interaction parameter εsp for a substrate with A = 2.0σ. (b) Diagram of different states (W, CB,
WCB, F) as a function of the roughness, A/λ, and the contact angle, θE (cf. Fig S1 of Supplementary Information showing the
theoretical prediction [38]).

caused by the increasing density of the substrate along the
rugotaxial motion due to the decrease of the wavelength,
which in turn results in the increase of the interfacial en-
ergy between the droplet and the substrate. However, it is
expected that CB and W states as well as pinning effects
manifest differently along the substrate in the direction of
the gradient, as it will be later discussed below. This
further highlights that successful and efficient rugotaxis
requires an appropriate design, which takes into account
all these effects.

Based on our previous experience with investigations on
the durotaxis phenomenon [17] and the experience gained
by the current study, we have determined that the aver-
age rugotaxial velocity, V , of the droplet is an appropriate
measure to assess the overall efficiency of the rugotaxis
motion in successful cases, that is cases that can uninter-
ruptedly translocate throughout the substrate in the di-
rection of the wavelength gradient. In this case, V = L/t,
where L is the distance covered by the centre of mass of
the droplet during its translocation from the very left part
of the substrate to the very right part of the substrate in
the x direction (Fig. 1), and t is the time required to com-
plete the rugotaxis motion. Then, Fig. 4 presents various
characteristic examples that illustrate the dependence of
the velocity for different droplet size and different scenar-
ios of successful rugotaxis cases. In general, larger droplets
are able to easier overcome the pinning barriers [55], with
the latter becoming more pronounced as the droplet is in
the Wenzel state (Fig. 2), which otherwise favour the ru-
gotaxial motion. Still, one can observe the difference in
the behaviour of large droplets (Np = 4800) between sub-

strates with A = 0.5σ and A = 2.0σ, where the increase of
εsp leads to different behaviour in the rugotaxis efficiency.
Moreover, we have found that A = 0.5σ leads to the most
efficient rugotaxis, particularly for smaller droplets.

We take a closer look at the rugotaxis efficiency and in-
spect the different scenarios in our in silico experiments,
providing, also, further insight into the parameters deter-
mining rugotaxis’ performance (Fig. 4). We have iden-
tified a clear distinction between substrates with small
(A = 0.5σ) and larger amplitudes A > 0.5σ. In particular,
in the case of shallow wrinkles, A = 0.5σ, we observe two
different scenarios. In the first scenario, the droplets at-
tain their highest velocity V for small λ0, namely λ0 = 2σ
and λE = σ, albeit V tends to decrease with growing
adhesion εsp ≳ 0.4. In particular, the motion of small
droplets (Np = 100) is significantly hampered as the ad-
hesion strength εsp grows.

In contrast (cf. Fig. 4a), larger gradients (e.g λ0 =
6σ, λE = 3σ), generally lower the mean velocity V which is
found, however, to grow then steadily with increasing ad-
hesion εsp. Moreover, the larger gradient (λ0 = 6σ, λE =
2σ) nearly doubles V with respect to (λ0 = 6σ, λE = 3σ)
whereby for εsp = 0.6 the speed of the largest drop attains
that from the first scenario. For deeper wrinkles, A = 2σ
(Fig. 4b), the same trend is observed although pinning ef-
fects occur more frequently so that for the case, λ0 = 2σ,
λE = σ (not shown here), no rugotaxis whatsoever takes
place. Apart from the smallest droplets, Np = 100, an
increase in the gradient Gλ leads similarly to faster mo-
tion, which becomes more efficient with growing drop size.
However, further increase of the gradient or λ0 will hinder
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�0 = 6,�E = 3

<latexit sha1_base64="htMU6mlpa2M05G0KjtPzBqUK+FE=">AAACAXicbVDLSgMxFL3js9bXqBvBTbAILqTMaH1sCkURXFawD2iHIZPJtKGZB0lGKKVu/BU3LhRx61+4829M2xG09UDg5JxzSe7xEs6ksqwvY25+YXFpObeSX11b39g0t7brMk4FoTUS81g0PSwpZxGtKaY4bSaC4tDjtOH1rkZ+454KyeLoTvUT6oS4E7GAEay05Jq7ba7DPnat8tkR+rlcl09cs2AVrTHQLLEzUoAMVdf8bPsxSUMaKcKxlC3bSpQzwEIxwukw304lTTDp4Q5taRrhkEpnMN5giA604qMgFvpECo3V3xMDHErZDz2dDLHqymlvJP7ntVIVXDgDFiWpohGZPBSkHKkYjepAPhOUKN7XBBPB9F8R6WKBidKl5XUJ9vTKs6R+XLRLxdPbUqFymdWRgz3Yh0Ow4RwqcANVqAGBB3iCF3g1Ho1n4814n0TnjGxmB/7A+PgGRqqVfw==</latexit>

NP = 100,�0 = 2,�E = 1

<latexit sha1_base64="5VpVt+QAHXBklpwP4jM4mTaBTds=">AAACCnicbVBLSwMxGMz6rPW16tFLtAgepGRLRS+FogiepIJ9QLss2WzahmazS5IVytKzF/+KFw+KePUXePPfmLYLautAYDLzDck3fsyZ0gh9WQuLS8srq7m1/PrG5ta2vbPbUFEiCa2TiEey5WNFORO0rpnmtBVLikOf06Y/uBz7zXsqFYvEnR7G1A1xT7AuI1gbybMPbrxaxUHoBHa4SQXYQ5XSz+Wq4nh2ARXRBHCeOBkpgAw1z/7sBBFJQio04ViptoNi7aZYakY4HeU7iaIxJgPco21DBQ6pctPJKiN4ZJQAdiNpjtBwov5OpDhUahj6ZjLEuq9mvbH4n9dOdPfcTZmIE00FmT7UTTjUERz3AgMmKdF8aAgmkpm/QtLHEhNt2subEpzZledJo1R0ysXT23KhepHVkQP74BAcAwecgSq4BjVQBwQ8gCfwAl6tR+vZerPep6MLVpbZA39gfXwD85mX6g==</latexit>

�0 = 6,�E = 2

<latexit sha1_base64="0YzXIZPYhEKSHxq5YYnnXDOGuWU=">AAACAXicbVDLSgMxFL3js9bXqBvBTbAILqTMlPrYFIoiuKxgH9AOQyaTtqGZB0lGKEPd+CtuXCji1r9w59+YtiNo64HAyTnnktzjxZxJZVlfxsLi0vLKam4tv76xubVt7uw2ZJQIQusk4pFoeVhSzkJaV0xx2ooFxYHHadMbXI395j0VkkXhnRrG1AlwL2RdRrDSkmvud7gO+9i1Kmcn6OdyXSm5ZsEqWhOgeWJnpAAZaq752fEjkgQ0VIRjKdu2FSsnxUIxwuko30kkjTEZ4B5taxrigEonnWwwQkda8VE3EvqECk3U3xMpDqQcBp5OBlj15aw3Fv/z2onqXjgpC+NE0ZBMH+omHKkIjetAPhOUKD7UBBPB9F8R6WOBidKl5XUJ9uzK86RRKtrl4ultuVC9zOrIwQEcwjHYcA5VuIEa1IHAAzzBC7waj8az8Wa8T6MLRjazB39gfHwDRSaVfg==</latexit>

Np = 100

<latexit sha1_base64="cFAhajT3zZrt2YPjx+3SK8vIEUs=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoheh6MWTVLAf0C4lm2bb0Gw2JFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2FmXqgEN9bzvlFhZXVtfaO4Wdra3tndK+8fNE2SasoaNBGJbofEMMEla1huBWsrzUgcCtYKR7dTv/XEtOGJfLRjxYKYDCSPOCXWSa37nrr2Pa9XrnhVbwa8TPycVCBHvVf+6vYTmsZMWiqIMR3fUzbIiLacCjYpdVPDFKEjMmAdRyWJmQmy2bkTfOKUPo4S7UpaPFN/T2QkNmYch64zJnZoFr2p+J/XSW10FWRcqtQySeeLolRgm+Dp77jPNaNWjB0hVHN3K6ZDogm1LqGSC8FffHmZNM+q/nn14uG8UrvJ4yjCERzDKfhwCTW4gzo0gMIInuEV3pBCL+gdfcxbCyifOYQ/QJ8//3iOsw==</latexit>

Np = 600

<latexit sha1_base64="WqmbIhCZWoRTymgp/imHcpsBO2w=">AAAB7nicbVDLSgNBEOyNrxhfqx69DAbBU9iV+LgIQS+eJIJ5QLKE2clsMmR2dpiZFcKSj/DiQRGvfo83/8ZJsgdNLGgoqrrp7golZ9p43rdTWFldW98obpa2tnd299z9g6ZOUkVogyQ8Ue0Qa8qZoA3DDKdtqSiOQ05b4eh26reeqNIsEY9mLGkQ44FgESPYWKl135PXF57Xc8texZsBLRM/J2XIUe+5X91+QtKYCkM41rrje9IEGVaGEU4npW6qqcRkhAe0Y6nAMdVBNjt3gk6s0kdRomwJg2bq74kMx1qP49B2xtgM9aI3Ff/zOqmJroKMCZkaKsh8UZRyZBI0/R31maLE8LElmChmb0VkiBUmxiZUsiH4iy8vk+ZZxa9Wzh+q5dpNHkcRjuAYTsGHS6jBHdShAQRG8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwAHJY64</latexit>

Np = 4800

<latexit sha1_base64="VPIT/izLCMw6xf15vVyH70eiHyo=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV2JmIsQ9OJJIpgHJEuYnUySIbOz60yvEJb8hBcPinj1d7z5N06SPWhiQUNR1U13VxBLYdB1v52V1bX1jc3cVn57Z3dvv3Bw2DBRohmvs0hGuhVQw6VQvI4CJW/FmtMwkLwZjG6mfvOJayMi9YDjmPshHSjRF4yilVp33fiqXHHdbqHoltwZyDLxMlKEDLVu4avTi1gScoVMUmPanhujn1KNgkk+yXcSw2PKRnTA25YqGnLjp7N7J+TUKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wX/FToeIEuWLzRf1EEozI9HnSE5ozlGNLKNPC3krYkGrK0EaUtyF4iy8vk8Z5ySuXLu7Lxep1FkcOjuEEzsCDS6jCLdSgDgwkPMMrvDmPzovz7nzMW1ecbOYI/sD5/AF/5474</latexit>

Np = 100

<latexit sha1_base64="cFAhajT3zZrt2YPjx+3SK8vIEUs=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoheh6MWTVLAf0C4lm2bb0Gw2JFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2FmXqgEN9bzvlFhZXVtfaO4Wdra3tndK+8fNE2SasoaNBGJbofEMMEla1huBWsrzUgcCtYKR7dTv/XEtOGJfLRjxYKYDCSPOCXWSa37nrr2Pa9XrnhVbwa8TPycVCBHvVf+6vYTmsZMWiqIMR3fUzbIiLacCjYpdVPDFKEjMmAdRyWJmQmy2bkTfOKUPo4S7UpaPFN/T2QkNmYch64zJnZoFr2p+J/XSW10FWRcqtQySeeLolRgm+Dp77jPNaNWjB0hVHN3K6ZDogm1LqGSC8FffHmZNM+q/nn14uG8UrvJ4yjCERzDKfhwCTW4gzo0gMIInuEV3pBCL+gdfcxbCyifOYQ/QJ8//3iOsw==</latexit>

Np = 600

<latexit sha1_base64="WqmbIhCZWoRTymgp/imHcpsBO2w=">AAAB7nicbVDLSgNBEOyNrxhfqx69DAbBU9iV+LgIQS+eJIJ5QLKE2clsMmR2dpiZFcKSj/DiQRGvfo83/8ZJsgdNLGgoqrrp7golZ9p43rdTWFldW98obpa2tnd299z9g6ZOUkVogyQ8Ue0Qa8qZoA3DDKdtqSiOQ05b4eh26reeqNIsEY9mLGkQ44FgESPYWKl135PXF57Xc8texZsBLRM/J2XIUe+5X91+QtKYCkM41rrje9IEGVaGEU4npW6qqcRkhAe0Y6nAMdVBNjt3gk6s0kdRomwJg2bq74kMx1qP49B2xtgM9aI3Ff/zOqmJroKMCZkaKsh8UZRyZBI0/R31maLE8LElmChmb0VkiBUmxiZUsiH4iy8vk+ZZxa9Wzh+q5dpNHkcRjuAYTsGHS6jBHdShAQRG8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwAHJY64</latexit>

Np = 4800

<latexit sha1_base64="VPIT/izLCMw6xf15vVyH70eiHyo=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV2JmIsQ9OJJIpgHJEuYnUySIbOz60yvEJb8hBcPinj1d7z5N06SPWhiQUNR1U13VxBLYdB1v52V1bX1jc3cVn57Z3dvv3Bw2DBRohmvs0hGuhVQw6VQvI4CJW/FmtMwkLwZjG6mfvOJayMi9YDjmPshHSjRF4yilVp33fiqXHHdbqHoltwZyDLxMlKEDLVu4avTi1gScoVMUmPanhujn1KNgkk+yXcSw2PKRnTA25YqGnLjp7N7J+TUKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wX/FToeIEuWLzRf1EEozI9HnSE5ozlGNLKNPC3krYkGrK0EaUtyF4iy8vk8Z5ySuXLu7Lxep1FkcOjuEEzsCDS6jCLdSgDgwkPMMrvDmPzovz7nzMW1ecbOYI/sD5/AF/5474</latexit>

Np = 600

<latexit sha1_base64="WqmbIhCZWoRTymgp/imHcpsBO2w=">AAAB7nicbVDLSgNBEOyNrxhfqx69DAbBU9iV+LgIQS+eJIJ5QLKE2clsMmR2dpiZFcKSj/DiQRGvfo83/8ZJsgdNLGgoqrrp7golZ9p43rdTWFldW98obpa2tnd299z9g6ZOUkVogyQ8Ue0Qa8qZoA3DDKdtqSiOQ05b4eh26reeqNIsEY9mLGkQ44FgESPYWKl135PXF57Xc8texZsBLRM/J2XIUe+5X91+QtKYCkM41rrje9IEGVaGEU4npW6qqcRkhAe0Y6nAMdVBNjt3gk6s0kdRomwJg2bq74kMx1qP49B2xtgM9aI3Ff/zOqmJroKMCZkaKsh8UZRyZBI0/R31maLE8LElmChmb0VkiBUmxiZUsiH4iy8vk+ZZxa9Wzh+q5dpNHkcRjuAYTsGHS6jBHdShAQRG8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwAHJY64</latexit>

Np = 4800

<latexit sha1_base64="VPIT/izLCMw6xf15vVyH70eiHyo=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV2JmIsQ9OJJIpgHJEuYnUySIbOz60yvEJb8hBcPinj1d7z5N06SPWhiQUNR1U13VxBLYdB1v52V1bX1jc3cVn57Z3dvv3Bw2DBRohmvs0hGuhVQw6VQvI4CJW/FmtMwkLwZjG6mfvOJayMi9YDjmPshHSjRF4yilVp33fiqXHHdbqHoltwZyDLxMlKEDLVu4avTi1gScoVMUmPanhujn1KNgkk+yXcSw2PKRnTA25YqGnLjp7N7J+TUKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wX/FToeIEuWLzRf1EEozI9HnSE5ozlGNLKNPC3krYkGrK0EaUtyF4iy8vk8Z5ySuXLu7Lxep1FkcOjuEEzsCDS6jCLdSgDgwkPMMrvDmPzovz7nzMW1ecbOYI/sD5/AF/5474</latexit>

Np = 100

<latexit sha1_base64="cFAhajT3zZrt2YPjx+3SK8vIEUs=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoheh6MWTVLAf0C4lm2bb0Gw2JFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2FmXqgEN9bzvlFhZXVtfaO4Wdra3tndK+8fNE2SasoaNBGJbofEMMEla1huBWsrzUgcCtYKR7dTv/XEtOGJfLRjxYKYDCSPOCXWSa37nrr2Pa9XrnhVbwa8TPycVCBHvVf+6vYTmsZMWiqIMR3fUzbIiLacCjYpdVPDFKEjMmAdRyWJmQmy2bkTfOKUPo4S7UpaPFN/T2QkNmYch64zJnZoFr2p+J/XSW10FWRcqtQySeeLolRgm+Dp77jPNaNWjB0hVHN3K6ZDogm1LqGSC8FffHmZNM+q/nn14uG8UrvJ4yjCERzDKfhwCTW4gzo0gMIInuEV3pBCL+gdfcxbCyifOYQ/QJ8//3iOsw==</latexit>

Np = 600

<latexit sha1_base64="WqmbIhCZWoRTymgp/imHcpsBO2w=">AAAB7nicbVDLSgNBEOyNrxhfqx69DAbBU9iV+LgIQS+eJIJ5QLKE2clsMmR2dpiZFcKSj/DiQRGvfo83/8ZJsgdNLGgoqrrp7golZ9p43rdTWFldW98obpa2tnd299z9g6ZOUkVogyQ8Ue0Qa8qZoA3DDKdtqSiOQ05b4eh26reeqNIsEY9mLGkQ44FgESPYWKl135PXF57Xc8texZsBLRM/J2XIUe+5X91+QtKYCkM41rrje9IEGVaGEU4npW6qqcRkhAe0Y6nAMdVBNjt3gk6s0kdRomwJg2bq74kMx1qP49B2xtgM9aI3Ff/zOqmJroKMCZkaKsh8UZRyZBI0/R31maLE8LElmChmb0VkiBUmxiZUsiH4iy8vk+ZZxa9Wzh+q5dpNHkcRjuAYTsGHS6jBHdShAQRG8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwAHJY64</latexit>

Np = 4800

<latexit sha1_base64="VPIT/izLCMw6xf15vVyH70eiHyo=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV2JmIsQ9OJJIpgHJEuYnUySIbOz60yvEJb8hBcPinj1d7z5N06SPWhiQUNR1U13VxBLYdB1v52V1bX1jc3cVn57Z3dvv3Bw2DBRohmvs0hGuhVQw6VQvI4CJW/FmtMwkLwZjG6mfvOJayMi9YDjmPshHSjRF4yilVp33fiqXHHdbqHoltwZyDLxMlKEDLVu4avTi1gScoVMUmPanhujn1KNgkk+yXcSw2PKRnTA25YqGnLjp7N7J+TUKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wX/FToeIEuWLzRf1EEozI9HnSE5ozlGNLKNPC3krYkGrK0EaUtyF4iy8vk8Z5ySuXLu7Lxep1FkcOjuEEzsCDS6jCLdSgDgwkPMMrvDmPzovz7nzMW1ecbOYI/sD5/AF/5474</latexit>

�0 = 3,�E = 2

<latexit sha1_base64="l0rYa9akbaCSKq1w4qN2w7xpc9w=">AAACAXicbVDLSgMxFL3js9bXqBvBTbAILqTM1IpuCkURXFawD2iHIZNJ29DMgyQjlKFu/BU3LhRx61+4829M2xG09UDg5JxzSe7xYs6ksqwvY2FxaXllNbeWX9/Y3No2d3YbMkoEoXUS8Ui0PCwpZyGtK6Y4bcWC4sDjtOkNrsZ+854KyaLwTg1j6gS4F7IuI1hpyTX3O1yHfexaldMT9HO5rpRcs2AVrQnQPLEzUoAMNdf87PgRSQIaKsKxlG3bipWTYqEY4XSU7ySSxpgMcI+2NQ1xQKWTTjYYoSOt+KgbCX1ChSbq74kUB1IOA08nA6z6ctYbi/957UR1L5yUhXGiaEimD3UTjlSExnUgnwlKFB9qgolg+q+I9LHAROnS8roEe3bledIoFe1y8ey2XKheZnXk4AAO4RhsOIcq3EAN6kDgAZ7gBV6NR+PZeDPep9EFI5vZgz8wPr4BQHOVew==</latexit>

�0 = 4,�E = 2

<latexit sha1_base64="/v48Q/L4mGT5eKo4fRRE4820aH8=">AAACAXicbVDLSgMxFL1TX7W+Rt0IboJFcCFlplR0UyiK4LKCfUA7DJlMpg3NPEgyQil146+4caGIW//CnX9j2o6grQcCJ+ecS3KPl3AmlWV9Gbml5ZXVtfx6YWNza3vH3N1ryjgVhDZIzGPR9rCknEW0oZjitJ0IikOP05Y3uJr4rXsqJIujOzVMqBPiXsQCRrDSkmsedLkO+9i1qpVT9HO5rpZds2iVrCnQIrEzUoQMddf87PoxSUMaKcKxlB3bSpQzwkIxwum40E0lTTAZ4B7taBrhkEpnNN1gjI614qMgFvpECk3V3xMjHEo5DD2dDLHqy3lvIv7ndVIVXDgjFiWpohGZPRSkHKkYTepAPhOUKD7UBBPB9F8R6WOBidKlFXQJ9vzKi6RZLtmV0tltpVi7zOrIwyEcwQnYcA41uIE6NIDAAzzBC7waj8az8Wa8z6I5I5vZhz8wPr4BQgSVfA==</latexit>

Np = 100

<latexit sha1_base64="cFAhajT3zZrt2YPjx+3SK8vIEUs=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoheh6MWTVLAf0C4lm2bb0Gw2JFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2FmXqgEN9bzvlFhZXVtfaO4Wdra3tndK+8fNE2SasoaNBGJbofEMMEla1huBWsrzUgcCtYKR7dTv/XEtOGJfLRjxYKYDCSPOCXWSa37nrr2Pa9XrnhVbwa8TPycVCBHvVf+6vYTmsZMWiqIMR3fUzbIiLacCjYpdVPDFKEjMmAdRyWJmQmy2bkTfOKUPo4S7UpaPFN/T2QkNmYch64zJnZoFr2p+J/XSW10FWRcqtQySeeLolRgm+Dp77jPNaNWjB0hVHN3K6ZDogm1LqGSC8FffHmZNM+q/nn14uG8UrvJ4yjCERzDKfhwCTW4gzo0gMIInuEV3pBCL+gdfcxbCyifOYQ/QJ8//3iOsw==</latexit>

Np = 600

<latexit sha1_base64="WqmbIhCZWoRTymgp/imHcpsBO2w=">AAAB7nicbVDLSgNBEOyNrxhfqx69DAbBU9iV+LgIQS+eJIJ5QLKE2clsMmR2dpiZFcKSj/DiQRGvfo83/8ZJsgdNLGgoqrrp7golZ9p43rdTWFldW98obpa2tnd299z9g6ZOUkVogyQ8Ue0Qa8qZoA3DDKdtqSiOQ05b4eh26reeqNIsEY9mLGkQ44FgESPYWKl135PXF57Xc8texZsBLRM/J2XIUe+5X91+QtKYCkM41rrje9IEGVaGEU4npW6qqcRkhAe0Y6nAMdVBNjt3gk6s0kdRomwJg2bq74kMx1qP49B2xtgM9aI3Ff/zOqmJroKMCZkaKsh8UZRyZBI0/R31maLE8LElmChmb0VkiBUmxiZUsiH4iy8vk+ZZxa9Wzh+q5dpNHkcRjuAYTsGHS6jBHdShAQRG8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwAHJY64</latexit>

Np = 4800

<latexit sha1_base64="VPIT/izLCMw6xf15vVyH70eiHyo=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV2JmIsQ9OJJIpgHJEuYnUySIbOz60yvEJb8hBcPinj1d7z5N06SPWhiQUNR1U13VxBLYdB1v52V1bX1jc3cVn57Z3dvv3Bw2DBRohmvs0hGuhVQw6VQvI4CJW/FmtMwkLwZjG6mfvOJayMi9YDjmPshHSjRF4yilVp33fiqXHHdbqHoltwZyDLxMlKEDLVu4avTi1gScoVMUmPanhujn1KNgkk+yXcSw2PKRnTA25YqGnLjp7N7J+TUKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wX/FToeIEuWLzRf1EEozI9HnSE5ozlGNLKNPC3krYkGrK0EaUtyF4iy8vk8Z5ySuXLu7Lxep1FkcOjuEEzsCDS6jCLdSgDgwkPMMrvDmPzovz7nzMW1ecbOYI/sD5/AF/5474</latexit>
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Fig. 4: The dependence of the average rugotaxis velocity, V , on the attraction strength, εsp, for different cases of λ0, λE , Np

and A, as indicated.
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no pinning

no pinning

Fig. 5: Interfacial energy, Esp, and position of the mass centre of the droplet, xcom, as a function of time, as indicated. Hence,
the distance covered by the droplet refers to its centre of mass and droplets of different size will move a different distance in each
in silico expriment. Arrows indicate the the time that pinning occurs for different cases of Np as indicated. We also indicate
the unpinning of the droplet with an arrow in the case of Np = 600. For Np = 100, the droplet remains pinned throughout
the simulation. For Np = 4800, there is no pinning. Here, A = 2, λ0 = 4σ, λE = σ, εsp = 0.4ε. Np = 100, 600 and 4800, as
indicated.

the motion of the droplets, independently of the droplet
size. Moreover values of εsp = 0.7ε (strong adhesion of
the droplet to the substrate) will always prevent the mo-
tion of the droplet or lead to complete droplet spreading
(e.g. for Np = 4800). Still, we have observed that larger
droplets overcome more easily the pinning barriers, which
is in agreement with recent simulation results [55].

As in the case of durotaxial motion [17], we have iden-
tified the change in the interfacial energy between the
droplet and the substrate as the main driving force of rugo-
taxis, also determining its efficiency (Fig. 5). In our case,
the interfacial energy is simply the total pair interaction
between the droplet and the substrate beads. Crucially,
for a certain droplet size this depends on the particular
parameters, A, εsp, λ0, and λE . We have also identified
cases when the droplet exhibits pinning during rugotaxis
but is also able to overcome the associated energy bar-

rier caused by the pinning and eventually complete the
rugotaxial motion. While in such cases, rugotaxis is suc-
cessful and eventually the droplet reaches the very right
end of the substrate (Fig. 5), in many other cases con-
sidered in our study as unsuccessful rugotaxis cases, the
droplet failed to overcome the associated energy barrier.
Typically, such pinning events occur at the transition from
W - to CB-state as the drop partially climbs out of the
substrate troughs whereby the interfacial energy Esp rises
before the whole droplet attains a new CB-state where
droplet beads cannot enter into the narrowed wrinkles [55].

Figure 5 contains plots of the position of the centre of
mass of the droplet, xcom, and the interfacial energy, Esp,
as a function of the elapsed time from the beginning un-
til the end of the rugotaxial motion. For Np = 600, we
find that the droplet tranlocates efficiently until pinning
occurs. An important point here is that the energy, Esp,
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continues to decrease just after the pinning, which allows
the droplet to move to the right, where the underlying
density and wettability of the substrate increases with the
wavelength gradient.

In summary, we have investigated solid, wrinkled sub-
strates with and without wavelength gradient in one di-
rection, in an attempt to explore the rugotaxial motion of
droplets. To achieve our goal we have mainly employed
MD simulation based on coarse-grained force-fields, as we
have done previously in the case of durotaxis. [17] We
have also provided relevant theoretical background and,
also, performed numerical calculations based on a hybrid
MD–DFT approach. [46,47,56]

We have constructed the diagram of W and CB states
for a range of parameters. For small wrinkle amplitudes,
the W state prevails for a range of droplet–substrate adhe-
sion strength and wrinkle wavelengths. As the amplitude
increases, the CB state sets in initially at small adhesion
strengths and wrinkle wavelengths. As the amplitude fur-
ther increases, the CB state appears for a larger range
of wavelengths and adhesion strengths. Theory [38] pre-
dicts the boundary between W and CB states, which is
in agreement with the simulation results. Based on a hy-
brid MD–DFT approach, we have identified the interfacial
energy-term to be mainly responsible for the different be-
haviour (W or CB).

In the case of the rugotaxis MD in silico experiments,
we find a range of optimal choices of the parameters that
govern rugotaxis. In the case of shallow wrinkles with
A = 0.5σ, we observe the most efficient rugotaxial motion
for λ0 = 2σ, which corresponds to a small wavelength gra-
dient. For larger amplitudes, increased wavelength gradi-
ents lead to more efficient rugotaxis up to some moderate
adhesion strength. As a result, our results indicate that an
appropriate substrate design will determine the efficiency
of the rugotaxial motion.

Based on our analysis, we have identified that changes
of the interfacial energy between the substrate and the
droplet constitute the driving force of rugotaxial motion,
as has been also found previously in the case of duro-
taxis. [17] Hence, the two phenomena share characteris-
tics, but, in the case of rugotaxis, this crucially depends
on a larger number of parameters that can lead to dif-
ferent scenarios with pinning playing a crucial role. We
anticipate that our study elucidates important aspects of
the rugotaxis phenomenon and suggests design principles
for nano-fabricated wirnkle-patterned substrates that can
increase the efficiency of rugotaxial motion.
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[5] M. Prakash, D. Quéré, and J. W. Bush. Surface tension
transport of prey by feeding shorebirds: The capillary
ratchet. Science, 320:931–934, 2008.

[6] A. Darhuber and S. Troian. Principles of microfluidic
actuation by modulation of surface stresses. Annu. Rev.
Fluid Mech., 37:425–455, 2005.

[7] Z. Yao and M. J. Bowick. Self-propulsion of droplets
by spatially-varying surface topography. Soft Matter,
8(4):1142–1145, 2012.

[8] H. Li, T. Yan, K. A. Fichthorn, and S. Yu. Dy-
namic contact angles and mechanisms of motion of water
droplets moving on nano-pillared superhydrophobic sur-
faces: A molecular dynamics simulation study. Langmuir,
34:9917–9926, 2018.

[9] A. Bardall, S.-Y. Chen, K. E. Daniels, and M. Shearer.
Gradient-induced droplet motion over soft solids.
IMA Journal of Applied Mathematics (Institute of
Mathematics and Its Applications), 85(3):495–512, 2020.

[10] G. Karapetsas, N. T. Chamakos, and A. G. Papathana-
siou. Efficient modelling of droplet dynamics on complex
surfaces. J. Phys.: Condens. Matter, 28(8):085101, 2016.

[11] B. Zhang, X. Liao, Y. Chen, H. Xiao, Y. Ni, and X. Chen.
Rapid Programmable Nanodroplet Motion on a Strain-
Gradient Surface. Langmuir, 35(7):2865–2870, 2019.

[12] J. Leng, Y. Hu, and T. Chang. Nanoscale directional
motion by angustotaxis. Nanoscale, 12:5308–5312, 2020.

[13] K. A. Lazopoulos and D. Stamenović. Durotaxis as an
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