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ABSTRACT

In nature, capillary forces are often driving microfluidic propulsion and droplet manipulation, and technologies have been developed to
utilize these forces in applications such as lab-on-a-chip biosensors and microfluidic systems. At the same time, responsive materials have
been developed that can be activated by a variety of external triggers, including light, electric fields, and temperature, to locally deform and
create dynamic surface structures, such as traveling waves. Here, we combine these developments into a system that enables capillary-driven
droplet transport and fluid propulsion generated by light-induced surface waves in azobenzene-embedded liquid crystal polymers. We dem-
onstrate that the traveling waves are able to efficiently propel fluids by means of mechanowetting. We couple the wave profiles to the fluid
simulations using a multiphase computational fluid dynamics approach. We study three different fluid propulsion systems, i.e., peristaltic
flow, liquid slug transport, and free-standing droplet transport. The first system operates on a fluid-filled single channel and achieves relative
flow speeds of u=uwave < 0:01. In contrast, the slugs and droplets are transported at two orders of magnitude higher speed equal to the wave
speed (u=uwave ¼ 1) by exploiting the mechanowetting effect. We quantify the capillary forces generated by the traveling surface waves. Our
method opens new avenues in light-driven (digital) microfluidic systems with enhanced control of fluid flow.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0050864

I. INTRODUCTION

Fluid propulsion driven by capillary forces is ubiquitous in
nature,1 and it has inspired many fluid manipulation strategies in the
industry, such as functional textiles for self-cleaning fabrics,2 antiviral
surface design,3 and inkjet printing.4 Capillary forces are also utilized
in microfluidics,5 enabling the transport of fluids by using, e.g.,
surface acoustic waves,6–10 molecular motors,11 or static wetting
gradients.12–19 Wetting gradients can also be actively controlled by
applying an electric potential between the droplet and the (conducting
or dielectric) substrate, as in electrowetting,20–23 and by using materi-
als that exhibit a chemically induced modification of the contact angle
when exposed to light.24 Additionally, electrostatic charging in combi-
nation with a superhydrophobic surface can be used to switch the
mobility of droplets by controlling the different wetting states.25

However, these methods also have downsides, such as unwanted
byproducts as a result of electrochemical reactions, the requirement of

a fully integrated electronic circuit on the chip in the case of electro-
wetting and the limited contact angle range in the case of chemical
wetting control.

As an alternative to the existing methods, we recently proposed
to use mechanical deformation to locally control the wetting
gradient.26 This so-called “mechanowetting” effect is based on surface
deformation-controlled three-phase line motion that can be used to
transport fluid slugs in microchannels27 and individual droplets on
surfaces with high speed and precision.26 Surface deformation gra-
dients can be induced by using responsive materials that can be exter-
nally controlled by, e.g., light,28–30 temperature,31 electric fields,32 or
magnetic fields.33,34 Based on its scalable and precise spatial-temporal
control, light often is an attractive external trigger compared to elec-
tric, magnetic, and thermal actuation. For example, Lv and co-workers
reported the propelling of fluid slugs in tubes functionalized with
photo-responsive liquid crystal polymers,35 and Li and co-workers
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generated droplet-propelling dielectrophoretic forces in a trilayer
structure with a near-infrared laser beam.36 However, the current set-
ups include complex structured lenses, masks, and mirrors and often
require a moving light source.35–39 We have tried to tackle these chal-
lenges by generating continuous, mechanical surface waves by using
azobenzene-modified liquid crystal coatings that are responsive to a
uniform UV light source.40 By tuning the molecular order and by con-
trolling the polarization direction of the UV light, the trans-to-cis
isomerization process is selectively activated, which induces a spatial
distribution of macroscopic deformation. By doing so, a dynamic sur-
face wave is created by rotating the polarization direction of the UV
light.

In the current work, we use the recently developed numerical
and theoretical frameworks26,27 to demonstrate that these light-
induced surface waves can effectively propel fluid slugs and droplets at
the speed of the wave by means of mechanowetting. We use the light-
driven traveling waves developed in earlier work40 to manipulate indi-
vidual droplets and fluid slugs in microchannels based on manipula-
tion of the three-phase line and compare their efficiency with standard
peristaltic motion. We show how the wave properties are sufficient to
propel droplets and how fluid transport efficiency depends on the
properties of the used films.

II. METHODS

The films used in this study are liquid crystal polymers, modified
with azobenzene molecules. When these films are exposed to polarized
UV light, the embedded azobenzene molecules isomerize from a rod-like
trans state into a bent-like cis state [Fig. 1(a)], which introduces a struc-
tural disorder in the thin film, leading to a mechanical response that
shapes the surface profile.28,41,42 The propensity of the azobenzene mole-
cules to make this transition is determined by the average orientation n
(the director) of the molecules with respect to the electric field E of the
polarized UV, i.e., n � E. Here, n is implemented as a continuum prop-
erty, i.e., the statistical fluctuations in orientation at the molecular scale
are averaged out [see Fig. 1(a)]. The photo-induced surface topographical
changes of the liquid crystal films and the traveling wave generation are
simulated via an optomechanical framework,28,41,42 following the proto-
col established in our previous work (Ref. 41) by using a rotating polar-
ized filter. The key geometrical variables are the wavelength of the
director pattern in the plane of the film [see Figs. 1(b)–1(d) and 2]
denoted by k, and the film thickness w, whose ratio k=w determines the
mechanical interactions between the different regions and thus affects
the wave amplitude.40 Details of the modeling, design, and optimization
of the traveling surface waves in the liquid crystal film can be found in
Refs. 40 and 42. For completeness, we briefly summarize the approach
here. The director distribution is periodically varied spatially [a single
wavelength is shown in Fig. 1(b)]. When the surface is illuminated by the
polarized UV light, the cis-to-trans conversion at different regions of the
surface is proportional to jE � nj. For example, the cases for / ¼ 90�

and / ¼ 45� in Fig. 1(c) show that a different polarization direction cre-
ates a different surface topography. Rotating the electric field clockwise
from / ¼ 90� to / ¼ 45� results in the wave-like profile traveling to the
right [Fig. 1(b)]. Because of the periodic design of the director distribu-
tion, every polarization direction (i.e., 0� � / < 180�) generates a
unique topography that has a wave-like form, and a small change in /
will translate to a small phase-shift. Thus, a traveling wave is generated
by rotating the polarization direction.

In the current study, we consider three different applications of
induced fluid motion by means of the switchable surface. In the
first application, we apply the traveling wave topography to a micro-
fluidic wall in an infinitely long microchannel, filled with a single fluid
[Fig. 2(a)]. At the inlet and outlet of the microchannel, we apply peri-
odic boundary conditions. For the second application, a second fluid is
added to the microchannel, immiscible with the first fluid, which
allows us to generate fluid slugs [see Fig. 2(b)]. Finally, we consider
single, free-standing droplet transport [see Fig. 2(c)]. Again, periodic
boundary conditions are imposed on the inlet and the outlet of the
simulation domain. Figure 2 schematically depicts all system variables.

In order to characterize the generated waves and to quantify the
fluid motion on our liquid crystal films, the relevant surface and fluid
parameters are normalized as follows. The mean velocity of the fluid �u
is normalized by the wave speed of the switchable surface topography
uwave ¼ kf , that is �u=uwave, which is the inverse of the Strouhal num-
ber, St−1. In order to distinguish between the different switchable sur-
faces, k=w, i.e., the ratio between the wavelength and the film
thickness, is used. The amplitude of the surface wave is nondimension-
alized as A=k, where the amplitude A is half the difference between the
maximum and minimum expansions of the substrate across all polari-
zation angles. Finally, the width and diameter of the fluid slugs and
droplets are nondimensionalized as L=k and d=k, respectively. The
forces generated by the traveling waves are quantified by Dph0=clv for
the slugs, and F=clvd for the droplets, respectively. The remainder of
the parameters shown in Fig. 2, the fluid density q, the fluid viscosity
l, the (mean) microchannel height h0, and the solid film thickness
w (when not exposed to UV light), is not studied in detail. The sub-
scripts A and B distinguish between the different fluids in the channel.

A. Fluid simulations

The fluid computations were performed based on the
OpenFOAM framework, using the volume-of-fluid multiphase formu-
lation of the Navier–Stokes equations, i.e.,

@qu
@t

þr�ðquuÞ¼�rpþqgþr� qlðruþðruÞ>Þ
h i

þqclvjra;

@q
@t

þr�ðquÞ¼ 0;

@a
@t

þr�ðauÞ¼�r�ðurað1�aÞÞ:

Here, q is the fluid density, u the fluid velocity, p the pressure, g the
gravitational acceleration vector, l the viscosity, clv the surface tension,
j the fluid–fluid interface curvature (i.e., liquid–air for the droplet sim-
ulations and liquid–liquid for the slug simulations), a the indicator
field that distinguishes between the two fluids, and ur an artificial rela-
tive velocity that ensures that the interface remains sufficiently thin
and does not smear out.43 The properties of the two fluids in each sim-
ulation (viscosities lA; lB and densities qA; qB) are implemented
through the indicator field a by linear combination, i.e.,

l � lAaþ lBð1� aÞ;
q � qAaþ qBð1� aÞ:

Here a¼ 1 represents fluid A, and a¼ 0 represents fluid B. The inter-
face between the two fluids is located in the cells where 0 < a < 1.
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The single-phase fluid simulations were performed with a similar
model. However, since only one fluid and no interface is present in the
channel, all terms containing a are zero.

In order to reduce the spurious velocities near the fluid–fluid
interface that originates from the calculation of the interface curvature
j, we based the interface calculation on a smoothed indicator field.
This allows us to accurately simulate lm-sized slugs and mm-sized
droplets.44 We have studied mesh convergence and found that in
order to obtain converged results, the mesh resolution needed to be
sufficiently small, i.e., Dx ¼ 10 lm for the droplets, and Dx ¼ 2:5lm

for the channels. To satisfy the Courant–Friedrichs–Lewy condition
for convergence, the time steps were set to Dt ¼ 2:5 and Dt ¼ 1ms
for the droplets and channels, respectively. As we showed in earlier
work, the numerical model shows close correspondence to the experi-
mental results.26 More details on the computational method can be
found in Refs. 43–45.

The wave boundaries used in this study were implemented as a
deforming mesh boundary condition and to ensure the periodicity of
the wave, the height profiles resulting from the solid simulations were
Fourier interpolated, i.e.,

FIG. 1. Droplet propulsion by polarization-controlled surface waves and mechanowetting. (a) An illustration of the isomerization of azobenzene molecules (orange) embedded
in the liquid crystal polymer (purple) from the rod-like trans state to the bent-like cis state when exposed to (polarized) UV light. The average orientation of the azobenzene and
liquid crystal molecules is the (continuum) director n. (b) Spatial variation of the orientation of the director in the x, y plane of the solid film. The electric component of the polar-
ized UV light (E, left) is rotated in that same plane. (c) Two different orientations of E in the x, y plane (inset) and the corresponding surface height profiles h(x) in the x, z plane.
(d) Graphical overview of a single droplet that is being propelled by mechanowetting on the generated traveling wave. The fine texture indicated on the surface of the film
denotes the in-plane director distribution corresponding to (b).
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hðxÞ � A a0 þ
Xm
n¼1

an cos
2px
nk

� �
þ bn sin

2px
nk

� �" #
; (1)

where an and bn are normalized proportionality constants and m was
taken to be equal to 8 as the Fourier order used for the surface profiles.
For each surface, the surface profiles for 16 different polarization
angles were simulated, using cubic splines to interpolate between the
16 profiles to obtain surface profiles at any given time. During the cal-
culation of each time step in the fluid simulations, the mesh boundary
points are moved according to the profile of Eq. (1) and the rest of the
mesh is updated according to an artificial diffusion law in order to pre-
serve mesh quality.46 To ensure smooth mesh transitions, the mesh
points at the top of the domain are fixed, and the mesh points on the
sides of the simulation domain are given a slip boundary condition, i.
e., those mesh points are able to move freely parallel to the boundary.
At this deforming boundary, the fluid velocity field is equal to the
deformation velocity (i.e., no slip and no flux) in order to preserve
the (droplet) volume. The artificial diffusion law can be used because
the deformations (amplitudes) are very small. Note that the horizontal
velocity was assumed to be zero, since the lateral deformation of the
constrained films was observed to be much smaller than the vertical
deformation.

For the remainder of the computed fields, we have prescribed
the following boundary conditions. On the deforming surface, the
contact angle is implemented by prescribing the gradient of the indi-
cator field a, and the pressure p is adapted to accommodate the zero
flux. For the slug simulations [Fig. 2(b)], we employ two types
of boundary conditions. The first is an infinite channel with
periodic boundary conditions, similar to the single-fluid simulations
[Fig. 2(a)]. The second is a closed-channel approach that closes the
channel on the right-hand side to allow for pressure to build up. By
doing so, we are able to quantify the pressures that the surfaces can
generate. The top of the channel is equipped with no slip and no flux
boundary conditions, and a contact angle of 90�. In the 3D droplet
simulation, the side walls are equipped with slip and zero flux bound-
ary conditions, and the indicator field is fixed at a¼ 0 (i.e., air). The
top of the simulation domain is a mixed boundary condition, where
the velocity is adjusted to the inward flux normal to the boundary in
the case of inflow, and a zero gradient condition is applied in the
case of outward flow.

B. Pressure modeling in slugs

In this section, we summarize the theoretical pressure model-
ing of slugs in a closed channel and extend the theory to account
for the surface structure defined in Eq. (1). For details, the reader
is referred to Ref. 27. The distance from the three-phase line
(located at position x) to the top of the channel can be expressed
using

dðxÞ ¼ h0 � hðxÞ:
The curvature of the interface is assumed to be circular, such that it
can be expressed as

1
RðxÞ ¼

sin bðxÞ
dðxÞ ;

where bðxÞ is defined as the local inclination at the three-phase line, i.e.,

bðxÞ ¼ arctan
dd
dx

� �
� ð�1Þn hY � p

2

� �
:

Here, n¼ 1 or 2 is the index of the left or right interface (see Fig. 2),
which is used to account for the sign of the Laplace pressure jump.
Now, by accounting for constant volume of the slug (Lh0 is the slug
volume per unit depth), we obtain

Lh0 ¼ R2
1

4
2b1 � sin ð2b1Þð Þ � R2

2

4
2b2 � sin ð2b2Þð Þ þ

ðx2
x1

dðxÞ dx;

(2)

where x1 and x2 are the locations of the left and right interfaces,
respectively. Note that, Ri � RðxiÞ and bi � bðxiÞ were substituted
for clarity. Equation (2) can be solved for x2 if x1 is known (since Eq.
(1) is periodic, x1 2 ½0; k� is sufficient to capture all possible states), by
using a (numerical) root finding algorithm. The total pressure differ-
ence that is built up over the slug can finally be calculated using the
Laplace equation, i.e.,

Dpðx1; x2Þ ¼ clv R�1
1 þ R�1

2

� �
: (3)

FIG. 2. Schematics illustrating the fluid motion in this study and its parameters.
(a)–(c) Schematics for the simulation domains of the studied cases for (a) a chan-
nel filled with a single fluid, (b) a channel filled with a fluid slug, and (c) a single
droplet in air.
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C. Mechanowetting three-phase line integral theory

In this section, we summarize the mechanowetting three-phase
line theory. For details, the reader is referred to Ref. 26. The dynamic-
pinning forces generated by the mechanowetting mechanism are cal-
culated from the collaborative contributions of the distortions to the
Young equation47 at each point of the three-phase line. When the
Young equation is distorted due to the deformation of the liquid crys-
tal film (i.e., the contact angle is perturbed by an amount such that
hY ! hY þ Dh), a force per unit length is generated, which can be
written as26

f ¼ ntclv sin hYDh;

where nt is the unit vector normal to the three-phase line in the hori-
zontal plane. When integrated over the full three-phase line (TPL), we
obtain the total force that originates from the distortions, i.e.,

F ¼
þ
TPL

f ds:

When we consider a deforming surface, the change in surface topogra-
phy from flat to corrugated leads to a distortion of the contact angle,

Dh ¼ arctan nt � $h½ �:
For small distortions, the three-phase line can be approximated as a
circle, so that the line integral from Sec. IIC, after nondimensionaliza-
tion of the forces using the surface tension clv and the droplet diameter
d, reduces to

F
clvd

¼ sin hY
2

ð2p
0
ntarctan nt � $h½ � du; (4)

where u is the angular component of the transformation to the polar
(cylindrical) coordinate system (i.e., x ¼ 0:5d cosu; y ¼ 0:5d sinu).

III. RESULTS
A. Peristaltic propulsion of single-phase fluids

Patterning azobenzene molecules nonuniformly in the x, y plane
of a liquid crystal polymer film allows us to create sinusoidal-like peri-
odic topographies on the liquid crystal surface upon exposure to polar-
ized UV light (see Fig. 1). By rotating the polarization in the
counterclockwise direction, a surface wave that travels in the positive
x-direction (i.e., to the right in the figure) is created. In this paper, eight
of such surfaces are investigated by varying the thickness of the film,
resulting in different values of k=w, evenly distributed between
k=w ¼ 2 and k=w ¼ 16. Figure 3(a) shows the progress of one wave
due to a rotating polarization angle for k=w ¼ 2; the waves for the
other k=w values can be found in the supplementary material.
The period of the surface wave D/ is equal to 180�.

The traveling surface waves generated through the rotating polar-
ized UV light source are then applied to an infinitely long microfluidic
channel. The surface waves are applied as dynamic boundary condi-
tions to a computational fluid dynamics (CFD) model of the channel.
The simulations are carried out by using the open-source CFD solver
OpenFOAM. For details of the numerical implementation, the reader
is referred to Sec. II. The deformations introduced in the switchable
surface by the rotating polarization angle induce a nonuniform pres-
sure field and fluid velocity in the channel [see Fig. 3(b)]. The resulting

high- and low-pressure areas are a result of the upward and downward
motions of the surface topography, respectively. These differences in
pressure induce a predominantly forward velocity in the fluid, i.e., a
velocity in the same direction as the wave speed, as can be observed
from the streamlines plotted in Fig. 3(b). There is also some backflow
in the system, where fluid flows against the direction of the wave. To
quantify the fluid propulsion, the resulting fluid velocity is averaged
over a vertical cross section, denoted by V in Fig. 3(b), and shown in
Fig. 3(c). The backflow in the system can be clearly seen; as for certain
values of /, the velocity is negative. However, when integrating the
velocity over a single period, it becomes apparent that this backflow is
smaller than the forward flow, resulting in a positive net flow �u to the
right [see Fig. 3(d)]. The normalized mean velocity over a single period
(�u=uwave) is largest for small k=w, since this configuration generates
the highest values for A=k, the normalized amplitude of the waves.
Using the switchable surface to drive the fluid flow in a channel, aver-
age fluid velocities are generated that are on the order of 	 10�3

smaller than the wave velocity and therefore have an efficiency of
around 0.1%.

Finally, the fluid velocities are compared to the theoretical results
from Taylor,48 who modeled a free-standing, undulating film swim-
ming in a liquid bath. The normalized swimming velocity was found
to be proportional to A2=k2, in the case of a purely sinusoidal wave.
By modeling our surfaces with a scaled amplitude, we found that
Taylor’s scaling law also holds for our surfaces, as expected. This can
be seen in Fig. 3(e). Here, the solid squares represent simulations in
which the amplitude was artificially lowered compared to the open
circles. Other than the scaled amplitude, the dotted lines connecting
the circles and squares denote that the surface topography is the same.

B. Microfluidic slug transport

Next, we analyze the situation in which we insert a slug of a dif-
ferent fluid (fluid B) that is immiscible with the original fluid A [see
Fig. 2(b)]. The interfaces separating these fluid slugs intersect with the
switchable surface, creating a three-phase contact line. As the surface
deforms and the wave travels, the fluid interface adjusts its orientation
to the slope of the surface topography, to maintain the equilibrium
contact angle. This changed orientation of the interface near the con-
tact line causes the full interface to become curved, generating a
Laplace pressure. A force proportional to this pressure jump drives the
slug in the direction of the wave.27 As the wave travels further, the
slugs are transported through the channel at the wave speed uwave [see
Fig. 4(a)].

To estimate the forces generated by mechanowetting, we exam-
ined the pressure difference the traveling waves can impose on the
fluid slugs. To this end, we close the channel at the right and open it at
the left and examine the buildup of the pressure as the surface wave
travels to the right. Figure 4(b) shows the difference between the pres-
sure in the closed compartment at the right and the open compart-
ment at the left, Dp ¼ p3 � p1. From Fig. 4(b), it becomes clear that
the configurations with the lowest and highest pressure differences
only appear once per period. It turns out that the maximum pressure
difference that the surface can generate depends on the polarization
angle /. However, in addition to the polarization dependence, the
pressure difference also depends on the position of the fluid interfaces
on the liquid crystal coating [as is shown in Fig. 4(b)]. This is because
the surface topography at different values of the polarization angle can
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be slightly different. To analyze this, the simulation of Fig. 4(b) is
repeated for different locations of the center of mass xCM, see Fig. 4(c).
Here, the polarization angles of the simulations are phase shifted by
180�xCM=k for a clearer visualization (see the supplementary material
for the original data). During each run, for a slug fixed at a specific
value of xCM=k, the pressure difference generated develops in a similar
fashion as in the pressure graph shown in Fig. 4(b), but it is shifted
vertically and horizontally (see the supplementary material). To deter-
mine the range of pressures that can be generated by the system, i.e.,
the transporting efficiency, we use these pressure graphs from the
closed-channel configuration and project them on the infinite-channel
situation. Suppose the fluid slug travels to the right through the chan-
nel and at a given point in time, it experiences resistance to transport
(e.g., due to surface heterogeneities or an applied counter pressure).
Consequently, the slug will remain stationary while the wave travels
underneath, i.e., the slug’s center of mass xCM is fixed in place. While

the wave travels underneath, a driving force is generated by the surface
waves, which, depending on where the slug is trapped, will follow one
of the graphs shown in Fig. 4(c). If at a certain value for the polariza-
tion angle /, the builtup pressure is large enough to overcome the
resistance, and the slug will reattach to the wave and proceed to travel
at the wave speed. If the maximum counter pressure due to the resis-
tance is larger than the maximum possible driving pressure generated
by the surface for the location xCM at which the slug was trapped, the
slug will stall. Therefore, the maxima of the curves in Fig. 4(c) repre-
sent the maximal driving pressures that can be generated for each
xCM=k. This range is marked by the thick vertical bar in Fig. 4(c). Note
that the ability to overcome resistance for the system as a whole must
be taken as the worst-case scenario, i.e., the lower limit of this range, as
it is not possible to predict at which location the slug will be trapped.
This is highlighted by the circle in Fig. 4(c). We repeated this analysis
for different values of k=w and plotted the range of driving pressures

FIG. 3. Wave generation on azobenzene-modified liquid crystal coatings and the resulting peristaltic motion. (a) The normalized surface height h=k for various polarization
rotation angles /, for a surface topography corresponding to k=w ¼ 2. The orange and purple triangles indicate the highest and lowest points for that specific location x,
respectively, overall values of /. (b) Snapshots of the pressure distribution in the fluid for the peristaltic movement in a channel corresponding to the same rotation angles as
used in (a). The wave amplitude is amplified two times to emphasize the shape of the surface topography. (c) Normalized mean velocity �u=uwave through the cross-sectional
area denoted by the vertical line V, as outlined in (b), for different orientations / and for various values of k=w. (d) Mean velocity (�u), averaged over a single period (i.e.,
0� � / � 180�), normalized by uwave, for various values of k=w. (e) Normalized mean velocity as a function of the normalized amplitude. Here, the open circles mark the
same results as shown in (d), and the solid squares represent similar simulations with a scaled amplitude. The dotted lines connect the squares and circles that represent the
same surface wave with scaled amplitudes.
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FIG. 4. Slug transport on liquid crystal traveling-wave surface topographies. (a) Normalized distance traveled by the slug (indicated by the red arrows that depict the
motion of the center of mass, xCM), as a function of the polarization angle / at steady state for k=w ¼ 16 and k=w ¼ 2, for fluid slugs of size L=k ¼ 4. The wave
amplitude in the snapshots is amplified five times to emphasize the difference in shape of the surface topography between k=w ¼ 2 and 16 and for different values
of /. (b) (top): Dp h0=cLV (with Dp ¼ p3 � p1) as a function of the polarization angle for a closed channel for k=w ¼ 2 for fluid slugs of size L=k ¼ 4 at position
xCM=k ¼ 0. (bottom): Pressure distribution in the channel at two different values of the polarization angle (/ ¼ 25� and 145�), corresponding to the maximum and
minimum pressures. The wave amplitude is amplified five times to emphasize the shape of the surface topography. (c) Dp h0=cLV as a function of the polarization
angle for k=w ¼ 2 and L=k ¼ 4 for different initial positions of the slug, denoted by the initial center of mass position xCM as shown in (a) and (b) (bottom). The
graphs have been horizontally displaced (i.e., /
 ¼ /� 180�xCM=k) to align the maxima for clarity (see the supplementary material for the original data). The thick
vertical bar highlights the range of maximal Dp h0=cLV that the surface can generate, whereas the circle mark emphasizes the lower limit of this range. (d) Mean
Dp h0=cLV for fluid slugs of size L=k ¼ 4 for various values of k=w obtained both numerically (solid) and analytically (dashed). The vertical bars denote the maxima
and minima as shown in (c) and the thick vertical bars with the circle mark the same region detailed in (c). The dotted line connects the minima, i.e., the actual effi-
ciencies of the different surfaces. The analytical solution is displaced horizontally by k=w ¼ 0:4 for clarity. (e) Dp h0=cLV as a function of / and L=k for
k=w ¼ 2; 4; 8, and 16, calculated using the analytical model. (f) Surface topography of a single wave corresponding to / ¼ 25�; 70�; 115�, and 160� for k=w ¼ 2,
corresponding to the crosses in (e).
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for different values of k=w in Fig. 4(d) [the thick vertical bar coincides
with Fig. 4(c)]. The dotted line connects the minimal driving forces.
From this, we conclude that k=w ¼ 4 is the optimal switchable surface
for slug flow in a real system, since the minimum driving force peaks
at that value.

We applied an analytical model to support the results of the sim-
ulations, based on the Laplace pressure difference generated by cylin-
drical slug end-caps described by Eq. (3).27 The results generated by
the analytical model compare reasonably well with the numerical
results [see Fig. 4(d)], with relative errors around 30% for k=w ¼ 2,
decreasing to 7% for k=w ¼ 16. Note that the trend is represented
accurately, which indicates that we have captured the essential physics
in the analytical model. Consequently, we use the analytical model to
determine the dependence of the efficiency on the slug size L. Here, a
similar approach was followed as for Fig. 4(d). However, in order to
show that the driving pressure generated by the slug in the channel
varies with the applied polarization angle /, we analyzed the slug at
specific values for / and determined the maximum driving pressure
by varying xCM=k. By doing so for 0� � / � 180� and 3 � L=k � 5
and plotting a Dp contour in Fig. 4(e), it becomes clear that for integer
values of L=k, the normalized pressure differences are highest for all
k=w and polarization angles. It also becomes apparent that the gener-
ated pressure profiles in Fig. 4(e) are considerably different for the dif-
ferent values of k=w. For k=w ¼ 16, the magnitude of the normalized
pressure is nearly independent of the rotation angle / of the polariza-
tion angle. This is because the shape of the surface corrugation barely
changes as a function of the polarized light for this thin film (see the
supplementary material). Conversely, for k=w ¼ 2, there are large dif-
ferences in the normalized pressure difference as a function of the
polarization angle, which is due to the large differences in surface
topography when cycling through the different orientations of the
polarization angle [see Fig. 4(f) and the supplementary material].

C. Droplet transport

Finally, switchable surfaces are used to transport single droplets.
We deposit a droplet on the switchable surface in the flat (i.e., “dark”)
configuration. When the UV light is switched on, the film attains its
corrugated state and the droplet moves toward its equilibrium posi-
tion, which is with the three-phase line as close as possible to the crests
of the wave.26 When the polarized light source is rotated, the droplet is
transported at the same velocity as the traveling waves [see Fig. 5(a)],
in a similar manner as the fluid slug [see Fig. 4(a)]. For the slugs, we
were able to directly quantify the force generated by measuring the
pressure drop over the closed channel, but this is not possible for the
droplet. Instead, a body force is applied to the droplet in a direction
opposite to the traveling direction of the wave. During the simulation,
this force is slowly increased, until the droplet detaches from the
dynamic corrugations and moves in the direction of this force. The
force at the moment of detachment marks the maximum “dynamic-
pinning” force that the surface topography is able to exert on the
droplet.

Considering that the surface topography is different for different
film thickness (i.e., k=w) and different polarization angles of the UV
light [see Figs. 3(a) and 4(f) and the supplementary material], the max-
imum of the dynamic-pinning force for a specific droplet size d and
film thickness k=w depends on the polarization angle at the moment
the droplet detaches from the surface. To quantify this, we determined

the dependence of the dynamic-pinning force on the droplet size d, for
the specific surface profile associated with a polarization angle / and
film thickness k=w. Figure 5(b) shows this for k=w ¼ 16 and
/ ¼ 150�. Here it becomes clear that the droplet size d plays a signifi-
cant role in the resulting maximum dynamic-pinning force, similarly
to the size L of the fluid slugs.

The numerical results are compared to an analytical model that
is described in Eq. (4).26 This theory calculates the tension on the base
of the droplet as a result of the dynamic change of the surface and inte-
grates these to calculate the resulting force on the droplet. In Fig. 5(b),
the theoretical results (solid lines) are plotted next to the numerical
results (crosses), showing that the theoretical model yields results that
are consistent with those generated by the numerical model with rela-
tive errors of 10% on average (maximally 25%). Note that this is in
line with the experimental trend found in Ref. 26 and that the trend is
represented accurately. Subsequently, this analytical model is used to
study the dynamic-pinning force as a function of droplet size d=k, film
thickness k=w, and polarization angle /. We analyzed the transporta-
tion efficiency by modeling the surfaces for various film thicknesses at
a relative droplet size d=k ¼ 3:2. By varying the polarization angle /,
we determined the range of possible dynamic-pinning forces of the
droplet on these surfaces. The vertical bars in Fig. 5(c) show the range
of the dynamic-pinning forces, with every point in the range corre-
sponding to different polarization angles. Again, the point of interest is
the lower bound of the force, showing that the ideal surface topogra-
phy for droplet transport is k=w ¼ 4, similar to the transport of fluid
slugs [Fig. 4(d)].

The analytical model is used to determine the dependence of the
pinning force on the size of the droplet and on the polarization angle
for different film thicknesses k=w [Fig. 5(d)]. In a similar manner to
the slugs, this was done by displacing the droplet at fixed / to deter-
mine the maximum driving force for that polarization angle. Here it
becomes clear that for higher values of k=w, the dependence of the
magnitude of the driving force on the polarization angle decreases,
similar to the slug flow. This can be explained by the fact that the
shape of the surface corrugations corresponding to k=w ¼ 2 changes
drastically with polarization angle, whereas the surface topography
corresponding to k=w ¼ 16 barely changes (see the supplementary
material). Figure 5(e) shows the tensions along the three-phase line for
different values of the polarization direction for k=w ¼ 2, correspond-
ing to the crosses in Fig. 5(d) (left image). It can be seen that the ten-
sions on the base of the droplet are nonuniform and do not always
point in the direction of the wave, resulting in a strong variation of the
net driving force with polarization angle [see Fig. 5(d)]. However,
when integrated over the three-phase line, the tensions result in a
dynamic-pinning force that is pointed in the desired direction of trans-
port (red arrows).

IV. DISCUSSION

The traveling wave surface topographies are capable of displacing
fluid slugs in enclosed channels as well as transporting free-standing
droplets. Although the areas of application are different, the physical
principle behind the fluid propulsion for both cases, i.e., mechanowet-
ting, is the same, resulting in the three-phase line pinning to the crests
of the traveling waves. For the fluid slugs, we quantified the perfor-
mance theoretically by calculating the Laplace pressure from the inter-
face curvature (see Ref. 27 and Sec. II), while for the droplets, the
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perturbed contact angle at every point on the three-phase line is trans-
lated into a tension distribution and integrated to determine the total
driving force (see Ref. 26 and Sec. II).

The efficiency gain from 0.1% to 100%, i.e., going from an aver-
age fluid velocity of 0.1% of the wave speed in the case of a single-fluid
filled channel to slugs traveling along with the wave, was obtained
with exactly the same light-driven surface wave. This did not include
optimization of the channel height to obtain higher single-fluid veloci-
ties. The generated average velocity of the single fluid will increase
when the amplitude of the wave increases, and ultimately it could
reach the wave speed in extreme cases where the wave crests touch the
other side of the channel. However, the slugs will always travel at the

wave speed and consequently will always outperform the peristaltic
method.

Because of the low switching frequency between the cis and trans
states in currently available light-responsive liquid crystal polymers
(	 0:1Hz), the wave speeds that can be generated in practice for typical
wavelengths (10 s–100 s lm) are relatively low (	 1� 10lms�1).49

However, recent developments are promising, delivering larger deforma-
tions at faster response times.28,42,50,51 In addition to the limitations in
the actuation time, the response amplitude may also be of concern. In
earlier studies, however, we have shown theoretically, numerically, and
experimentally that amplitude-wavelength ratios down to A=k ¼ 0:006
were sufficient to generate enough force to drive individual droplets.26

FIG. 5. Single-droplet transport on liquid crystal traveling surface waves. (a) Distance traveled by a single droplet (measured by the displacement of the center of mass xCM),
normalized with the wavelength as a function of the polarization angle. (b) The normalized dynamic-pinning force F=dclv as a function of the normalized diameter of the droplet,
on a surface profile corresponding to / ¼ 150� and k=w ¼ 16. The crosses indicate numerical results, the solid line is the analytical result. (c) Mean (solid line), maximum
and minimum of the dynamic-pinning force for / between 0� and 180� as a function of k=w, for d=k ¼ 3:2. The dotted line connects the minima. (d) Contour plots for the
dynamic-pinning force as a function of both the normalized diameter of the droplet and the rotation angle / for various values of k=w. (e) Tensions along the three-phase line
for different values of the polarization direction for k=w ¼ 2, corresponding to the crosses in (d) (left image). The color brightness represents the surface height, where vibrant
colors represent a strongly corrugated surface.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 33, 063307 (2021); doi: 10.1063/5.0050864 33, 063307-9

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


On the other hand, for droplet propulsion, it is desirable to develop
materials that have a high amplitude (relative to the wavelength),
because the dimensionless driving force scales linearly with A=k, see Sec.
II [Eq. (A1)].

The dynamic-pinning forces generated by the mechanowetting
effect have the intrinsic property that the driving force depends on the
droplet or slug size, relative to the wavelength [see Figs. 4(e), 5(b), and
5(d)]. From Figs. 5(b) and 5(c), it becomes clear that the single surface
used covers the range F=clvd 2 ½0:09; 0:28�, i.e., a factor of 3 between
the maximum and minimum. The underlying reason for the slug and
droplet size-dependent efficiency is related to the specific position of
the slug/droplet three-phase line relative to the surface topography.
Near integer values of d=k, the generated force along the three-phase
line constructively adds up to the maximum force, whereas away from
these integer values the amount of integrated force that is generated
decreases considerably. This process varies continuously and can be
expressed in a force landscape, as shown in Figs. 4(e) and 5(d) for the
slugs and droplets, respectively. Note that the symmetrically shaped
landscape in Fig. 4(e) is caused by the two-dimensional nature of the
fluid slugs which have no variation in the out-of-plane direction,
whereas the cause of the asymmetry in the landscape of Fig. 5(d) is
due to the three-dimensional shape of the droplets. A consequence of
the size-dependent transport efficiency is that the slug size or droplet
size should be adjusted to the wavelength. However, when the size
range of the to-be-transported droplets in the (microfluidic) system is
known a priori, this can be taken into account in the design of the sys-
tem. On the other hand, the size dependence can also be exploited for
droplet sorting applications by utilizing the different transportation
forces for differently sized droplets.26

When the results in this work are compared to the forces calcu-
lated in previous works, i.e., Refs. 26 and 27, we notice an increase in
complexity. Our previous results were based on traveling waves with
surface topographies that were only phase shifted in time (i.e., the vac-
uum pressed polydimethylsiloxane (PDMS) film in Ref. 26 and the
sinusoidal wave in Ref. 27), while the current surfaces maintain their
transporting capabilities despite the extensive morphological changes
induced by the changing polarization angle. Because of this, the previ-
ous results show a much smoother transition between different values
of d=k and L=k, while the current work, in particular Figs. 4(e) and
5(d), shows a more dynamic and complex dependence on d=k; L=k
and k=w. The reason for this is that different polarization states gener-
ate different wave structures, which may even (locally) generate differ-
ent effective d=k, so that a different maximum force is generated. As a
consequence of this variation in efficiency with polarization angle, the
net efficiency of the surface needs to be defined at the configuration
that generates the lowest force (which according to our analysis is non-
zero for all the configurations studied in the current work).

In applications of the presented transport mechanism, it can be
desirable to optimize the director distribution in the liquid crystal film
for mechanowetting forces that are larger and more consistent over
the range of polarization angles. In the current study, the director dis-
tribution follows a continuously rotating pattern [which is sketched in
Fig. 1(b)], such that the actuated part of the surface by the UV light is
always the same, but phase shifted, resulting however in height profiles
with varying mechanowetting forces. Using the theoretical and numer-
ical models presented in this paper, the polarization angles and loca-
tions at which the mechanowetting forces are low can be identified

and be used as input to the solid mechanics model presented in
Ref. 40. Consequently, the director distribution can be adapted to
increase the efficiency of the fluid transport, which can be achieved,
e.g., by locally rotating the director or increasing the azobenzene
density, depending on the outcome of the models.

V. CONCLUSION

In short, we have analytically and numerically demonstrated that
traveling waves generated in azobenzene-enhanced liquid crystal films
are able to transport fluids. We studied peristaltic fluid flow and fluid
flow driven by fluid slugs through microfluidic channels and we ana-
lyzed the transport of individual droplets. Compared to peristaltic fluid
flow, the fluid slugs are able to generate a continuous forward fluid
flow (i.e., without back flow) at the speed of the wave so that the volu-
metric flow rates are two orders of magnitude larger. The traveling
surface waves are able to transport the fluid slugs and droplets very
efficiently by exploiting the dynamic three-phase line pinning to the
wave front, achieving mean flow speeds that are equal to the wave
speed. We anticipate that our results will provide new opportunities in
utilizing traveling surface waves for fluid transport by means of light-
controlled mechanowetting.

SUPPLEMENTARY MATERIAL

See the supplementary material for the other surface topogra-
phies and the nonphase-shifted data of Fig. 4(d).
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APPENDIX: LINEARIZATION OF THE
FORCE-AMPLITUDE RELATION

Consider a simple one-dimensional waveform with amplitude
A and wavelength k, given by

hðxÞ ¼ A cos ðx=kÞ:
Its partial derivative with respect to the x coordinate can be written
as

@h
@x

¼ �A
k
sin ðx=kÞ:

When substituted in Eq. (4), and considering that Fx¼ F, A=k � 1,
and arctan½u� � u for small values of u, we obtain its one-
dimensional, linear form, i.e.,
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F
clvd

¼ sin hY
2

ð2p
0

cos ðuÞarctan �A
k
sin ðx=kÞ

� �
du

� A
sin hY
2k

ð2p
0
� cos ðuÞ sin ðd cos ðuÞ=ð2kÞÞ du: (A1)
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