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Nematic liquid crystal flow driven by time-varying
active surface anchoring†

Seyed Reza Seyednejad *a and Miha Ravnik ab

We demonstrate the generation of diverse material flow regimes in nematic liquid cells as driven by

time-variable active surface anchoring, including no-net flow, oscillatory flow, steady flow, and pulsating

flow. Specifically, we numerically simulate a passive nematic fluid inside a cell bounded with two flat

solid boundaries at which the time-dependent anchoring is applied with the dynamically variable surface

anchoring easy axis. We show that different flow regimes emerge as the result of different anchoring

driving directions (i.e. co-rotating or counter-rotating) and relative phase of anchoring driving. The flow

magnitude is tunable by cell thickness and anchoring driving frequency. More generally, this work aims

towards possible applications of responsive time-variable surfaces, including photonics or synthetic

active matter.

1 Introduction

Microfluidics in nematic liquid crystals (NLCs) represents an
intersection of soft matter physics and engineering, where the
backflow determines the material response coupling between
the liquid crystalline orientational order and the material
flow.1,2 This field explores challenges including how orienta-
tion and flow in the nematic liquid crystals are coupled, and
how they can be controlled and manipulated using micro-
fabricated channels3 and surfaces with specific anchoring
properties.4–6 The anisotropic nature of nematic liquid crystals
allows for the creation of topologically interesting and func-
tional microstructures that can be dynamically tuned by exter-
nal stimuli such as electric fields,7–10 temperature gradient,11

or flow gradients.12,13 These capabilities open up diverse
potential applications, ranging from targeted delivery systems14

to novel metamaterials.15–17

In addition to known mechanisms for pushing fluids out of
equilibrium, such as electrophoresis,18 thermophoresis,19,20

electro-osmosis,21 electrowetting,22 optical fields,23 and acous-
tic waves,24 the dynamics and flow in nematic environ-
ments can be driven by internal activity, caused by chemical
ingredients25,26 and biological agents.27,28 The inherently out-
of-equilibrium liquid crystal systems are active nematics,29,30

which show peculiar topological and elastic properties of such
tunable fluids,31–37 where the confinement geometry38 and the
channel size39 are of basic importance.

In intrinsically passive NLCs, the flow can be a result of the
constant entry of elastic distortions generated by a rotating
external field.9 Elastic distortions can also be brought into the
NLC bulk by remotely rotating a solid colloid inside the NLC
that makes the colloid swim,40 or by oscillating hydrostatic
pressure, making spherical bubbles pulsate and swim in the
bulk.41 Moreover, flow in the micro-channel networks can be
modulated and guided by using surface anchoring profiles,
that are controlled by optical techniques.42

Our aim here is to drive flow in a passive NLC channel by
generating elastic distortions through dynamic surface anchor-
ing. NLC molecular alignments on the interfaces regularly are
categorized as planar (parallel), homeotropic (perpendicular),
or conical (tilted), which can be experimentally achieved by
various physical and chemical techniques.43,44 Polymeric thin
film surfaces and monolayer coverage of surfactants are used to
guarantee the homeotropic or planar anchorings on different
types of interfaces.45–47 Moreover, in recent years, the photo-
patterning technique has made it possible to design every
arbitrary patterns of in-plane surface anchorings by using
electromagnetic polarized light beams on a layer of photo-
sensitive dyes.48–50

Here we demonstrate the generation of different material
flow regimes as controlled by rotating surface anchoring easy
directions in nematic liquid crystal cells. We explore the role of
co-rotating and counter-rotating anchoring at the two bound-
ing surfaces, as well as the role of the relative phase. Different
flow regimes are demonstrated, including no-net flow, oscillatory
flow, steady flow, and pulsating flow.
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2 Implementation of
dynamic anchoring

We used the tensorial description of the NLC to numerically
simulate the flow inside the system, based on Q-tensor order
parameter, with the largest eigenvalue and the corresponding
eigenvector giving the local degree of order S and the nematic
easy axis n̂, respectively.

Time evolution of the tensor order parameter and the flow
field of the NLC are described using the Beris–Edwards
approach,51,52

:
Q = GH + S, (1)

r[qtvi + (vjqj)vi] = qjsij, (2)

qivi = 0, (3)

where G is called the rotational viscosity parameter. The
molecular field H tensor leads the nematic director field to
its equilibrium state where the Landau–de Gennes free energy53

is minimum. The generalized advection term S couples the
nematic orientational order with the material flow, r is the
fluid density, sij is the stress tensor as defined in ref. 9. We use
typical material parameters of characteristic nematics like 5CB:
single elastic constant L = 4.8 pN, rotational viscosity parameter
G = 15 Pa s�1, Landau–de Gennes free energy parameters
A = �1.72 � 105 J m�3, B = � 2.12 � 106 J m�3, and C = 1.73 �
106 J m�3, which result in the nematic correlation length
xN = 2.3 nm.

We solve the Beris–Edwards equations using hybrid lattice
Boltzmann algorithm.54,55 For that purpose, we consider a
100 � 20 � H grid box, with the the grid size Dx = 1.5xN, where
the cell height H varies between 50–200Dx. Periodic boundary
conditions are considered in x and y directions.

As shown in Fig. 1, on the top and bottom cell surfaces, the
surface anchoring easy axis n̂0(t) = (sin y, 0, cos y) is assumed

to rotate in the xz plane from planar to homeotropic to planar
and so on, with constant angular velocities o1 and o2 on the
bottom and top walls, respectively.

y1(t) = o1t, y2(t) = o2t + DfA, (4)

where DfA is the phase difference between the easy axis
direction angles on the two surfaces. We impose this easy axis
boundary condition to the surface, as strong anchoring. Speci-
fically, we construct a time-variable surface anchoring imposed
tensor Q0

ij(t) = Seq(3n̂0
i (t)n̂0

j (t) � dij)/2, where Seq is the equili-
brium NLC scalar order parameter, which we use as the
boundary condition. Here, we have to note that anchoring is
the key factor in this mechanism as it is the source of the
driving force, thus naturally, the effectiveness of flow driving
reduces with reducing the anchoring strength. This anchoring
rotation generates a flow field in the bulk, which is mostly in x
direction and the other components are negligible as they are
2–5 orders of magnitude smaller. Throughout this article,
the angular velocities o1 and o2 are given as multiplications
of a characteristic anchoring frequency o0 = 2p/T0, where T0 is
5 � 104 simulation time steps defined as Dt = 0.025Dx2/(GL).
We start our simulations with a zero initial flow field and a
uniform director field with small random deviations from the
z axis, which is perpendicular to the top and bottom solid cell
walls. The flow flux FðtÞ ¼

Ð
~v � x̂dA

� �
is analyzed by Fourier

series,

FðtÞ ¼ a0 þ
X1

n¼1
an cos no1tþ fnð Þ; (5)

where a0 indicates the flux time average, an and fn are the
Fourier coefficients, and o1 is the smaller angular velocity
magnitude which in this work is always considered at the
bottom surface. An established way to characterize the relative
strength between the viscous and elastic forces in liquid crystals

is to use the dimensionless Ericksen number Er ¼ vH

GL
.51

3 Results

We explore the generation of material flow by rotating surface
anchoring. We start with co-rotating cases where the anchoring
orientation rotates in the same direction and with the same
angular velocities on both the top and bottom solid boundaries,
o2 = o1. Fig. 2(a)–(c) and (e)–(g) show snapshots of the bulk
director and flow velocity fields with two amounts of initial
anchoring phase differences, DfA = 0, p/2. These snapshots are
taken in the dynamic steady state, where the initial transient
behaviors have died out and the system shows completely
periodic behavior. The steady state is highlighted in Fig. 2(i).
Fig. 2(d) and (h) show x component of the velocity field
inside the bulk as a function of z, in one period duration time
(Tp = 2p/o).

The director field mostly remains in the xz plane near
the top and bottom surfaces and rotates around the y axis.
By going farther into the bulk, the director field splays out

Fig. 1 Generation of nematic flow by dynamic surface anchoring. Surface
anchoring easy axes orientate on the bottom and top surfaces with angular
velocities o1 and o2, in xz plane, resulting in a flow field, mostly in x
direction.
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of the plane, and then in the middle of the bulk, it shows a
rotational motion on a cone around the y axis with an easy
angle c, which is a function of z and has a minimum at
z = H/2. The escape of the director field toward the y axis helps
the system avoid the growth of elastic distortions due to
director winding.

With DfA = 0, the flow velocity field as shown in Fig. 2(a), is
symmetric as well. Here the flow is in the opposite directions in
the top and bottom halves of the cell, where the flow is mostly
in the left direction at the upper part and it is in the right
direction in the lower part of the cell. Therefore, the overall flow
flux throughout any yz cross-section of the cell

Ð
~v � x̂ dy dz

� �
is

Fig. 2 No net flow and oscillating flow regimes generated by co-rotating time-varying active surface anchorings. Snapshots of the director and flow
fields when o2 = o1 = o0, with anchoring phase differences DfA = 0 in (a)–(c) (first row), and DfA = p/2 in (e)–(g) (second row). Front and side views are
displayed in the first and second columns. Anchoring angular velocity vectors o1 and o2 are shown with red arrows at the bottom and top surfaces.
(c) and (g) Show the local flow field at the same time as in (a),(b), (e) and (f), respectively. (d) and (h) Show how the velocity field in the channel changes in
one-period duration Tp; maximum Ericksen number is Er E 0.2. (i) Flow flux through a plane cross-section perpendicular to the x axis in the middle of the
system as a function of time. The gray box shows the steady state phase of the system, in which the time average of the flux is calculated. The non-zero
Fourier coefficients are calculated as a2 = 0.70 and f2 = �0.52p. The inset shows a close view of DfA = 0 case where the fluctuations order of magnitude
is 10�4. (see also Videos S1 and S2, ESI†).
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always zero, as shown in Fig. 2(i). Despite no (time-averaged)
net flow, the local flow velocity vector oscillates in time,
between its minimum and maximum. Somewhat differently,
for DfA = p/2, the vector field shows spatially asymmetric
shape, as the flow vector field locally oscillates at upper and
lower parts with a p/2 phase difference, which gives rise to an
instantaneously non-zero oscillating back and forth flow flux
with zero time average, as shown in Fig. 2(i). The flow flux data

follows an effective cosine function with angular velocity 2o1;
i.e. note, twice as fast as the director orientation near the walls,
which is the result of nematic head-to-tail symmetry (n̂ � �n̂).
Namely, the nematic field close to the surfaces as the source of
flow in the bulk returns to its initial orientation already after half a
round rotation (y - y + p) and drives the bulk fluid the same way
as before (see Videos S1 and S2, ESI†). As a result, the flow velocity
field has a period of half a round of the surface anchoring rotation.

Fig. 3 Steady flow regimes driven by counter-rotating time-varying active anchoring rotations. Snapshots of the director and flow fields for o2 = �o1 =
�o0, with anchoring phase differences DfA = 0 in (a)–(c) (first row), and DfA = p/2 in (e)–(g) (second row). Anchoring angular velocity vectors o1 and
o2 are shown with red arrows at the bottom and top surfaces. (c) and (g) Show the local flow field at the same time as in (a), (b), (e) and (f), respectively.
(d) and (h) Show how the velocity field in the channel changes in one-period duration Tp, where the maximum Ericksen number is Er E 0.3. (i) Flow flux
through a yz plane cross-section as a function of time. The non-zero Fourier coefficients calculated as a0 = 1.00, a2 = 0.68, f2 = 0.53p, a4 = 0.04 and
f4 = 0.47p for DfA = 0, and a0 = 1.00, a2 = 0.03, f2 = �0.68p, a4 = 0.03 and f4 = 0.50p for DfA = p/2. (see also Videos S3 and S4, ESI†).
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In order to observe the net flux, we choose different anchor-
ing angular velocities on the top and bottom surfaces. In Fig. 3,
we show an example where the director on the two boundaries
rotate with the same angular velocity but in opposite directions,
o2 = �o1. The director field behavior is mostly similar to the
symmetric case of Fig. 2, except that it is mirror-symmetric as
the bending directions are the same at the upper and lower
halves of the cell. By using DfA = 0, and counter-rotating
anchoring angular velocities, as shown in Fig. 3(a)–(d), effec-
tively, the same synchronized elastic distortions emerge and
importantly, with the same direction of the backflow generated
material flow driving. The local flow field oscillates all over the
bulk, and the magnitude is always largest in the middle, which
results a sinusoidal profile of the flow flux which is shown
in Fig. 3(i). For DfA = 0, the flow flux has the form of the
second term of Fourier series with the angular velocity 2o1 in
accordance with Fig. 3(i). For DfA a 0 the flux time profile
becomes more complicated as the fourth Fourier terms appear.

The phase difference does not affect the frequency of the flow
flux or its time average. But it does decrease the magnitude of
the flow beats. Consequently, the phase difference between the
time-variable surface anchorings can be used as a control para-
meter for tuning the flow smoothness and the overall profile.

Fig. 4 shows the adjustment of the flow profiles and the flow
magnitude taking different (counter-rotating) angular velocities
of the surface anchoring easy axes on the two surfaces.
Fig. 4(a)–(d) show that the flow velocity oscillates with a larger
magnitude near the top surface, where the anchoring rotation
is faster, which notably, also allows the flow to steer to the top
or bottom of the channel. Moreover, by increasing o2 the flow
amplitude and also the flux average increases, as shown in
Fig. 4(e)–(h). The overall period of the system is still determined
by the slower surface anchoring on the bottom, whereas the
faster rotation at the top leads to the flux time behavior as
higher order terms in the Fourier series, with exact values of the
coefficients determined by the anchoring phase difference DfA.

Fig. 4 Tuning of steady flow profiles by different (counter-rotating) surface anchoring angular velocities. Snapshots of the flow field for (a) o2 = �2o1

and (c) o2 = �3o1, and their corresponding variability in time within one period Tp = p/o0 in (b) with Er E 0.4, and (d) with Er E 0.45. (e)–(h) Variability of
the flow flux in time. The non-zero Fourier coefficients are calculated as: a0 = 1.27, a2 = 0.31, f2 = �0.52p, a4 = 0.37, f4 = �0.64p for (e), a0 = 1.27,
a2 = 0.32, f2 = �0.52p, a4 = 0.40,f4 = 0.37p for (f), a0 = 1.54, a2 = 0.33, f2 = �0.53p, a6 = 0.39, f6 = �0.69p for (g), and a0 = 1.54, a2 = 0.33, f2 = �0.52p,
a6 = 0.39, f6 = 0.31p for (h).
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In Fig. 5 we have studied the case of static surface anchoring
on the top surface, o2 = 0, while we kept the dynamic anchoring
on the bottom, o1 = o0. Specifically, the standard homeotropic
and planar anchorings are considered at the static top surface.
Fig. 5(d) and (h)–(j) show that this static-dynamic time-variable
anchoring creates a pulsating flow, where the flux periodically
stops or even draws a little bit back at specific moments
and then drives on again. The next significant difference here
appears in the leading frequency of the flow (and flow flux),
which is found to be the same as the anchoring frequency o1

(and not 2o1 as before with two dynamic surfaces). The fixed
anchoring in both homeotropic and planar conditions does not

allow the system to recover its initial state when the anchoring
direction rotates by only half a turn (i.e. by p). See Videos S5 and
S6 (ESI†). Therefore, after a p rotation of the director on the
bottom surface, the director field undergoes different config-
urations, resulting in different backflow coupling and thus
different material flow. We note that the 2o1 frequency is still
present in the Fourier series of the flow flux as the second-order
term. The time average of the flux is expectedly different in
homeotropic and planar anchorings due to the different bulk
distortions and different backflow effects.

Fig. 6(a) and (b) show the flow flux as dependent on the cell
thickness H and the magnitude of anchoring angular velocity

Fig. 5 Pulsating flow regimes driven by single-surface time-variable active anchoring. Snapshots of the director and flow field when the anchoring is
fixed on the top surface o2 = 0 and o1 = o0 on the bottom. For the static top surface, homeotropic (a)–(d) and non-degenerate planar (e)–(h) is assumed;
corresponding flow profiles are shown in (d) and (h) respectively as functions of time, where the maximum Ericksen number is Er E 0.3. Flow flux as
a function of time when homeotropic (i) and planar (j) anchorings on the static surface with Fourier coefficients a0 = 0.39, a1 = 0.18, f1 = �0.28p,
a2 = 0.33, f2 = �0.48p, a3 = 0.07, f3 = �0.20p, a4 = 0.03, f4 = 0.28p for (i), and a0 = 0.50, a1 = 0.18, f1 = 0.40p, a2 = 0.30, f2 = �0.50p, a3 = 0.06,
f3 = �0.82p, a4 = 0.02, f4 = 0.70p for (j). (see also videos S5 and S6, ESI†).
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when o2 = �o1. The net flux increases with the anchoring
angular speed for small o1. For large o1, the backflow effect
becomes less efficient since the high speed of the anchoring
overcomes the relaxation time of the nematic fluid, and as a
result, the net flux approaches a saturated level. The net flux
also increases by the cell thickness H, as shown in Fig. 6(a). The
inset in Fig. 6(a) shows that the cell thickness has some effect
on the average flow velocity across the channel bulk, calculated
as hvxi = a0/A, where a0 is the zero-order Fourier flow flux
coefficient or the time average of the flow flux and A is defined
as the area of the cell cross-section. Here, note that although
the flow flux magnitude increases with the cell thickness, its
qualitative behavior does not change much, and even the
average flow velocity in the inset of Fig. 6(a) varies only weakly
with the width of the channel. This can be a result of the fact
that the considered nematic orientational profiles are effec-
tively scalable as only conditioned by the director’s elasticity
and not nematic scalar order parameter.

4 Discussion and conclusion

We can propose two possible ways to bring tunable dynamic
surface anchorings into operation in an experiment: (i) multi-
step photo-alignment; surface anchoring can be controlled and
switched by photoresponsive carbohydrate-based surfactants56,57

or azobenzen-based elastomers grafted onto the surface.58–61

Such elastomers switch their bending under the ultraviolet wave
and back by visible light, which result in surface anchoring
switching because of their interactions with NLC molecules near
the surface. By switching the surface anchoring over a multistep
cycle, the dynamic anchoring can be –at least in principle–
available. Such photoisomerizations occur on a time scale of
picoseconds,62 which is quite fast, but the reorientation of the
NLC molecules could seem to be slow due to the high orienta-
tional viscosity, since the time scale of collective nematic

response to elastic distortions is tdir ¼
H2

GL
� 1 s for a typical

experimental length scale of H = 10 mm. But as a limited dynamic

region close to the surface is sufficient for flow generation
–thanks to the escaping of the bulk director field in y direction–

a more relevant time scale here would be multiples of tN ¼
xN2

GL
�

70 ns; which illustrates the nematic elastic response time within
the correlation length. (ii) Electro-optical meta-surfaces63–68 are
2D nano-meter size grids of electrodes, with the ability to control
tangential fields locally on the surface, which coupling with
nematic molecular orientations, make them very agile and rapid
tools for controlling and programming the dynamic surface
anchoring on the boundaries of NLCs, with reorientation time
scale of milliseconds. Again, with proper design and engineering,
time-variable easy axes modulation could potentially be realized.

In conclusion, we demonstrate the generation of material
flow in flat cell geometry of nematic complex fluids as driven by
time-variable active surface anchoring. Our results show that
the co-rotating or counter-rotating anchorings lead to different
flow regimes. If we look at the results shown in Fig. 2–5,
effectively, we notice that the local flow direction is always
roughly determined by the angular velocity vector of the nearby
surface anchoring through the right-hand law. As a result, for
co-rotating anchorings where the angular velocity has the
same magnitude and direction, the top and bottom surfaces
effectively cancel out each other’s effect and result in a zero
time-averaged net flux, while non-zero oscillating flux (with
zero time-average) can emerge by imposing a phase shift
between the angles of rotation of the two surfaces. Differently,
for counter-rotating time-variable active surface anchoring,
when the anchorings on the top and bottom rotate with the
same angular velocity but in opposite directions, effectively,
both active surfaces work up together which leads to a direc-
tional net material flow. Moreover, by choosing different rota-
tion speeds at the top and bottom, the flow profile can be
steered towards the top or bottom surface as a larger flow is
realized near the wall with faster anchoring rotation, which can
be a control parameter for flow steering. In parallel, we show
that the phase shift DfA can be used to tune the flow profiles as
well as the exact flow flux time dependence. Fourier analysis of

Fig. 6 Time average of the flow flux as a function of the cell height H (a), and anchoring frequency o1 (b) for counter-rotating driving with o2 = �o1. The

inset in (a) shows the flow flux density, defined as the flow flux time average divided by the cross-section area (a0/A) in units of 10�3
GL
Dx
� 20 mm s�1.
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the flow flux of co-rotating and counter-rotating surface anchor-
ings shows that only even Fourier terms contribute to the flow
flux, and as a result, the overall frequency of the flow flux is
twice as large as the smallest anchoring frequency. This con-
straint changes when one of the surfaces is fixed and the other
is rotating, where both odd and even terms emerge in the flow
flux. Pulsating flow flux is a characteristic behavior of this
static-dynamic time-variable surface anchoring regime, where
the dynamic surface anchoring is applied only on one side.
In our simulations, the Ericksen number varies between less
than 0.1 for thin layers with small rotation angular velocities
and 0.6 for thicker layers with faster anchoring rotations.
This number is comparable to a typical maximum velocity of
v = 6 mm s�1 in experiment69 and a typical cell thickness of H =
10 mm, with the same rotational viscosity and elastic constant
used in this article (see Section 2). We do not see any topo-
logical defects in our simulations in the steady state as shown
in Fig. 2–5. We believe there are two reasons for the absence of
the defects here: (i) simple 2D-infinite plane geometry for the
boundaries and (ii) uniform anchoring rotation with no depen-
dency on position. Of course, by choosing more complicated
geometries or scenarios for the dynamic surface anchoring
driving, the emergence of topological defects and consequently,
more complicated flow fields is expected.

In this work, we focused on the ability and possible moda-
lities of the surfaces to drive and control the microfluidic flow
of complex nematic fluids which would broaden the options of
pumping NLC flow in the experiment as a complement to other
propositions for driving NLC flow in the bulk for example by
using electric or optical fields.9 For example, the distinct
difference of this work is that the flow driving does not depend
on any material dielectric properties (e.g. refractive indices,
dielectric constant, etc.) and could be applied also to zero-
birefringence nematic fluids. Secondly, the concept of flow
driving through time-variable surface anchoring could – by
using different surface anchoring driving mechanisms – be
transferable to other nematic material length scales such as
colloidal liquid crystals which could be much more challenging
with optical (size) or electric field effect (homogeneity of the
field). Finally, the effectively surface-imposed dynamic control
could also be transferred to different – for example, active-
materials (i.e. beyond molecular liquid crystals) where bulk
control of the materials is currently much less established or
available. More generally, this work contributes to the develop-
ment of novel material driving routes in topological soft matter
and synthetic active materials.
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9 Ž. Kos and M. Ravnik, Sci. Rep., 2020, 10, 1446.
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12 S. Čopar, Ž. Kos, T. Emeršič and U. Tkalec, Nat. Commun.,
2020, 11, 59.

13 P. Pieranski and E. Guyon, Phys. Rev. A: At., Mol., Opt. Phys.,
1974, 9, 404.

14 A. Sengupta, C. Bahr and S. Herminghaus, Soft Matter, 2013,
9, 7251–7260.

15 K. Sentker, A. Yildirim, M. Lippmann, A. W. Zantop,
F. Bertram, T. Hofmann, O. H. Seeck, A. V. Kityk, M. G.
Mazza and A. Schönhals, et al., Nanoscale, 2019, 11,
23304–23317.

16 Q. Zhao, L. Kang, B. Du, B. Li, J. Zhou, H. Tang, X. Liang and
B. Zhang, Appl. Phys. Lett., 2007, 90, 011112.

17 J. Aplinc, A. Pusovnik and M. Ravnik, Soft Matter, 2019, 15,
5585–5595.

18 J. M. Walker, Biochem. Educ., 1988, 16, 182.
19 V. Miralles, A. Huerre, F. Malloggi and M.-C. Jullien, Diag-

nostics, 2013, 3, 33–67.

Paper Soft Matter

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 0

2.
11

.2
5 

16
:4

0:
23

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.5281/zenodo.4737814
https://doi.org/10.5281/zenodo.4737814
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sm00924j


This journal is © The Royal Society of Chemistry 2025 Soft Matter, 2025, 21, 835–843 |  843

20 G.-Y. Li, J.-J. Yu, C.-C. Duan, S. Sun, C.-M. Wu and Y.-R. Li,
Phys. Fluids, 2024, 36, 062005.

21 X. Wang, C. Cheng, S. Wang and S. Liu, Microfluid. Nano-
fluid., 2009, 6, 145–162.

22 K. Choi, A. H. Ng, R. Fobel and A. R. Wheeler, Annu. Rev.
Anal. Chem., 2012, 5, 413–440.

23 X. Fan and I. M. White, Nat. Photonics, 2011, 5, 591–597.
24 L. Y. Yeo and J. R. Friend, Annu. Rev. Fluid Mech., 2014, 46,

379–406.
25 R. Hughes and J. M. Yeomans, Phys. Rev. E, 2020, 102,

020601.
26 B. V. Hokmabad, K. A. Baldwin, C. Krüger, C. Bahr and
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