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Solutions of macromolecules exhibit viscoelastic properties and unlike Newtonian fluids, they may break
time-reversal symmetry at low Reynolds numbers resulting in elastic turbulence. Furthermore, under
some conditions, instead of the chaotic turbulence, the result is large-scale waves in the form of cyclic
spatial and temporal concentration variations, as has been shown for macromolecular DNA flowing in
microfluidic pillar arrays. We here demonstrate how altering the symmetry of the individual pillars can be
used to influence the symmetry of these waves. We control the extent of instabilities in viscoelastic flow
by leveraging the effects of the symmetry of the pillars on the waves, demonstrating suppressed
viscoelastic fluctuations with relevance for transport and sorting applications, or conversely opening up
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1 Introduction

Viscoelastic effects in the flows of polymer solutions through and
around structures at the microscale are believed to have practical
importance in diverse areas ranging from the extraction of oil
from mineral matrices* and the transport of heat,” to the under-
standing of the transport of biological fluids, both in their native
environments® and through novel types of microfluidic devices.**
An example of the latter is microfluidics devices for the separation
of DNA molecules by length that use deterministic lateral
displacement (DLD)*** as well those relying on pulsed electrical
fields combined with a pillar array arranged in a hexagonal
pattern.**** While the underlying mechanisms are entirely
different, both are based on arrays of pillars through which the
molecules follow size-dependent trajectories. Since solutions of
DNA are viscoelastic fluids, and therefore may exhibit elastic
turbulence,"*** an understanding of their behavior in pillar arrays
is essential for the development and improvement in functionality
of these devices.

The fluctuations and instabilities that viscoelastic flows exhibit
have been observed for a broad range of geometries.'*** Indeed,
during recent efforts to improve the separation of long (>20 kbp)
DNA fragments in DLD devices" we found that DNA can assemble
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occurrence of the waves to construct a fluidic diode.

into ordered waves of high concentration and molecular stretch-
ing and, what is more, that the local flow direction inside these
waves differs from the bulk flow direction, an effect which both
increased and decreased the quality of separation dependent on
the specific conditions. We have subsequently shown that the
formation of these waves depends to a large degree on the visco-
elastic properties of the fluid and the order of the pillar array, with
large scale flow patterns or waves absent in arrays where the
position of each pillar has been randomly perturbed.*

Symmetry plays an important role in this context. DLD is by its
nature asymmetric. Particles move across flow lines due to steric
interactions between the particles and the pillars, something that
was first observed to be essential for sorting in early ratchet
devices,” and which leads to the breaking of the time-reversal
symmetry of low-Reynolds number flow in DLD devices.”*
Furthermore, the geometry of the pillar array and device bound-
aries may introduce a lateral flow component,* an effect that can
be somewhat mitigated by the addition of carefully designed
compensatory structures to the array boundaries.”*** For DLD,
decreasing the symmetry of the cross section of pillars from
circular to triangular** has been used to decrease the critical
size, the propensity for clogging and to increase the sensitivity to
deformability when sorting cells.*® In viscoelastic flows, longitu-
dinal symmetry is broken by deadzones forming upstream of
pillars.”” Lateral symmetry has been shown to be spontaneously
broken for flow around a cylindrical laterally symmetrical
obstacle.”** Symmetry plays an important role for instabilities in
arrays of symmetric (circular and square)"” and non-symmetric
(triangular)** pillars.
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The instabilities that readily occur even at low Reynolds
numbers for viscoelastic fluids offer opportunities as well as
challenges.” They may influence throughput through changes
in flow resistance. They are detrimental to the integrity of
sample streams and sample plugs. On the other hand, for
mixing applications they offer an excellent substitute for inertial
turbulence that is difficult to achieve in microfluidic systems.
There is thus a strong interest in understanding the origin of
the instabilities as well as in the development of strategies for
controlling them. While randomization of the pillar structure
has been shown to suppress the instabilities,*** for certain
cases a randomization can enhance instabilities,** and for some
applications it may be unsuitable where a regular array is
required for optimal operation.”*®* Other approaches for
suppression involve careful channel design,***° soft borders®”
and flow modulation.*

Mixing is a central function in many microfluidic systems,***
for example in biological assays, medical analysis, material
synthesis, heat transfer and the study of chemical reactions where
it is essential for accurate and reproducible results.** Mixing is
a process that leads to uniformity of concentration and on
a fundamental level it relies on diffusion. Due to the quadratic
dependence of diffusion time on diffusion length, in most cases
various approaches are necessary to decrease the diffusion length
in order to reach acceptable sample processing times.** In the
macroscopic world, turbulence will do this simply by stirring. In
microfluidics, more elaborate schemes are necessary to shape the
flow of the liquids so that the different samples are folded into
each other.*”” At the low Reynold's numbers ubiquitous in micro-
fluidics devices, viscoelastic instabilities and viscoelastic turbu-
lence have been shown to increase mixing.**

Diodicity may be the consequence of broken device symmetry.
The difference in flow resistances in the two flow directions in
a device can be traced back to different flow patterns and has been
demonstrated for both Newtonian** and viscoelastic systems.*"**
Under low-Reynolds number conditions, viscoelastic fluids are of
especial interest for these types of applications.

In this paper we explore the role of the symmetry of the array
pillars on the macroscopic waves that we have reported previ-
ously.” We then use what we have learnt to show proof of
principle of prospective applications in terms of stabilized
flows, mixing and rectified flows.

2 Materials and methods

In the following, a brief overview is given about the experi-
mental procedures as well as a discussion about dimensionless
numbers that are used in the analysis. Further details are
described in the ESI Sections 1 to 6 and 8.}

2.1 Reagents

A phage DNA (New England Biolabs, Ipswich, MA, USA) at
a concentration of 400 ug ml~* was stained with the bisinterca-
lating dyes YOYO-1 (green) or YOYO-3 (red) (Life Technologies,
Carlsbad, CA, USA). YOYO-1 was used for the main studies of
symmetry, and two samples with each of the dyes were used for
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the demonstration of mixing and suppression of mixing. For the
two-color imaging, the staining ratios were adjusted to take into
account the difference in brightness of the two dyes.

2.2 Devices

Three different device designs were used in our study. The
devices were fabricated using standard replica molding tech-
niques with a design based on a straight channel with a square
array of pillars of overall size 0.8 mm wide, 8 mm long, and 11.5
um deep. All devices have a pitch of 36 uym and an array con-
sisting of 22 x 222 triangles.

For the main work on the effect of symmetry, device 1 is
used. It consists of a straight channel with one inlet and one
outlet. The array consists of right angled isosceles triangular
pillars, see Fig. 1(c), (d) and S1 in the ESLf The legs of the
triangles are 27 pm and the gaps between them are 9 um. The
pillars are oriented such that flow in one direction impinges on
a leg (which we denote flatwise flow), and in the other direction
on an acute vertex (which we denote pointwise flow).

For the wave-suppression studies and the mixing studies, the
devices have two inlets and one outlet, with two types of arrays:
device 2 with triangular pillars in the flatwise orientation but
with each row of alternating handedness (left or right), and
device 3 with right angled isosceles triangular pillars in the

Pressure Control
O O ® O

DNA |

Flow
Measurement

Water

(b) . 4mm

8 mm 4 mm

Fig. 1 Overview of the micropillar platform and snapshots of fluo-
rescent DNA moving through an array of triangular pillars (device 1). (a)
Schematic of setup. Note that the measurement takes place using
water for which the flow sensor has been calibrated. The DNA does
not reach the flow sensor. (b) Device layout with the region of interest
indicated in the center. Note that the region of interest is approximate.
It is adjusted such that the straight channels at the beginning of the
flow are included in the field of view for each flow direction. (c and d)
Low-magnification micrographs (2x) for the two flow directions. In
each case, one wave is highlighted with a dashed white line. (c)
Pointwise flow (u = 87 mm s™%, De = 350). (d) Flatwise flow (u =
10 mm s~ De = 400). The dynamics of the waves is clearly seen in the
ESI Movies S1, S4, and S5.1 The intensity and brightness are the same
for all figure panels and set to enhance the visibility of the waves (as for
all subsequent figures). Scale bar 500 um for the low-magnification
snapshots and 20 um for the inset showing the pillars.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Low frequency region of spatial Fourier amplitude difference spectra for pointwise (green) minus flatwise (red) flows in device 1. Before
subtraction, the mean spectra for all the frames of each videograph were computed. The data is based on fluorescence videos captured at a low
magnification (2x objective) of various lengths in the range of 100 to 300 s. For clarity and to better compare with the relevant scales, instead of
giving the inverse distances corresponding to each Fourier component, we give the lengths. Guides for the eye are added as follows. The thin red
dashed line (all panels) corresponds to an optical artefact (see Section 6 in the ESIt). The thick red dashed line corresponds to waves for flatwise
flow (mirrored for comparison with pointwise waves). The dashed green line corresponds to waves for pointwise flow. Note that pointwise waves
occur at lower De (De = 100 for pointwise waves compared to De = 200 for flatwise waves). See ESI, Section 87 for further discussion about the

frequency analysis and for additional data.

flatwise orientation just like device 1, see Fig. 5(a) and S2 in the
ESI.T For device 2 the two equal sides of the posts are 25 pm and
the gaps 10 um. For device 3 the two equal sides of the posts are
23 um and the gaps 12 um. The differences in post size originate
in the fabrication processes.

2.3 Experimental setup

The devices were run by applying an overpressure of nitrogen
gas, and the flow rate measured using an inline liquid flow
sensor (Fluigent, Paris, France).

The DNA was imaged using standard epifluorescence
microscopy. We used a 4x (Nikon Plan Apo A, NA 0.2) and a 40
(Nikon Plan Fluor, NA 0.60) objective together with a SCMOS
Hamamatsu Orca Flash 4.0 camera (Hamamatsu, Shizuoka
Pref., Japan) to acquire raw images.

For the two-color imaging, an Optosplit II (Cairn Research
Ltd., Faversham, UK) was used for simultaneous acquisition of
the two emission wavelengths coming from the YOYO-1 and
YOYO-3 stained DNA subpopulations.

Any confounding patterns caused by diffraction or reflection in
the array were characterized for device 1 without DNA (see Section
6 in the ESI}). Image processing was done with custom made
Python code using standard libraries.

2.4 Dimensionless numbers

To be able to relate our observations to the prevailing flow
conditions we derive the average flow velocities from the
measured volumetric flow rates, Q, 0.01-8 nl s™*, dividing by
the total cross-sectional area of the smallest gaps between the
pillars, A. We estimate the Reynolds number, Re [eqn (1)], for
all experiments to be in the range 9 x 107> to 6 x 102, such
that we can neglect any inertial contributions. Here p is the
density of water, G is the gap between the pillars, and u is the
viscosity measured as described in the ESI Section 4.}

puG
Re=—, 1
m 1)

The Deborah number is evaluated using eqn (2):

© 2023 The Author(s). Published by the Royal Society of Chemistry
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De = —. 2
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Here t = 1.43 s is the relaxation time for A DNA (measure-
ment detailed in ref. 19), and L = 36 um is the array pitch. u is
the mean flow velocity between pillars, see detailed description
of u in the ESI Section 47 resulting in a De in the range 1.4-400.
Elastic effects can thus not be neglected.

These dimensionless numbers are calculated using esti-
mates of the mean flow rates between pillars and using the bulk
properties of the DNA solution and should be considered as
nominal values and guides for comparison only since the
presence of vortices and the variation in the local concentration
of DNA (as easily seen in Fig. 3) lead to large variations in these
numbers in time and space. What is more, the measured flow
rates for the given applied driving pressures differ between the
flatwise and pointwise directions, leading to different De (see
discussion on diodicity below).

3 Results and discussion

As a solution of A phage DNA at high concentration exceeding the
overlap concentration as in our previous work" is forced to flow
through the pillar array at various applied pressures, the fluores-
cence images give us information about the local concentration of
the DNA as it varies over space and time. We observe several
phenomena with large qualitative differences immediately
apparent in the two flow directions. We consider first macroscopic
observations of concentration waves over the entire device and
will then continue to discuss the flow at the scale of individual
posts. Finally, we show proof of principle of prospective applica-
tions. Additional experimental results for a broader range of
experimental parameters are shown in the ESI Sections 6 to 8
along with descriptions of movies in Section 9.

3.1 Macroscopic waves

In Fig. 1 we can see how the symmetry of the macroscopic wave
pattern is broken for the array with triangular pillars. As
opposed to the case of circular pillars which generates two types

RSC Adv, 2023, 13, 31497-31506 | 31499
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Fig. 3 Microscopic flow patterns for device 1. Observed at the microscale (40 x magnification), the flow behavior differs significantly between
the two flow directions. The pairs of images in each panel consist of micrographs (x, y) and kymographs (y, t) taken along the vertical line shown in
the first panel. The small blue bars found at the bottom of each kymograph indicate the relative time points of the micrograph in each pair. The
red arrows highlight a selection of the time points when waves occur. Each kymograph spans a total of 7 s. To illustrate the evolution of the high-
concentration DNA blobs, regions of interest spanning 0.9 s and expanded in the time dimension are indicated in (f) and (1) at the very bottom. See
the ESI Movie S21 corresponding to the data of all the panels. Scale bars are 20 um.

of waves with orientations mirrored around the axis along the we break the lateral symmetry using the triangular pillars. This
device channel with equal probability, as previously reported,” is in contrast to the spontaneous lateral symmetry breaking
only one type of wave dominates for each flow direction when around circular obstacles that lacks any preferential

31500 | RSC Adv, 2023, 13, 31497-31506 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Microscopic concentration fluctuations around individual
pillars for flatwise and pointwise flows in device 1. (a) Temporal fluc-
tuations in intensity around one pillar as indicated in Fig. S3(c), ESL.T (b)
Corresponding temporal Fourier amplitudes. (c) Flow characteristics

around four pillars in flatwise (left) and pointwise flow (right) (20x
magnification) from ESI Movie S3.1 Scale bar is 20 pm.

direction.””** Note that there is a clear difference in the
magnitude of the angles with respect to the device axis of the
orientations of the two waves, implying that the underlying
mechanisms are different.

Analyzing the spatial, two-dimensional (2D) frequency
components of the macroscopic wave patterns in the DNA seen
in Fig. 1 reveals a distinct difference in the Fourier transform
amplitude spectra for the two flow directions for flow velocities
above approximately 3 x 107> m s~ ', see Fig. 2 for the low-
frequency components. The waves corresponding to the point-
wise flow (green) appear for lower flow velocities than the waves
corresponding to the flatwise flow (red). The angles corre-
sponding to a high amplitude for each flow direction in the high
velocity spectra (3 x 10> m s %, 6 x 10> m s %, and 1 x
107> m s~ ') correspond to the orientations of the waves of the
two directions visible in Fig. 1. Note that the difference is not as
clear as in the images, presumably because the angle of the
waves flatten out close to the walls in pointwise flow.

We can estimate a threshold value for De for which macroscopic
waves form from Fig. 2 noting that a clear signal is visible for De =
200 for flatwise flow and De = 100 for pointwise flow. On the other
hand, by observation in the raw data presented in the ESI Fig. S5
and S6,t we instead make the estimates De = 140 for flatwise flow
and De = 100 for pointwise flow. For the corresponding Fourier
transforms in Fig. S8 and S9,T we make the estimates De = 170 for
flatwise flow and De = 100 for pointwise flow.

See ESI Fig. S5 and S67 for low-magnification micrographs of
a larger range of flow velocities and Fig. S8 and S9t for ampli-
tude spectra of the full frequency range.

3.2 Microscopic flow patterns

On the microscopic scale of the pillars, for flow in both direc-
tions, as the flow velocity is increased from zero, the first
observation we make is that stable deadzones depleted of DNA

© 2023 The Author(s). Published by the Royal Society of Chemistry
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form and that their distributions differ between the two direc-
tions, Fig. 3(a) and (g). This corresponds to what has been re-
ported in viscoelastic flows in pillar arrays of different
shapes,'”** and is similar to what we see for circular pillars.* As
the flow velocity is increased, the asymmetry becomes more
pronounced. Vortices form, similar to ref. 46-49, but their
positions, strength, fluctuations, and interactions with each
other are different for the two flow directions, see Fig. 3(b)-(d)
and (h). Finally, as can be seen in Fig. 1 and 3(e), (f) and (i)-(1),
waves form that are very different on both the microscopic and
macroscopic scale.

Flow in the flatwise direction is dominated by the formation
of distinct non-symmetric vortex pairs between pillars along the
flow direction at high De, with a smaller clock-wise vortex near
the vertex of the pillar and a larger counter clock-wise brighter
vortex below, see Fig. 4(c), consistent with the abrupt increase in
vorticity observed for the viscoelastic flow in a channel with
a pair of cylindrical obstacles.*® The formation of these vortex
pairs can be clearly seen in Fig. 3(d) at u = 4.7 mm s~ " and they
persist between waves at higher flow rates, Fig. 3(e) and (f).
Immediately prior to the passage of a wave the vortices appear
to entangle and subsequently mix and vanish, resembling the
cycles of buildup of a deadzone followed by deadzone washing
as reported in ref. 17 although in their case the observation is
not connected to any device-wide regular fluctuations. Our
waves are associated with a fairly abrupt accumulation of DNA
in the vortices as is clear from the inset in Fig. 3(f).

In the pointwise direction, the evolution of the flow pattern is
not as clear cut as for the flatwise flow. Stable vortices are not
observed, see Fig. 4(c). Instead, the flow of DNA exhibits two
distinct phenomena: rather stable, yet minuscule wakes form at
each downstream vertex during the period between waves
resembling those described, for example, in ref. 17 followed by
the wakes vanishing as the wave of high-concentration DNA
passes. In contrast to the flatwise direction, here waves are
associated with a gradual shift of the accumulated DNA as is
seen in the inset in Fig. 3(1).

An analysis of the intensity in a unit cell of the array around
one pillar further highlights the differences in flow behaviour in
the two flow directions. Fig. 4(a) shows a striking difference in
the time evolution of the intensities, i.e. local DNA concentra-
tions, around a pillar due to the propagation of the wavefronts
for the two flow directions in terms of the regularity of the
fluctuations. A Fourier analysis of the time signals, see Fig. 4(b),
identifies a distinct frequency peak (at approximately 1 Hz) for
flatwise flow which is absent for pointwise flow. The difference
in the dynamics may be ascribed to the presence of the wakes,
or stagnation points, which have been identified as a source of
instabilities.*

We can estimate a threshold value for De for which micro-
scopic instabilities and waves form from Fig. 3 noting that for
flatwise flow instabilities start at De = 190 and waves start at De
= 230 and for pointwise flow instabilities start at De = 46 and
waves start at De = 120. On the other hand, by observation of
the fluctuations of the intensity around one pillar presented in
the ESI, Fig. S10,T and the corresponding Fourier transform in
Fig. S11,f we instead make the estimates for the onset of

RSC Adv, 2023, 13, 31497-31506 | 31501
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instabilities at De = 230 for flatwise flow and De = 150 for
pointwise flow.

For a better view of the formation and shedding of vortices as
well as the flow dynamics in general we refer to the ESI Movies
S2 and S3.7

3.3 Applications

To demonstrate the technical relevance of our work, we show
proof of principle of how the control of the waves can be useful for
suppressing viscoelastic fluctuations for future transport and
sorting applications, for enhanced mixing, and for fluid rectifi-
cation. We also direct the reader's attention to relevant questions
of the underlying physics that are necessary to understand in

(a)‘

Width = 800 pm

View Article Online
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detail to fully optimize these applications.

To demonstrate suppression of viscoelastic instabilities, we
selected a design based on flatwise flow combined with
breaking the lateral symmetry with alternating left- and right-
handed orientations of the triangles in each row (device 2), we
indeed note that the waves are strongly suppressed, in turn also
suppressing the mixing. The region of overlap is successfully
minimized and constrained to a thin line in the middle of the
device, almost limited to a single row of pillars. See Fig. 5(b)-(e).
We argue that changing the orientation of the triangles in each
row, neither the right-handed nor the left-handed wave has
a chance to form, in analogy to the open-loop modulation
demonstrated in simulations for suppression of instabilities.*®

Alternating

Re =~ 2.9x1073 De =~ 1.5x10?

(e)

Q=0.59 uLl/min u=3.1mm/s

Re = 2.9x103 De = 1.2x102

Fig. 5 Suppression of viscoelastic fluctuations and enhancement of mixing in devices 2 and 3 for low flow rates. (a) Device layout for device 2
(alternating) and device 3 (unidirectional). (b—i) Two DNA solutions stained in red and green respectively, are introduced in the inlets at the left of
the device. The left panels refer to the upstream part of the device (ROI 1) and the right panels refer to the downstream part of the device (ROI 2).
The overlap is calculated as the smallest of the ratios of the two colors and is shown in yellow. The gray-scale images below each color image
alternating orientation resulting in a clear suppression of the waves. (f-i)
Arrays of triangles with unidirectional orientation leading to clear wave formation. Note that the array geometry is indicated using the white

show the overlap ratio only. (b—e) Arrays of triangles with a periodical

outlines of the pillars to the right for each case.
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De = 10x102

Re = 1.9x1072

Pk

De = 8.5x102

Fig. 6 Suppression of viscoelastic fluctuations and enhancement of mixing in devices 2 and 3 just like in Fig. 5 but for high flow rates. (a—d) Arrays
of triangles with a periodical alternating orientation resulting in a clear suppression of the waves. (e—h) Arrays of triangles with unidirectional

orientation leading to clear wave formation and strong mixing.

This suggests that the asymmetric waves are formed through an
additive process such that each step leading up to a left-handed
wave simply constitutes the inverse of the corresponding step
for a right-handed wave. Further studies might shed light on
how this contributes to the long-range coupling between the
flow on the scale of the pillars to the waves that span the entire
device. It also implies that the angle of the waves may be related
to the balance between the axial flow of the liquid and the
lateral gradual buildup of the conditions that lead to wave
formation. The difference in angle of the waves for flatwise and
pointwise flow directions that can be clearly seen in Fig. 1(c) and
(d), together with the fact that the local flow patterns are so
distinct, see Fig. 4(c), implies a significant connection between
the microscopic flow patterns and the exact mechanism for the
coupling between the short-range patterns on the scale of the
pillars and the long-range wave patterns.

It is important to mention that at high flow rates some
viscoelastic instabilities emerge close to the inlet region for
device 3, Fig. 6(a). These do not result in any lateral transport of
the DNA, and thus not to any increased mixing. They seem to
dissipate as they flow through the device, and cannot be seen at
the outlet, Fig. 6(b). We argue that these waves are being
generated at the inlet due to the transition from the straight
channel to the obstacles arrays, but that the alternating triangle
geometry efficiently suppresses them. For a better view of the
waves and the mixing as well as the flow dynamics in general we
refer to the ESI Movies S6 and S7.}

© 2023 The Author(s). Published by the Royal Society of Chemistry

As a control we demonstrate enhanced mixing, by selecting
a design based on flatwise flow with an array of triangles
arranged similarly oriented in all rows (device 3). Feeding two
streams of differently colored DNA side by side into the device,
the resulting waves lead to enhanced overlap of the two DNA
streams, Fig. 5(f)-(i) and 6(e)-(h). We see that the amount of
waves increases with the flow rate. The waves give rise to a clear
overlap of the two input streams and the mixing region is wider
at higher flow rates. The extent of the overlap is on the order of

() (b)

T T T @ T T
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Fig. 7 Different flow resistance for different flow directions for device
1. (a) Mean flow velocity dependence of applied pressure. (b) Diodicity,
Di = Qpointwise/ Qfiatwise as a function of applied pressure. The arrows in
(a) mark the earliest wave observations in pointwise (150 mbar, left
arrow) and flatwise (330 mbar, right arrow). The error bars in (a)
represent one standard deviation and those in (b) represent the frac-
tional standard deviations added in quadrature.
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three magnitudes larger than would be expected by diffusion
alone, calculated based on the radius of gyration of the DNA and
the measured average viscosity of the DNA solution.

Flow rates differ for the two applied flow directions at each
applied pressure for the array with triangles arranged similarly
oriented in all rows (device 1), presumably due to the difference
in microscopic flow patterns.*> However, what is more impor-
tant for any application as a fluidic diode is that the flow resis-
tance changes at the onset of waves and that waves appear for
different pressures for the two directions. We ascribe this
difference in threshold to stabilization of the flow by the strong
vortices in the flatwise flow such that a higher applied pressure
is necessary than for pointwise flow to give rise to waves. The
difference in flow rate is thus maximized for the pressure range
for which waves occur in only one of the two flow directions,
Fig. 7. The ESI Movies S4 and S51 show this difference clearly
during the application of a slowly cycled driving pressure.

4 Conclusions

The work constitutes a first step to detailed understanding of
the wave phenomenon that would enable the engineering of
these regular viscoelastic instabilities for a wide range of
fluidics applications. We have demonstrated the suppression of
viscoelastic instabilities in DNA solutions, which may open up
for stabilized transport of viscoelastic solutions at high
concentrations and high throughput and unperturbed particle
sorting involving various biological fluids such as saliva®>** and
blood plasma.>* It will also help efforts to sort DNA at high
concentration and high throughput.” Care must be taken in
this case, however, to take into account any effects of the
orientation of the flow in relation to the pillar array as is
necessary for DLD” but has been shown to influence the visco-
elastic instabilities.*® To make the control of the waves the basis
for a generally applicable tool, specifically for mixing applica-
tions at low Re, for example for devices for immunocapture,* it
will be necessary to explore whether more generic molecules
such as polyethylene glycol (PEG) can be used instead of DNA.

The concomitant symmetry breaking® at the scale of the
waves and at the scale of the pillars suggests that changes of the
shape of the pillars may be used to modulate the characteristics
of the waves, something that is also supported by the sharp
difference in the microscopic fluctuations for the two flow
directions. To verify this hypothesis, a systematic screening of
possible pillar shapes is necessary. Intuitively, the waves are no
surprise due to the feedback between the flow through the pillar
array causing the waves, and the waves influencing the flow by
their higher local viscosity. For detailed understanding of the
underlying mechanisms, careful high-speed flow trajectory
measurements will be necessary, e.g. using particle tracking
velocimetry,* especially during the passage of a wave across
a pillar on microscopic as well as macroscopic scales. During
the entanglement of the vortices, the flow normal to the device
is especially interesting, making it necessary to explore the
effect of varying the depth of the device. A central question is
how the microscopic behavior around each pillar is synchro-
nized across the device to form the macroscopic waves. The
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results of the alternating triangular pillar arrays, may possibly
be used as a basis for addressing this question using carefully
designed combinations of different types of pillar geometries so
that the contribution of different types of microscopic flow
patterns to the generation of the macroscopic waves can be
elucidated. Also, the various length scales in the array are
important and need to be investigated. For example, changing
the gap between the posts and the rows would allow us to
characterize the relevant interaction distances, above which
macroscopic waves would not be expected. Simulations will be
required although they will not be trivial due to the large range
of relevant length scales involved from um in the vortices and
other flow patterns close to each pillar to the device-wide waves
on the mm scale.

The observation that the break in symmetry of the device
design creates a difference in onset of wave formation, suggests
a potential application of the observed flow phenomena as the
basis for a fluidic rectifier.*” To optimize the operation of these
types of devices, careful measurements of thresholds in terms of
De will be needed including identifying any hysteresis.

Data availability

The data that support the findings of this study are openly
available in Harvard Dataverse at https://doi.org/10.7910/DVN/
RY7MUS.

Author contributions

The author contribution statement has been written according
to CRediT (Contributor Roles Taxonomy, see https://
credit.niso.org for role descriptions): conceptualization, J. P.
B, O. E. S, E. T., and J. O. T.; data curation, J. P. B,, O. E. S.,
and E. T.; formal analysis, J. P. B, O. E. S, and E. T.; funding
acquisition, J. O. T.; investigation, J. P. B., O. E. S. and E. T,;
methodology, J. P. B., O. E. S, E. T,, and J. O. T.; project
administration, J. O. T.; resources, J. O. T.; software, J. P. B.,
O. E. S, and E. T.; supervision, J. P. B, and J. O. Ty
validation, J. P. B., O. E. S., E. T., and ]. O. T.; visualization, ]J.
P. B, O. E. S, E. T,, and ]. O. T.; writing - original draft, J. P.
B, O. E. S, and J. O. T.; writing - reviewing & editing, ]J. P. B.,
O.E.S., E. T, and J. O. T. At a late stage of the project, during
the preparation of the manuscript, we decided to include
applications of symmetry for applications of mixing and
suppression of mixing. This work constitutes the main
contribution of E. T. in terms of experiments, data processing
and analysis.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This research was funded by the European Union, grant
number 634890 (project BeyondSeq/Horizon2020), Euro-
NanoMed (NanoDiaBac), by the Swedish Research council,

© 2023 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.7910/DVN/RY7MU8
https://doi.org/10.7910/DVN/RY7MU8
https://credit.niso.org
https://credit.niso.org
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra06565k

Open Access Article. Published on 27 October 2023. Downloaded on 4/21/2026 11:46:41 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

grant number 2016-05739 and NanoLund, grant numbers p20-
2019 and staff01-2020. All device processing was conducted
within Lund Nano Lab.

Notes and references

1 K. S. Sorbie, Polymer-improved oil recovery,
Dordrecht, The Netherlands, 1991.

2 W. M. Abed, R. D. Whalley, D. J. C. Dennis and R. J. Poole, J.
Non-Newtonian Fluid Mech., 2016, 231, 68-78.

3 M. Carrel, V. L. Morales, M. A. Beltran, N. Derlon,
R. Kaufmann, E. Morgenroth and M. Holzner, Water Res.,
2018, 134, 280-291.

4 A. Groisman and V. Steinberg, Nature, 2001, 410, 905-908.

5 Y.Li, H. Zhang, Y. Li, X. Li, J. Wu, S. Qian and F. Li, Sci. Rep.,
2018, 8, 3618.

6 A. Hochstetter, R. Vernekar, R. H. Austin, H. Becker,
J. P. Beech, D. A. Fedosov, G. Gompper, S. C. Kim,
J. T. Smith, G. Stolovitzky, J. O. Tegenfeldt, B. H. Wunsch,
K. K. Zeming, T. Kruger and D. W. Inglis, ACS Nano, 2020,
14, 10784-10795.

7 L. R. Huang, E. C. Cox, R. H. Austin and ]. C. Sturm, Science,
2004, 304, 987-990.

8 Y. Chen, E. S. Abrams, T. C. Boles, ]J. N. Pedersen,
H. Flyvbjerg, R. H. Austin and J. C. Sturm, Phys. Rev. Lett.,
2015, 114, 198303.

9 B. H. Wunsch, S. C. Kim, S. M. Gifford, Y. Astier, C. Wang,
R. L. Bruce, J. V. Patel, E. A. Duch, S. Dawes, G. Stolovitzky
and J. T. Smith, Lab Chip, 2019, 19, 1567-1578.

10 B. H. Wunsch, K. Y. Hsieh, S. Kim, M. Pereira, S. Lukashov,
C. Scerbo, J. M. Papalia, E. A. Duch, G. Stolovitzky and
S. M. Gifford, Adv. Mater. Technol., 2021, 6, 2001083.

11 O. E. Strém, J. P. Beech and J. O. Tegenfeldt, Micromachines,
2022, 13, 1754.

12 O.Bakajin, T. A. J. Duke, J. Tegenfeldt, C. F. Chou, S. S. Chan,
R. H. Austin and E. C. Cox, Anal. Chem., 2001, 73, 6053-6056.

13 L. R. Huang, J. O. Tegenfeldt, J. J. Kraeft, J. C. Sturm,
R. H. Austin and E. C. Cox, Nat. Biotechnol., 2002, 20,
1048-1051.

14 A. Groisman and V. Steinberg, Nature, 2000, 405, 53-55.

15 A. Groisman and V. Steinberg, New J. Phys., 2004, 6, 29.

16 S. S. Datta, A. M. Ardekani, P. E. Arratia, A. N. Beris,
I. Bischofberger, G. H. McKinley, J. G. Eggers, J. E. Lopez-
Aguilar, S. M. Fielding, A. Frishman, M. D. Graham,
J. S. Guasto, S. J. Haward, A. Q. Shen, S. Hormozi,
A. Morozov, R. J. Poole, V. Shankar, E. S. G. Shaqfeh,
H. Stark, V. Steinberg, G. Subramanian and H. A. Stone,
Phys. Rev. Fluids, 2022, 7, 080701.

17 D. Kawale, E. Marques, P. L. Zitha, M. T. Kreutzer,
W. R. Rossen and P. E. Boukany, Soft Matter, 2017, 13,
765-775.

18 S.]. Haward, C. C. Hopkins, S. Varchanis and A. Q. Shen, Lab
Chip, 2021, 21, 4041-4059.

19 O. E. Strém, J. P. Beech and J. O. Tegenfeldt, Lab Chip, 2023,
23, 1779-1793.

Springer,

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

20 L. R. Huang, P. Silberzan, J. O. Tegenfeldt, E. C. Cox,
J. C. Sturm, R. H. Austin and H. Craighead, Phys. Rev. Lett.,
2002, 89, 178301.

21 K. Loutherback, J. Puchalla, R. H. Austin and J. C. Sturm,
Phys. Rev. Lett., 2009, 102, 045301.

22 R. Vernekar, T. Kruger, K. Loutherback, K. Morton and
D. W. Inglis, Lab Chip, 2017, 17, 3318-3330.

23 D. W. Inglis, Appl. Phys. Lett., 2009, 94, 013510.

24 D. Inglis, R. Vernekar, T. Kruger and S. L. Feng, Microfluid.
Nanofluid., 2020, 24, 18.

25 K. Loutherback, K. S. Chou, J. Newman, J. Puchalla,
R. H. Austin and J. C. Sturm, Microfluid. Nanofluid., 2010,
9, 1143-1149.

26 Z. Zhang, W. Chien, E. Henry, D. A. Fedosov and
G. Gompper, Phys. Rev. Fluids, 2019, 4, 024201.

27 S.J. Haward, C. C. Hopkins and A. Q. Shen, J. Non-Newtonian
Fluid Mech., 2020, 278, 104250.

28 S.J. Haward, N. Kitajima, K. Toda-Peters, T. Takahashi and
A. Q. Shen, Soft Matter, 2019, 15, 1927-1941.

29 C. C. Hopkins, S. J. Haward and A. Q. Shen, Small, 2020, 16,
1903872.

30 C. C. Hopkins, S. J. Haward and A. Q. Shen, Phys. Rev. Lett.,
2021, 126, 054501.

31 D. Kawale, J. Jayaraman and P. E. Boukany, Biomicrofluidics,
2019, 13, 014111.

32 D. M. Walkama, N. Waisbord and J. S. Guasto, Phys. Rev.
Lett., 2020, 124, 164501.

33 S.]. Haward, C. C. Hopkins and A. Q. Shen, Proc. Natl. Acad.
Sci. U. S. A., 2021, 118, e2111651118.

34 M. Zhang, Z. Wang, Y. Zheng, B. Zhu, B. Zhang, X. Fang,
W. Shang and W. Zhang, Polymers, 2022, 14, 2152.

35 M. Davoodi, A. F. Domingues and R. J. Poole, J. Fluid Mech.,
2019, 881, 1123-1157.

36 M. Davoodi, S. Lerouge, M. Norouzi and R. ]J. Poole, J. Fluid
Mech., 2018, 857, 823-850.

37 R. Neelamegam, V. Shankar and D. Das, Phys. Fluids, 2013,
25, 124102.

38 R. van Buel and H. Stark, Sci. Rep., 2020, 10, 15704.

39 R. Karnik, in Microfluidic Mixing, ed. D. Li, Springer New
York, New York, NY, 2015, pp. 1969-1979.

40 Z. Li, B. Zhang, D. Dang, X. Yang, W. Yang and W. Liang,
Sens. Actuator A Phys., 2022, 344, 113757.

41 S. Wiggins and J. M. Ottino, Philos. Trans. R. Soc. Lond. A.,
2004, 362, 937-970.

42 A. D. Stroock, S. K. W. Dertinger, A. Ajdari, I. Mezic,
H. A. Stone and G. M. Whitesides, Science, 2002, 295, 647-
651.

43 H. Y. Gan, Y. C. Lam, N. T. Nguyen, K. C. Tam and C. Yang,
Microfluidics Nanofluidics, 2007, 3, 101-108.

44 N. Tesla, Valvular conduit, US Pat.1329559, 1920.

45 A. Groisman and S. R. Quake, Phys. Rev. Lett., 2004, 92,
094501.

46 A. Varshney and V. Steinberg, Phys. Rev. Fluids, 2017, 2,
051301.

47 B. Qin, P. F. Salipante, S. D. Hudson and P. E. Arratia, J. Fluid
Mech., 2019, 864, R2.

RSC Adv, 2023, 13, 31497-31506 | 31505


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra06565k

Open Access Article. Published on 27 October 2023. Downloaded on 4/21/2026 11:46:41 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

48 C. A. Browne, A. Shih and S. S. Datta, J. Fluid Mech., 2020,
890, A2.

49 T. Hashimoto, K. Kido, S. Kaki, T. Yamamoto and N. Mori,
Rheol. Acta, 2006, 45, 841-852.

50 J. R. Stokes and G. A. Davies, Biorheology, 2007, 44, 141-160.

51 S. J. Haward, J. A. Odell, M. Berry and T. Hall, Rheol. Acta,
2011, 50, 869-879.

52 M. Brust, C. Schaefer, R. Doerr, L. Pan, M. Garcia,
P. E. Arratia and C. Wagner, Phys. Rev. Lett., 2013, 110,
078305.

31506 | RSC Adv, 2023, 13, 31497-31506

View Article Online

Paper

53 S. L. Stott, C.-H. Hsu, D. I. Tsukrov, M. Yu, D. T. Miyamoto,

B. A. Waltman, S. M. Rothenberg, A. M. Shah, M. E. Smas,
G. K. Korir, F. P. Floyd, A. ]J. Gilman, J. B. Lord,
D. Winokur, S. Springer, D. Irimia, S. Nagrath,
L. V. Sequist, R. J. Lee, K. J. Isselbacher, S. Maheswaran,
D. A. Haber and M. Toner, Proc. Natl. Acad. Sci. U. S. A.,
2010, 107, 18392-18397.

54 P. Curie, J. Phys. Theor. Appl., 1894, 3, 393-415.
55 R. Barnkob, C. J. Kédhler and M. Rossi, Lab Chip, 2015, 15,

3556-3560.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra06565k

	Using symmetry to control viscoelastic waves in pillar arraysElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06565k
	Using symmetry to control viscoelastic waves in pillar arraysElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06565k
	Using symmetry to control viscoelastic waves in pillar arraysElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06565k
	Using symmetry to control viscoelastic waves in pillar arraysElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06565k
	Using symmetry to control viscoelastic waves in pillar arraysElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06565k
	Using symmetry to control viscoelastic waves in pillar arraysElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06565k
	Using symmetry to control viscoelastic waves in pillar arraysElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06565k

	Using symmetry to control viscoelastic waves in pillar arraysElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06565k
	Using symmetry to control viscoelastic waves in pillar arraysElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06565k
	Using symmetry to control viscoelastic waves in pillar arraysElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06565k
	Using symmetry to control viscoelastic waves in pillar arraysElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06565k

	Using symmetry to control viscoelastic waves in pillar arraysElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06565k
	Using symmetry to control viscoelastic waves in pillar arraysElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06565k
	Using symmetry to control viscoelastic waves in pillar arraysElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06565k
	Using symmetry to control viscoelastic waves in pillar arraysElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06565k
	Using symmetry to control viscoelastic waves in pillar arraysElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06565k


