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Rolling and ordering of micro rods in shear flow
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Dynamics of micro particles close to interfaces is a relevant topic in Soft Matter. Translational and
rotational dynamics of particles possessing different shapes govern a broad range of interfacial
phenomena from biofilm formation, drug delivery and particle active rolling motion. These dynamics
usually occur in the presence of external fields such as shear flows, electric fields and gravity. By
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experiments and theoretical models, we investigate the rolling and translational motion of rod-shaped
micro particles close to a solid wall in the presence or absence of a shear flow. Hydrodynamics, long-
DOI: 10.1039/d4sm00999a range surface forces and Brownian motion act on the micro rods, which show non-trivial dynamics such
as translational motion orthogonal to the flow direction and preferential ordering with the rod long axis

rsc.li/soft-matter-journal perpendicular to the flow direction.
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1 Introduction

Considered one of mankind’s greatest inventions and the basis
of modern mobility, the wheel has enabled many economic and
technological developments. While rolling of wheels and
spheres is a broad concept in everyday life, the main definitions
can be reduced to (a) moving by turning over and over on an
axis," or (b) moving across a surface by turning over and over.>
In classic inertia on a macro scale, rolling combines rotation
and translation by coupling to a nearby wall where rotation
around an axis becomes translation. This means that the
translated distance [ = n-d-m where n is the number of revolu-
tions and d is the diameter of the wheel. The conditions for
colloidal particle rolling differ from the previous one because
when we look at the microscale viscous forces become domi-
nant and inertia does not play any role. When the particle and
substrate are in contact without being completely stuck,® there
is usually a lubricating fluid layer between two surfaces. This
fluid layer invalidates this simple correlation between distance
and revolution and hydrodynamic coupling leads to more
complex relationships. For the slow viscous motion of a sphere
parallel to a wall, for the combined translation (v) - rotation (w)
dynamics in the absence of an external torque and in the
limiting case where the sphere approaches the plane, it is
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predicted that v ~ 4cr pointing to strong slip effects.” On
the contrary, for very long (i.e. infinite) cylinder moving near a
wall, the translation is expected to be independent of its
rotation.” This hydrodynamic coupling depends on the parti-
cle-wall distance and the shape of the particle.® For simplicity,
we will use the term “rolling” in the broadest sense to refer to
the motion that repeats near the surface, even when separated
by a thin layer of fluid.

A number of different mechanisms have been developed to
study the rotational and rolling motions of colloids, and a recent
review summarised different rotational types of motion for active
and driven matter.” Approaches that have been used to induce
rotation include the use of electric fields, most notably the well-
known Quincke rotation: Quincke himself considered different
geometries from spheres to cylinders® and this approach was
later extended to the microscale and shapes beyond spheres.”'°

Fig. 1 Scheme of the experimental setup, where glass micro rods with a
radius r are sedimented on the bottom of a glass capillary and move in a
shear flow with a velocity v and an angular velocity m, top right: SEM image
of glass micro rods.

This journal is © The Royal Society of Chemistry 2024
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When rolling is induced by rotating magnetic fields, the orienta-
tion of the rotations can be controlled by an external trigger,'"">
which has been studied as a proof-of-concept.™® Notably rod-like
viruses with catalytic spike proteins roll on glycane-covered
substrates."”'> A chemical analogue of these rolling viruses was
also recently realised in the synthetic realm using rod-like DNA
nanotubes and enzymatic degradation of RNA strands between
the rod and substrate'® The importance of particle surface
interactions was demonstrated by applying lateral force micro-
scopy combined with fluorescence microscopy, which also
enabled the measurement of rolling friction."” Polymeric rods
have been demonstrated to roll on hot substrates,'® while hydro-
gel rods roll on wet surfaces."

In most of these approaches, some kind of elongated shape
has been used, which brings advantages in increased interac-
tions with substrates. Among these systems, we want to focus
on rod-shaped micrometre-sized particles,?® which are feasible
micro-analogues wheels whose rotations can be measured by
monitoring edge imperfections or chemical defects.

Here, we want to investigate one of the simplest, purely
physically-driven ways of introducing a rolling motion of micro
rods: we apply an external flow to sedimented, density mis-
matched micro rods near a surface, which acts as a driving
force for rolling motion and dictates a predominant direction
for translational motion. The flow profile of the shear flow has
different magnitudes over the cross-section of the rod and as a
result, we expect the onset of rotations around the axis of the
rods, to some extent coupled with the substrate. The behaviour
is governed by the rod orientation, which results from the
interactions between rod, flow and substrate. These interac-
tions are strongly impacted by the thickness of the lubrication
layer between the rod and the substrate which will be tuned by
adding salt. There we analyse the impact on the translational
and rotational motion. A closer look at the translational motion
reveals a component perpendicular to the flow direction which
a theoretical model will rationalise. Finally, we observe an
ordering of the micro rods in the shear flow and explain it
using a theoretical model considering the hydrodynamic inter-
actions with the shear flow combined with the rod wall inter-
actions. The paper is organized as follows: Section 2 reports the
main experimental results and the main equations of the
theoretical analysis, which is extensively described in SI. Mate-
rial and methods are described in Section 4, after the conclu-
sions (Section 3).

2 Results and discussion

In our setup (Fig. 1), we observe the behaviour of glass micro
rods in a square-shaped glass capillary with a 1 x 1 mm cross-
section (Section 4.1). The rods consist of borosilicate glass with
aradius r = 1.5 um, a length L of around 18 um a zeta potential
of —36 mV and a density of 2.6 g cm . After allowing the rods
to sediment to the bottom of the capillary where they orient
their long axis parallel to the xy-plane, a flow is applied using a
syringe pump. To avoid interactions between the rods we use a
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low rod concentration, where they cover around 2% of the
surface. Driven by the shear flow the rods will move with a
velocity v and at a Reynolds number in the order of 10™*. We
observe the motion of the rods at the bottom of the capillary
(xy-plane, z ~ 0) and in the centre of the y-direction. There, the
gradient of velocity is mainly in the z-direction with a shear rate
Q
H3
and H the width and height of the capillary (1 mm). Because the
fluid layer on the upper side of the rod moves faster than on the

7 = 10.87— (see ESLt Section S3.1), where Q is the flow rate

bottom, a rotation with an angular frequency o around its long
axis is expected as illustrated in Fig. 1. In addition to the hydro-
dynamic forces from the flow, the rods are influenced by gravity,
electrostatic repulsion with the wall and thermal fluctuations.
The velocity of a rod in the flow direction depends on the
flow rate and the height between the rod and substrate. We can
estimate the height of the rod in DI water considering the
balance between the electrostatic double layer and gravity,
which leads to an approximate height z of around 1500 nm
between the bottom of the rod and the substrate (more details
in ESLt Section S2 and S3.2). Experimentally, the height can be
tuned by adding NaCl, which decreases the Debye length and
quenches the electrostatic repulsion between rod and substrate.
Fig. 2A shows that the rod velocity increases linearly with the
flow rate and decreases drastically by adding NacCl (also see
ESI, 1 Video S2). When comparing the velocity in 10~* M NaCl to
DI water we observe a decrease by about 58%. At even higher
concentrations of NaCl, most rods stick to the substrate. We
explain the lower velocity after the addition of salt by the
decreased height between rod and substrate. Therefore, the
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Fig. 2 (A) Average velocity v of glass micro rods in flow direction in the centre
of the capillary (in the y-direction) at different flow speeds and concentrations
of NaCl, (B) scheme showing the impact of adding NaCl on the height between
rod and substrate, (C) superimposed microscopy images of a glass rod in
5 mL h™* flow (At = 0.55 s), (D) average angular velocity o of glass micro rods
around their long axis (if it is oriented perpendicular to the flow direction) at
different flow speeds and concentrations of NaCl, (E) height between rod and
substrate at different concentrations of NaCl determined by different methods
(more details in ESI,1 Section S3).
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rods are exposed to fluid layers moving with lower velocity and
also experience higher friction from the wall as illustrated in Fig. 2B.
If we assume, that a rod is moving with the velocity of the fluid at its
centre of mass ((z) = 7-z), we can estimate the height between the
bottom of the rod and the substrate knowing the channel geometry
and the flow rate (see ESL, Section S3.1). In DI water this predicts a
height 4 = z — r = 940 nm between the bottom of the rod and the
substrate. However, if we apply the same equation for the rods in
10~* M NaCl, we would get a negative height of —470 nm, meaning
that the rods are moving slower than the fluid at the height
corresponding to their radius (Vyoq < Vauia(z = 7)). Based on this,
we conjecture, that in 10~* M NaCl the rods are very close to the
substrate and strongly influenced by friction with the wall. The
observation of frequent sticking events underpins this.

The rotation of rods around their long axis can be observed
by small asymmetries at the ends of the rods as shown in the
superimposed image in Fig. 2C. The rotation originates from
the vorticity of the flow and if the long axis is oriented
perpendicular to the flow direction we expect that the angular

. L 1 - . .
velocity: w:EV x V. Looking at the angular velocities at

different flow speeds and different concentrations of NaCl
(Fig. 2D) we observe a linear increase with the flow rate.
Although the vorticity close to the wall does not depend on
the height, we observe a decrease in w after adding NaCl. As for
the rod velocity, we explain this decrease by an increase in the
rotational drag of the rod, which becomes closer to the wall.

As the height between the rod and substrate has a decisive
influence on its motion, we apply two different methods to
determine the height as a function of the salt concentration:

1. The equilibrium position from the energy potential as the
sum of the electrostatic interaction with the wall and gravity.

2. The rotational diffusion coefficient around an axis parallel
to the surface normal D, (from experiment without flow).

The details about these methods are given in the ESI¥
(Section S3). Looking at the results in Fig. 2E, we see that the
values from the potential and the diffusion agree well, and are
above the values of the simple prediction using the rod velocity.
As discussed before, this demonstrates that the rods move
significantly slower than the fluid velocity at their centre of
mass which agrees with analytical results.*!

In addition to the velocity in the flow direction and the
angular velocity, we also observe a motion component ortho-
gonal to the original flow direction. We quantify this compo-
nent by the angle # between the flow direction and the direction
of motion. Relating this to the orientation of the rod, which is
given by the normal angle o, we obtain the correlation displayed
in Fig. 3. Each data point corresponds to an individual rod’s
average orientation and motion direction in the centre of the
channel over at least 20 s in DI water at a flow rate of 2.5 mL h ™.
To explain this behaviour two different effects have to be taken
into account:

1. The coupling between rotational and translational motion
near a wall (i.e. rolling).

2. The anisotropic translational mobility of rods perpendi-
cular and parallel to the rod’s long axis.
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Fig. 3 Relation between the rod orientation angle o and the angle of
motion direction f at a flow rate of 2.5 mL h™* with a fit using eqn (1). The
definition of o and f is shown in the inset.

These two effects point in opposite directions and therefore
we can identify the dominant one: The coupling between
rotational and translational motion converts the rotational
motion around the rod’s long axis close to a wall into transla-
tional motion in the direction normal to the rod’s long axis.
This corresponds to the opposite direction of the experimental
result shown in Fig. 3. Numeric simulations carried out by Teng
et al. came to the result that the rotational-translational
coupling contribution is minimal.® This is because the cou-
pling originates from end effects, which are strong for disks
and much weaker for rods. Using their data from OpenFoam
simulations we calculate a coupling velocity of 0.1 pm s~ * for an
angular velocity of 6 s~* which is the experimental angular
velocity for 5 mL h™' (details in ESI,f Section S4.1). This
coupling velocity is several orders of magnitude smaller than
the experimental velocity, which results mainly from the flow.

Looking at the anisotropic mobility of a rod, the translational
bulk drag (Cﬁ and £5) and the surface drag (¢} and &%) have to
be considered. The translational bulk drag comes from the
mismatch of the rod’s velocity vector with the bulk flow while
the surface drag originates from the close-to-surface lubrication
contact. These lead to the following relation between o and f
(eqn (1)), where r, is the friction ratio (eqn (2)). The derivation
can be found in the ESI,{ Section S4.2.

. in2
cos f = re + SIn” o (1)
\/(2rfr + 1) sin® o0 4 rg,2
& (g+¢)
fr = (2)

g -a(g+8)

As the friction in the perpendicular direction is higher than
in the parallel direction (with respect to the long axis), this
would result in a drift in the parallel direction, qualitatively
matching our experimental findings. Fitting eqn (1) to our
experimental data (Fig. 3), we get a friction ratio of r = 38 in
DI water and smaller values down to ri = 13 with increasing
concentration of NaCl (see ESI,{ Fig. S3).

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Histograms and distributions of the orientation angle o at different
flow rates (A: 25 mLh™, B: 5mL h™, C: 10 mL h™%, D: 20 mL h™Y. The
background shows an exemplary video snapshot (xy-plane) with the
respective flow rate (flow going from left to right).

Finally, we analyse the orientation of the rods in flow. In
bulk shear flow, rod-shaped particles are known to perform so-
called “Jeffery orbits”, which is a periodic motion predicted more
than 100 years ago by the British physicist George B. Jeffery.>?
These orbits were experimentally observed on different length
scales including millimetre-sized spheroids made from alumi-
nium wires placed in a viscous sodium silicate solution®* or
different micro rods in density-matched solutions.*** The beha-
viour near a wall has been analysed theoretically.>"**® Experi-
mentally, a periodic kayaking motion was observed for SiO, rods
with a length of 3-4 pm and a diameter of 500-700 nm.>

In contrast to these previous works, our rods are strongly
density mismatched and we do not observe periodic changes in
orientation similar to Jeffery orbits or “kayaking motion”. The
rods show a preferred orientation of the normal angle « = 0,
corresponding to an orientation with the long axis perpendi-
cular to the flow direction. This effect becomes more pro-
nounced with increasing flow speed as displayed in the
histograms and snapshots in Fig. 4 and in ESL{ Video S1.

Fig. 5 The (full non-linear system) (t,, t.) phase plane with &, = 1150kgTs,
5 =155"1 ¢ = 0.273 and a = 100 000ksT.*°
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Additionally, we observe random changes, which appear to be
Brownian.

We conjecture that these resulting dynamics originate from
an interplay of the rod-wall and the rod-flow interactions. To
understand the impact on the orientation in a shear flow, we
build a theoretical model considering the torque from the
hydrodynamic interaction with the shear flow and the rod wall
interaction. The latter is introduced through a tilting potential,
coming from the electrostatic interaction of a rod with the
nearby wall and is characterised by the stiffness constant a of
the harmonic tilting potential. The derivation of the model is
given in the ESIf (Sections S5 and S6) and results in the
following equations of motion, for a rod with the unit vector ¢
(see Fig. 6A):

. a a
i ==&ty — —t. — 1.2 (yzx(l —&%) - —z;) (4)
él'()t érol

There, ¢ = <%) %log <2£) is the hydrodynamic aspect ratio.
r

1ot i8 the friction constant for the rotational motion around the
short axis and can be determined experimentally from the
rotational diffusion coefficient D,o¢: Eror = kgT/Dyot, Which gives
a value of &, = 1150kgTs for rods with a length of 18 um.
Looking at the phase plane (Fig. 5), we see a trivial equilibrium
point for ¢, = 0 and ¢, = 0 corresponding to the preferred
orientation observed in the experiment. Additionally, there
are two saddle points close to ¢, = 1. A linear stability analysis
of the system close to t,, t, = 0 reveals that this state is always a
stable attractor. However, depending on the rod’s aspect ratio,
shear rate and confinement strength, the rod’s orientation can
either relax exponentially, for strong confinement a > 2¢&)¢,q,
or in an oscillatory kayaking-like fashion, for weak confinement
a < 2&p&.o (see ESL T Section S6.1.5). The notable absence of
any kayaking motion in our experiments can be attributed to
the very strong confinement of our long and heavy rods, as
estimated further below.

To elucidate the contribution of thermal fluctuations on the
orientation distribution, we perform Python simulations, where
Brownian white noise is added to the system in form of a random
angular torque satisfying the fluctuation dissipation relation (see
ESI,T Section S6.2). We evaluate the magnitude of the thermal
fluctuations by the friction constant for the rotational motion &,
which was determined from the rotational diffusion coefficient,
which has a value of around Dy, = 8.6 x 10~ * s~ * for a rod with a
length of 18 pm in DI water. The orientation is described by the
rod normal angle o and the tilting angle with respect to the xy-
plane t (Fig. 6A). We now analyse the effect of the rod wall
interaction by tuning the stiffness constant a of the harmonic
tilting potential. As expected, increasing a leads to a clear
confinement of t around a value of 0 (bottom of Fig. 6B). The
behaviour of the « distribution is more complex and can be
quantified by its standard deviation (top of Fig. 6B). For small a

Soft Matter, 2024, 20, 8990-8996 | 8993
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(A) Scheme showing the definition of the tilting angle with respect to the xy-plane t and unit vector t, (B) (top) standard deviation of the normal

angle o for simulations with different stiffness constants a, (bottom) plots of the behaviour of « and the tilting angle with respect to the xy-plane = over
time for selected values of a, (C) (top) schematic illustration of a setup consisting of two Petri dishes, which are used to order micro rods between them
by rotation, (bottom) histograms of the normal angle « before and after rotation of the top Petri dish.

(500kgT), the confinement is weak and periodic reorientations
mathematically similar to Jeffery orbits with a large standard devia-
tion of « are observed, which is comparable to the results found for
smaller SiO, rods in ref. 29. A Fourier transformation of both angles
gives a period of these oscillations of around T, = 23.8/7 which

2
matches well with the analytical result 7, = S

a 2
Iy 82 _ _
/ (ziroty)

23.0/7 described in the ESI,t Section $6.1.5. At intermediate a values
(20 000kgT), these orbits disappear and o and t are close to 0.
The fluctuations of t have a magnitude of £1° and occur at a
fast timescale of around 2/j. At even larger (@ > 20 000kg7), the
fluctuations of 7 decrease further to a magnitude of £0.1° and
the standard deviation of « increases again. This is because the
coupling with the shear flow requires a z-component of the
orientation, and therefore vanishes if the surface interaction
strongly confines this component. The a value in our experi-
ment can be estimated by comparing the standard deviation of o
to its experimental value (e.g. dashed line in Fig. 6B for DI water
and 5 mL h™") resulting in an order of magnitude of 10%gT.
We can also estimate a theoretically by the rod wall interaction
(ESIT - eqn (S12)), which gives us a value of 26 000kgT.

To allow a simple visual proof of ordering micro rods by
shear flow, we confine the rods between two Petri dishes and
create a shear flow by slowly rotating the upper one by hand.
Similar to the controlled flow, observation with an optical
microscope revealed a clear ordering of the rods similar to
the experiments in flow as illustrated in Fig. 6C.

3 Conclusion

In this work, we demonstrate that a rolling type of motion of
micro rods can be induced by an external shear flow when the
rods are sedimented close to the bottom substrate. The transla-
tional and rotational components of the motion are influenced

8994 | Soft Matter, 2024, 20, 8990-8996

by the height between the rod and substrate, which can be
tuned by adding NaCl. Additionally, we observe a translational
component orthogonal to the flow direction, which we explain
by the anisotropic mobility of the rod in orthogonal and
parallel directions. Looking at the rod orientation, an ordering
of the micro rods with their long axis perpendicular to the flow
direction is observed. We explain this experimental result by
building a theoretical model, considering the hydrodynamic
interactions between the rod and flow and the rod wall inter-
actions, which are introduced by a tilting potential. Finally, we
design a proof of concept experiment to demonstrate, that
these findings can be applied to order a large number of micro
rods using a simple setup.

4 Materials and methods
4.1 Experimental methods

Microscopy experiments in flow were conducted in a square
glass capillary (1 mm x 1 mm, 0.2 mm wall thickness, 50 mm
length) from Vitrocom. The capillaries were cleaned by an
adapted procedure from Pallavicini et al.** The capillaries were
first rinsed with DI water and placed in a 40 mL glass vial with
25 mL DI water, 5 mL NH; (28%) and 5 mL H,0, (37%),
followed by 15 m ultrasonication. After rinsing with DI water,
a second cleaning step in 25 mL DI water, 5 mL HCI (37%) and
5 mL H,0, (37%) at 80 °C was applied. After that, the capillaries
were rinsed multiple times with DI water and stored in DI water.

Glass micro rods with a diameter of 3 um (PF-30S) were
purchased from Nippon Electric Glass Co., Ltd, the micro rods
were dispersed in DI water or the NaCl solution and 20 pL were
added to the capillary before it was connected to a syringe
pump with polyethylene tubings. The capillary was fitted on an
inverted Carl Zeiss microscope using a home-built 3D-printed
microscope stage. The rods were allowed to sediment to the
substrate before starting the flow. Videos were recorded with a
frame rate of 40 fps at least 20 s after starting the flow.

This journal is © The Royal Society of Chemistry 2024
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Experiments with different flow rates were carried out with increas-
ing flow rates because higher flow rates lead to higher ordering.
SEM images of the micro rods were taken using a ZEISS
Gemini SEM 300 using the SE detector.
Zeta potential was determined using a Malvern Zetasizer
Nano ZSP.

4.2 Data analysis

Data analysis was carried out using custom MATLAB scripts.
Images were segmented into binary images and position,
dimensions, and orientation of rods were measured using the
regionprops command. Velocities were determined as average
instantaneous speeds. To minimize the impact of a gradient of
flow speed in the y-direction only tracks in a window of £100
pixels (58.6 pm) from the centre in the y-direction (determined
by the maximum flow speed) were analyzed.

The angular velocity w was determined by manually counting
the number of complete rotations (N,,) per time At taking benefit
of asymmetries at the ends of the rods (see Fig. 2C): @ = 2nN;or/At.
This was done for at least 7 rotations and 5 rods per condition.
Mean-square-displacement (MSD) analysis was done for videos
without flow of more than 100 tracks longer than 4000 frames
using the msdanalyzer MATLAB class.*” The diffusion coefficient
was determined by the slope of the MSD plot divided by 2.

4.3 Simulations

Simulations were performed according to the theoretical model in
the ESL{ The following parameters were used for the simulation:
7=15.1s " (which corresponds to a flow rate of 5 mL h™ "), 2r =3
pum, L = 18 um, & = 1150kTs (experimental value for 18 pm rod
in DI water). The preferred orientation of ¢, = 0, t, = 1 and ¢, = 0 was
chosen as the start orientation of the rod. Simulations were
performed over a time of ¢ = 1000/y with time steps of At = 0.01/.
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