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Experimental Realization of a Colloidal Ratchet Effect in a non-Newtonian Fluid
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Shear thinning fluids represent a class of non-Newtonian media characterized by a decrease of the
apparent viscosity when increasing the shear rate. Here we experimentally demonstrate a deterministic
ratchet effect in such media that enables directed transport of microscopic particles under a square-wave
magnetic force. The applied modulation is designed in such a way that it does not produce any average
speed when the particles are dispersed in a Newtonian fluid (e.g., water). However, in a dilute biopoly-
mer solution, we observe the emergence of a net colloidal current when the forcing wave is composed
of different amplitudes and time durations within a single period. The shear thinning nature of the dis-
persing medium nonlinearly raises the mean speed for strong forces, breaking the spatial symmetry of the
particle displacement and generating a net colloidal transport. We complement our findings with numer-
ical simulations that capture well the underlying physical mechanism, showing good agreement with the
experimental results. Our technique to ratchet magnetic particles could be potentially extended in active
microrheology to probe other non-Newtonian, complex fluids and to infer the nonlinear properties of

viscoelastic materials.
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Since the pioneering lecture of Richard Feynman [1], the
transport of matter with a ratchet effect has fascinated sci-
entists for a long time [2,3]. From the fundamental side,
any generic ratchet mechanism makes use of spatial or
temporal asymmetries to convert external fluctuations into
directed motion and takes place in several biological and
physical processes. Such processes range from the translo-
cation of proteins [4], molecular motors [5—7] or enzymes
[8] to information [9—11] and financial [12—14] systems.
On the application side, the ratchet effect represents a con-
venient way to extract useful work from a thermodynamic
system, and different schemes have been proposed in a
variety of systems, from dusty plasma [15] to nanopar-
ticles [16,17], artificial spin ice [18,19], domain walls
[20,21], vortices in high-T, superconductors [22-24], or
active matter [25-28], to cite only a few of them.

Different works based on the use of fixed or
time-dependent external potentials, have shown that
microscopic colloidal particles can be used as an exper-
imentally accessible model system to investigate ratchet
transport effects [29-34]. Moreover, these efforts have
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inspired further theoretical works aimed at proposing more
efficient transport schemes for other condensed matter sys-
tems. However, most of the mechanisms proposed so far
concern the use of a Newtonian fluid as a carrier, i.e., char-
acterized by a constant viscosity when varying the shear
rate. Thus, in such systems a linear relationship between
the applied force and the resulting velocity governs the
particle dynamics and determines the basic mechanism
of particle motion. While active particles in viscoelastic
media have recently become the matter of interest [35-37],
experiments on ratchet effects in non-Newtonian media
are scarce or relegated to theoretical propositions [38—42].
Moreover, the subject of transport via the ratchet effect in
viscoelastic media leads subsequently to different devel-
opments in the field of molecular motors and anomalous
versus normal cargo transport [43—47].

Here we provide such an experimental realization and
demonstrate that, under a periodic square-wave forcing of
different plateaus, which produces no net particle move-
ment in a Newtonian liquid (e.g., water), the shear thinning
nature of the dispersing medium generates an asymme-
try in speed, which triggers a biased particle transport.
We characterize the mean particle speed by varying the
different field parameters, and further develop a numerical
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simulation code that can explain the observed results by
balancing the magnetophoretic force with the viscous one
arising from the particle motion. Thus, we provide a
technique to steer microscopic magnetic particles via a
square-wave modulation, which represents a versatile and
powerful way to programmably transport magnetic col-
loidal matter in complex media including those that are
biological.

A power-law fluid is usually characterized by a rel-
atively large apparent viscosity when compared to that
of water. Thus, we have build up a special set of mag-
netic coils capable of generating large enough magnetic
field gradients to transport dispersed particles, as shown
in the top inset in Fig. 1(a); further experimental details
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FIG. 1. (a) Double logarithmic plot of the magnetophoretic

force F,, versus magnetic field density B showing the quadratic
dependence F,, ~ B*. The top inset shows an image of the exper-
imental system. The bottom inset displays the corresponding
magnetic field gradient dB/dx versus the current / circulating
in the coil system. In both graphs, filled points are experimental
data while continuous lines correspond to finite-element simu-
lations. (b) Shear viscosity 1 versus shear rate y for different
concentrations of Xanthan gum in water. The corresponding scal-
ing indexes are n = 0.88 (0.005 wt% of Xanthan gum), n = 0.85
(0.015 wt%), and n = 0.76 (0.025 wt%).

including a scheme of the setup are given in the Supple-
mental Material [48], which includes Refs. [49—51]. The
coils are made of 612 turns of copper wire and feature
cylindrical cores of mu-metal. They are able to generate
a uniform magnetic field density up to B = 16 mT and
a spatial gradient up to dB/dx = 1.2 Tm™!, as shown in
the bottom inset in Fig. 1(a). The spatial uniformity of the
field in the sample plane is characterized with a teslame-
ter and confirmed by the numerical finite-element method
(comMsoL simulations). As shown in Fig. 1(a), the results
of such a numerical study agree quantitatively well with
the measured field gradient. Both, the magnetic field B and
spatial gradient dB/dx are linearly proportional to the cur-
rent / circulating the wires, and thus the magnetophoretic
force scales quadratically with the applied field, F,, ~ B?,
as shown in Fig. 1(a). Each coil is fed independently by a
function generator (Tektronix AFG 3021C). The particle
dynamics are monitored with a stereomicroscope (Leica
76 APO) equipped with a x5 objective, which allows
a magnification of x18 (see Video S1 in the Supple-
mental Material [48]), and a high-speed camera (Photron
MiniAx). Image quality is improved via additional back
illumination of the sample plane.

Our colloidal system consists of carbonyl iron par-
ticles (Merck) with mean diameter of d ~4 pum and
a density of p = 7.8 gcm™>, which is higher than the
dispersing medium. Thus, once dispersed in a solution,
the particles sediment close to the bottom of the exper-
imental cell. Under the action of an external field B,
and assuming a point dipole approximation, the particle
moment is given by m = &>7 KB/ (2/10), with K = (Hp —
o)/ (ip + 2pw0) ~ 0.65 being the Clausius-Mosotti factor
and pu, and po the magnetic permeability of the particle
and the medium, respectively. Thus, a magnetic gradient
VB exerts a net force F,, = (d*7K)/(2110)B - VB directed
along the strongest magnetic field intensity for K > 0,
which corresponds to a positive magnetophoresis.

As an example of a time-independent, non-Newtonian
medium we choose to use a power-law fluid, where the vis-
cosity is proportional to some power of the shear rate. Our
dispersing medium is a prototypical biopolymer with shear
thinning behavior, namely a solution composed of Xanthan
gum (Merck) dispersed in highly deionized water (milliQ,
Millipore) at 0.025 wt%. From rheological measurements,
Fig. 1(b), we find that the Xanthan gum solution presents a
strong shear thinning behavior, where the variation in vis-
cosity can be well described by a power-law model in the
range of shear rates used,

n=ky",  T=uky", (1

with y being the shear rate, v the shear stress, « the
consistency index, and n the power-law index [49,51].
Equation (1) can also be recovered from the Yasuda-
Carreau model for non-Newtonian fluids [52].
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Furthermore, this behavior agrees with previous works,
which also show that diluted Xanthan gum solutions
are relatively inelastic [53]. Moreover, we use three-
dimensional numerical simulations in computational fluid
dynamics using COMSOL software to confirm the validity
of the power-law model [Eq. (1)]. We analyze the shear
rate for a 4-pm-diameter particle moving at a speed of
v = 10 wm s~!. As shown in Fig. S1 in [48], for a power-
law fluid with « = 10728 Pas” and n = 0.76, values of
the shear rate as large as ¥ = 14 s™! are reached at the
particle surface. More details are given in [48].

To apply a periodic driving force so that it induces
a zero-mean displacement in a Newtonian fluid, we use
the following protocol, also illustrated in Fig. 2(a); see
also Video S1 in [48]. We apply a periodic forcing in
the form of an asymmetric square wave composed of
two plateaus of duration 7; with i = 1,2 and a constant
period T = Ty 4+ T,. During the first time interval 77, we
apply a force F) along the positive direction (x > 0),
while during 7, another force of amplitude F, is applied
along the opposite direction (x < 0). We choose the time
periods and force amplitudes so that they are dissimi-
lar, and such that the force difference AF = F; — F, #£ 0
while the product F;T) = F,T, is constant. Thus, in a
Newtonian fluid such as water, due to the constant
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FIG. 2. (a) Schematic illustrating the protocol used to apply

the square-wave magnetic forcing. The product of the force
amplitudes and lags times is kept constant, F; T} = F»T,. (b) Dis-
placement Ax versus time ¢ of a magnetic particle driven in a
Xanthan gum solution under a totally symmetric drive F, = F,
(blue squares), and two asymmetric drives such that AF > 0
(navy disks, upper data) and AF < 0 (orange triangle, lower
data). To avoid overlap between the experimental data, the dis-
placement of the upper disks (lower triangles) has been shifted
by Ax =10 ums~! (Ax = =20 pms™!).

viscosity and linear relationship between the applied force
and the acquired speed, a dispersed magnetic particle will
experience a series of cyclic oscillations with a zero-mean
velocity v = 0 when averaged over several field periods.

Our main results in a shear thinning fluid are shown in
Fig. 2(b). For a completely symmetric drive with AF = 0
and 7| = T>, a dispersed particle undergoes a periodic dis-
placement along the driving direction, which consists of
triangular oscillations of amplitude Ax and v = 0. How-
ever, the situation changes when varying the field param-
eters (F;, T;), while keeping constant the product F; 7| =
F,T,. As shown in Fig. 2(b), we observe v > 0 for a force
difference AF > 0 and 73 < 7> and v < O in the oppo-
site case. In particular, for F; = 0.84 pN, F, = 0.42 pN,
and 77 = 0.573, the particle motion is characterized by a
net speed of v = 7.80 = 0.11 wm s~! for the half-interval
Ty =2sand v = —3.680 £ 0.015 pm s~! for the second
half-interval of duration 7, = 4 s. This difference induces a
positive increment of Ax = 0.766 um s~ in a period T =
6 s and a final total displacement of Y_; Ax; = 15.6 pm s™!
after N = 15 periods. Thus, the magnetic particle acquires
a positive mean speed of v = 0.19 pm s~'. In contrast,
reversing the duration of the two time intervals, 7 = 275,
and the force difference, AFF — —AF, produces a series
of negative displacements leading to an opposite velocity
of ¥ = —0.23 um s~'. We note that applying the same pro-
tocol to the particle dispersed in water leads to zero mean
velocity, due to the absence of the shear thinning. Also,
for very large and small shear rates, y — 0 and y — oo,
shear thinning fluids acquire typically constant viscosity
and the ratchet effect vanishes. Thus, our ratchet trans-
port [as Eq. (1)] will work only for intermediate ranges
of the shear rate and magnetic forcing. Moreover, a similar
protocol was used in [54] to numerically simulate driven
particles dispersed in a bath of passive spheres, but this
was not in a continuous medium as in this study.

The emergent particle transport is a result of the bal-
ance between the applied magnetic force and the viscous
dissipation that arises from the net particle motion. The
equation of motion for the driven particle can be written
as mya = F,, + F,, with m,, being the mass of the particle
and F, the viscous drag due to the particle motion. Here
we neglect thermal fluctuations due to the relatively large
particle density and negligible small diffusion coefficient,
D = 0.0052 pm? s~!, as measured from the mean-square
displacement of the particles in a Xanthan gum solution.
For an inelastic power-law fluid, the viscous drag force can
be written as

d*mv’pCp

Fo=—c—: 2

with Cp = 24X /Re,;, Re,; = pv>"d" /K, and X a correc-
tion factor that is a polynomial function of »n (see later).
In the overdamped limit, the equation of motion can be
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exactly solved. Indeed, Eq. (2) can be rewritten as F, =
—y,|v|"sign(v), where y, = 3wk Xd*~", which gives the
velocity v, = (Fl,z/yn)l/”sign(Fliz). From the difference
between the displacements in each direction, it follows
that v = v T — vy 1> /T + T3, and given F\ Ty = F>T, we
obtain

V=

_ 1/n—1 1/n
1 —(T)/Ty) <Q) ' G)

1+T2/T1 Vn

We also numerically integrate the equation of motion
under the magnetic force protocol used for both water
(F, = 3mdnv, with n = 1073 Pas) and the power-law
fluid, considering also the particle inertia. In the simu-
lation we use X = 1.275 + 0.9657 — 1.408n* + 0.176n°
[55]. As further data we use x = 107> Pas” and n =
0.76, and find similar trajectories to the experimental ones
for both cases.

The main results of the model and numerical simula-
tions are shown in Fig. 3 for the Xanthan gum solution.
There we report the absolute value of the average speed
of the experimental trajectories as a function of the force
amplitude during the first time period, F;, for time inter-
vals T1 =4 s and T, = 2 s. Note that, for these values
of 715, v < 0. In the Supplemental Material [48], we
show the results from the absolute value of the average
speed when varying the period duration 77 while keep-
ing F1 =03 pN and F, = 0.6 pN constant. Both the
model and the simulations predict that the mean velocity
raises as a power law of exponent 1.3, as shown in the
small inset in Fig. 3, and it agrees qualitatively with the
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FIG. 3. Absolute value of the mean speed |v| versus first

force amplitude F| with 7 =4 s and 7, = 2 s. The scattered
blue squares are experimental data, the orange disks result from
numerical simulations, and the continuous red line is a nonlinear
regression of the experimental data using Eq. (3). The small inset
at the top shows the log-log plot of the main graph illustrating the
slope of a power law of exponent 1.3.

behavior reported from the experimental data, within the
corresponding error bars. Such an exponent can be easily
justified by using Eq. (2) in the overdamped limit, which
predicts that, for n = 0.76, the applied magnetophoretic
force should scale as F,, ~ 1%7%; this gives the observed
relationship v ~ F!-3, which is valid for both time periods.
If we use Eq. (3) to fit the experimental data by keeping
n = 0.76 fixed and let y,, vary, we find that the best match
to the data, shown by the continuous red line in Fig. 3, is
achieved when the obtained value of y, predicts a particle
diameter equal to d = 6.1 £ 0.2 pwm. This value is larger
than the experimental one (d ~ 4 wm) and the discrepancy
can be due to different reasons. For example, in our model
we neglect the hydrodynamic interaction of the particle
with the close wall and assume a point dipole approxima-
tion when considering the magnetic moment m induced by
the applied field. Further sources of discrepancy could be
due to the presence of disorder in the experimental system
in the form of a nonuniform particle shape or a differ-
ent magnetic moment under the applied field. However,
we note that, due to the relatively high apparent viscosity
of the dispersing medium, the chosen particles represent
the best compromise between microscopic size and strong,
induced magnetization, allowing their manipulation in the
biopolymer matrix.

In conclusion, we have experimentally demonstrated a
deterministic ratchet effect in an inelastic shear thinning
fluid by using magnetic colloids under a time-dependent,
asymmetric square-wave drive. The net particle trans-
port arises from the strong shear thinning behavior of the
dispersing medium, which causes a lower viscous dissi-
pation when increasing the magnetic force, in contrast to
the behavior observed in a simple Newtonian fluid. Our
experimental setup allows the application of forces of the
order of piconewtons to magnetizable particles, and thus
can be employed to explore the rheological properties of
many other complex fluids that are characterized by a rel-
atively large viscosity. Indeed, a natural follow up of this
work would be to extend the proposed technique to elastic
and time-dependent fluids. Since magnetic microrheology
is based on the oscillatory motion of dispersed particles
under time-dependent fields [56-59], we believe that our
approach could be used to directly measure the complex
moduli of viscoelastic fluids. Also, the experimental results
of this paper could stimulate further theoretical work on
the subject of ratcheting particles in non-Newtonian flu-
ids. For example, we could consider smaller particles and
investigate how thermal fluctuations may limit the trans-
port mechanism. The reduction of the friction coefficient
in shear thinning fluid may have important consequences
for particle diffusion and transport, leading to emergent
effects [60,61].
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