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Microrheology of active suspensionsf

Takahiro Kanazawa® and Akira Furukawa (2 *°

We study the microrheology of active suspensions through direct hydrodynamic simulations using
model pusher-like microswimmers. We demonstrate that the friction coefficient of a probe particle is
notably reduced by hydrodynamic interactions (HIs) among a moving probe and the swimmers. When a
swimmer approaches a probe from the rear (front) side, the repulsive HIs between them are weakened
(intensified), which results in a slight front-rear asymmetry in swimmer orientation distribution around
the probe, creating a significant additional net driving force acting on the probe from the rear side. The
present drag-reduction mechanism qualitatively differs from that of the viscosity-reduction observed in
sheared bulk systems and depends on probing details. This study provides insights into our fundamental
knowledge of hydrodynamic effects in active suspensions and serves as a practical example illuminating

rsc.li/soft-matter-journal

1 Introduction

In active suspensions, the intrinsic activity of swimming particles
leads to distinctive collective behaviors and transport/rheological
properties deviating from those observed in passive particle
suspensions.’™ A striking example is anomalous rheology.* >
In particular, in suspensions of pusher-like microswimmers, such
as E. coli, the viscosity significantly decreases,>® frequently estab-
lishing zero or negative viscosity states.”*'> The underlying
mechanism behind such anomalous rheology involves weak
orientational order along the extension axis of the externally
applied flow field, which could be attributed to rotational diffu-
sivities and/or hydrodynamic interactions (HIs).'"**'®'822 The
active dipolar forces with the orientational order intensify
the mean flow, reducing the resistive stress required to drive the
external flow and consequently diminishing the viscosity. The
anomalous viscosity reduction in active suspensions contrasts with
the viscosity behavior of dilute suspensions of passive particles,
which is well described by the Einstein viscosity formula.>*

The local viscosity or viscoelastic properties of active sus-
pensions are of great interest; probing rheological properties at
the pm level can provide further insights into the underlying
mechanisms and enable a more detailed characterization of the
anomalous rheology. When probing smaller-scale rheological
properties of complex fluids or soft materials, microrheology

“ Department of Physics, University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan

b mnstitute of Industrial Science, University of Tokyo, Meguro-ku, Tokyo 153-8505,
Japan. E-mail: furu@iis.u-tokyo.ac.jp

i Electronic supplementary information (ESI) available: Explicit time-integration
algorithm in the present simulations and supplementary simulation results. See
DOI: https://doi.org/10.1039/d4sm00408f

This journal is © The Royal Society of Chemistry 2024

distinctions between micro- and macrorheology measurements.

measurements are considered powerful tools (see recent
reviews®?” and the references therein). By tracking the
motions of small probes suspended in fluids, typically at a
pm scale, microrheology allows for measuring viscoelastic
properties across a wider range of temporal scales than con-
ventional macrorheology techniques. This finer resolution in
both time and length scales may offer a more comprehensive
understanding of the material’s rheological properties. How-
ever, microrheology still faces several unresolved issues. One
such issue is whether the observations made using microrheol-
ogy accurately reflect the actual local rheological properties of
the material in the absence of probes. The interactions among
probes and suspended constituents or inner structures can
significantly influence the motion of the probes and potentially
alter the local rheological properties around the probe. Under-
standing and accounting for these effects are crucial for accu-
rately interpreting microrheology measurements and relating
them to a material’s intrinsic viscoelastic properties.
Microrheological investigations on active suspensions have
provided various intriguing results.”**° A simulation study by
Foffano et al.**** demonstrated that a probe particle can experience
a negative viscosity in active nematics composed of contractile-
puller-type swimmers. More recent numerical studies® >%*® have
predicted that the friction coefficient of a probe can be reduced in
active Brownian particle baths without Hls, but not to a level
smaller than that defined in the absence of active/passive Brownian
particles, indicating that the measured viscosity is larger than the
solvent viscosity. However, as described above, in bulk rheological
experiments of extensile-pushertype swimmers, it has been
observed that the measured viscosity can be lower than the solvent
viscosity and even approach zero. This raises a question of
whether such a phenomenon can be replicated in microrheology
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measurements when HIs are taken into account. If so, this would
prompt further investigation into whether the reduction of the
friction coefficient of a probe shares a similar mechanism to the
viscosity reduction observed in macrorheology.

2 Simulation methods

For the present purpose, we conduct direct hydrodynamic simula-
tions using a model of active suspensions comprised of N rod-like
dumbbell swimmers. Our model swimmer, shown in Fig. 1(a), is
essentially the same as the one employed in our previous investiga-
tion of macrorheology simulations.* In this model, each swimmer
consists of a body and a flagellum: the body is treated as a rigid-
body particle, while the flagellum is considered a massless “phan-
tom” particle that simply follows the body’s motions. This treat-
ment maintains the relative position of the body and flagellum
parts. For the o-th swimmer (o = 1, ..., N), we assume that a force
F,hi, acting on the (front) body is exerted by the (rear) flagellum and
that the flagellum also exerts the force —Faft, directly on the solvent
fluid. Here, 1, is the direction of the o-th swimmer, and these forces
compose a dipolar force of magnitude Fp/y, with 7, being the
characteristic swimmer’s length [see Fig. 1(a)l. Such a force-
prescribed particle model emulates rod-like pusher-type microor-
ganisms such as E. coli, as initially proposed in the ref. 41 and 42
and employed in subsequent studies.'®'8>*37¢

As illustrated in Fig. 1(a), the body and flagellum parts are
assumed to have the same shape and are each described by a

(2) (b)

flagellum i
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Fig. 1
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superposition of three spheres with a common radius a. The
spheres composing the body are located at the positions Rﬁf’; =
RO + (2 — i)an, (i = 1, 2, 3), where R® is the o-th swimmer’s
center-of-mass position. Similarly, the spheres composing the
flagellum part are located at RY), = R + (2 — i), (i = 1, 2, 3),
where R" = R _ 4541, = RO — /.4, is the position of the
center of the flagellum. The shape of the present model
swimmer shows the head-tail symmetry, and the mid-point is
thus given by R, = (R + R{®)/2. Although arbitrary shapes of
swimmers with an imposed head-tail asymmetry can be
composed, we can obtain qualitatively the same results as long
as these swimmers have rod-like forms with the prescribed
force dipoles.

In our simulations, we use the smoothed profile method
(SPM)**° to accommodate many-body hydrodynamic inter-
actions (HIs) among the constituent swimmers. The SPM can
accurately reproduce even the near-field HIs:** in the present
study, the ratio of the simulation mesh size to the particle size a
is on the order of 0.1, determining the spatial resolution of HIs.
With this setting, the SPM can quantitatively replicate the near-
field His (lubrication interactions) to a satisfactory degree up to a
closer distance as h/a ~ 0.1 (or even less),*® where 4 represents the
gap distance measured as the separation distance between the
interfaces of adjacent particles. However, to fully reproduce the
singular divergence of lubrication forces, which become crucial at
much closer distances, finer resolutions are required. This situa-
tion is similar to other hybrid simulation methods.>*>> However,
such singular lubrication interactions act only on particles with

probe

0.8
0.6
0.4
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(@) Our model swimmer comprises body and flagellum parts with symmetric shapes. Each part is constituted by a superposition of three spheres

with radius a. We assume that a force Fah,, is exerted on the body, while —Fh, is directly exerted on the solvent through the flagellum part, with A, being
the orientation of the a-th swimmer. These forces constitute a force dipole of magnitude Fa/o, with /g being the characteristic swimmer's length, which
for the present model is given as the separation distance between the body and flagellum centers. In this study, to incorporate the present model
swimmer into the SPM, the body and flagellum parts are represented through field variables, ¥(r) and ¥(r), respectively. In the bottom panel, we plot
YO ) + w9 in the xy-plane, where both R'® = (2.253,0,0) and R“P = (—2.253,0,0) are included. (b) In our microrheology simulation, a single probe
particle with radius R is immersed in a fluid. The probe particle is also described by the field variable ¥(r). In the bottom panel, we plot ¥, (r) representing
the probe particle in the xy-plane, where the probe center is set to R, = (0,0,0). In (a) and (b), the discretized mesh size h is the same as that used in
practical simulations (h = 0.3125a and ¢ = 0.5h). Here, ¢ is the interface thickness controlling the degree of smoothness of ¥2(r), ¥¥(r), and ¥,(r). (c) A
single probe particle immersed in a fluid is dragged by a constant force Fe, along the x-direction. The periodic boundary conditions are imposed in all
directions with the linear dimension L.
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extremely smooth and rigid surfaces, where the degree of surface
roughness is significantly smaller than the particle size. Thus, for
modeling HIs among microswimmers or those between the probe
particle and microswimmers, reproducing singular lubrication
interactions is not necessary.

Here, we describe a detailed scheme to simulate the present
model swimmer system, essentially the same as that used in a
previous study.”* The body and flagellum parts of a swimmer
are represented through the field variables ¥?(r) and ¥{(r),
respectively:

'I’gh) (r) = min{i W [r, RE?; a}, 1} (1)
i=1

and

70 (r) de{ ZW[»‘ Rm } } (2)

In this study, we adopt the following function to y as

J-tfmlie )] )

where u = b, fand ¢ is the interface thickness controlling the
degree of smoothness. In Fig. 1(a), we show the cross section of
the model swimmer described by ¥Y?)(r) and ¥Y(r), including
both R®) and R{®® in the same plane.

In our microrheology simulation, a single probe particle
(radius R) is immersed in a fluid, which is dragged by a
constant force F.x along the x-direction. Similarly to the swim-
mers, as shown in Fig. 1(b), the probe particle is also described
by the field variable ¥y(r) as

¥p(r) = Y[r, Ry; R], (4)

where R, is the position of the probe sphere’s center and R is
the probe radius.

The working equations for the velocity field wv(r) are
given as

w[: Rfj),

(gt—i-v v)va Zs = Vp+fu+fL, (5)
z‘vis =1 [Vv + (VV)TL (6)
Vv =0. (7)

Eqn (5) is the usual Navier-Stokes equation.”* Here, p is the
solvent mass density, Zis) given as eqn (6), is the viscous stress
tensor with 54 being the solvent viscosity, and the hydrostatic
pressure p is determined by the incompressibility condition,
eqn (7). In addition, fi is the body force required to satisfy the
rigid-body condition for the swimmer’s body and probe particle
regions, and f{) is the active force directly exerted by the
flagellum part to the fluid:

1 N
S

nJCFAa (8)
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where V) = —[dr?!)(r) is the volume of the flagellum part.
In addition, the volume of the body part is given as

b = [drP®)(r). In this study, because the shapes of the body

and flagellum parts are assumed to be the same, V\?) = V\/),
For the model swimmers, the equations of motion for the
center-of-mass velocity V¥ and the angular velocity with

respect to the center-of-mass Q%) are

dve

M:LTO; = Fac,H + F:c,im + Fib;‘, (9)
< dolY
IG’. 'd—;:Noz,H +No<,int7 (10)
where
M, = pV¥) (11)
and

?& = Jdrp PO (r) {|Ar1|2§ — Ar,Ar, (12)

are the mass and the moment of inertia of the a-th swimmer’s
body, respectively. Here, E is the unit tensor and Ar, =r — R&G).
In this study, the swimmer’s density is assumed to be the same
as the solvent density. In eqn (9) and (10), F, y and N, y are the
force and torque exerted on the o-th swimmer due to HIs,
respectively. The explicit forms of F, g, N, i, and the body force
Jfu are given in the ESL{ F, ;. and N, ;n are the force and torque
acting on the o-th swimmer’s body, respectively, due to the
particle-particle and particle—probe potential interactions:

e D) D )

P#oiucaj, ye/i

" _RY)

Lo B

-y <

(13)
o W(‘R,(l;) - R, )7

Nyjne = — Z Z Z (Rgl;) - RéG))

p#aiucojvep

a W _ pw
w —
g (e ) 2
> a5 oL ).
i,uco 6R”l;

where i, j = 1, 2, 3 and u, v = b, f. Here, U"” is the interaction
potential between two spheres in which each comprise the body
or the flagellum part of different swimmers, and W is the
interaction potential between such a sphere and the probe
sphere. The explicit forms of U"” and W are provided below.
The active force acting on the body part, F&IQ,, is given as

thb,)& = FAﬂot-

(15)

Eqn (8) and (15) prescribe a force dipole Fp/ohi, with /ofi, =
RS — RIY [see also eqn (34)].

Similarly, for the probe particle, the equations of motion for
the center-of-mass velocity V, and the angular velocity with

Soft Matter, 2024, 20, 5527-5537 | 5529


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sm00408f

Open Access Article. Published on 11 June 2024. Downloaded on 7/25/2025 1:09:45 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

respect to the center-of-mass €2, are

dv N
MPTZp = Fp,H + Fp.inl =+ }Te)(.xf7 (16)
dQ
Ipd—tp = Npu, (17)
where
M, = pVy (18)
and
2 2
I, = 3 drp ¥, (r)|Ary (19)

are the mass and the moment of inertia of the probe particle,
respectively. Here, Ar, =r — R, V, = [dr¥,,(r) is the volume of
the probe particle, and the probe particle density is also
assumed to be the same as the solvent density. In eqn (16),
F}, in¢ is the force due to the interaction with swimmers:

N
9 (1)
Fpﬁinl = _ZIZO—RPW(’RIDC _RP‘)v (20)
a=1 i,uco
where i =1, 2, 3 and u = b, f.
We assume the following form of the interparticle
potentials:
24\ "2
UM (r) = ¢(1 = 8,000) (7) , (21)

where ¢ is a positive energy constant, J,,ris the Kronecker delta,
and y, v = b, f. This form prevents the body part of a swimmer
from overlapping on different swimmers but allows overlaps
among the flagellum parts. The interaction potential W between
the probe particle and the particles constituting a swimmer is
introduced to prevent the penetration of swimmers through the
probe boundary. In this study, W is assumed to be given as

el

where we assume the same energy constant as that of U"".

For a direct comparison between simulations with and
without HIs, we have made equivalent simulations without
HIs, using the same parameters for the interactions. Further-
more, in eqn (9), (10), (16), and (17), the hydrodynamic forces
and torques are replaced as

W (r) = (22)

Fot,H - _CHﬁxﬁx : VgG) - é,L (5 - ﬁaﬂa) ' V§G>7 (2‘3)
Naz,H - _CRQ&G)a (24)

Fpy — —6TmsRV), (25)

Np,H - _Snl/lsRBQly (26)

Here, the values of the friction coefficients (|, {,, and (z
are numerically evaluated as those of an isolated swimmer
with HIs; (| = 9.6mysa, {, = 10.9mnsa, and (r = 38.7mnsa’.
This approach draws parallels with the conventional

5530 | Soft Matter, 2024, 20, 5527-5537
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frameworks used in Brownian or relaxation dynamics simula-
tions of spherical particles, for which the friction coefficient is
usually defined as 6nna, with n and a representing the solvent
viscosity and the sphere radius, respectively.

In our simulations, as illustrated in Fig. 1(c), periodic
boundary conditions are imposed in all directions with the
linear dimension L. The probe dynamics are influenced by
periodic image probes and swimmers; as elucidated below, the
probe dynamics are significantly influenced by HIs between the
probe and its nearby surrounding swimmers. Therefore, while HIs
with distant image swimmers (located farther than the nearest
neighbors) will have a small quantitative contribution, they
should not alter the qualitative aspects of the simulation results.
We make the equations dimensionless by measuring space and
time in units of 2 and ¢, respectively. Here, & denotes the
discretization mesh size used in solving eqn (5)-(7), and ¢, =
ph*Ins is the momentum diffusion time across the unit length.
Accordingly, the scaled solvent viscosity is 1, and the units of
velocity, stress, force, and energy are chosen to be A/t, = n4/(ph),
pHite® = nl(ph®), phite® = ns*lp, and ph®/ty> = n°h/p, respectively.
Note that ph'/t,* = n/p is the intrinsic force scale of a Newtonian
fluid. In our simulations, we set ¢ = 30 and F, = 20. The para-
meters determining the swimmer’s shape are set to be a = 3.2, /, =
IR — RIY| = 4.5 and ¢ = 0.5. In this study, the swimmer
volume fraction is identified as that of the rigid body particles

N
given by ¢ = SV /(L3 — 4nR3/3) = NV /(L — 4nR3/3).
a=1

3 Results

3.1 Friction coefficients

Fig. 2(a), (c¢), and (d) present the scaled friction coefficient {/(,
for various conditions. In this study, the friction coefficient of
the probe particle { is defined as

| P
(Vo)

where V. is the x-component of the probe velocity, (---)
represents the time average in a steady state, and {, is the bare
friction coefficient experienced by the probe particle suspended
in a pure solvent.

In Fig. 2(a), {/{, is shown for three different conditions for a
probe with radius R = 20(= 6.25a) and a volume fraction ¢ =
0.032. When HIs are considered, { is significantly smaller than
{o for Fey < 102 To provide further insights into the role of HIs,
equivalent simulations without HIs are performed, employing
identical parameters for the particle-particle interactions.
Without HIs, ( is always larger than {, showing non-
monotonic Fey dependence56 similar to that observed in earlier
simulation study.** The observed distinction strongly suggests
that HIs play a significant role in the reduction of { in active
suspensions. Additionally, we present a passive case, where
we use the same swimmer model but without the active force
(F5 = 0). Notably, for F., = 10 the values of { for both active
and passive systems with HIs tend to converge with a marked

¢ (27)

This journal is © The Royal Society of Chemistry 2024
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In (a), (c), and (d), we present the friction coefficients { scaled by {, against F,. For the cases with Hls, {, is the friction coefficient of the probe

particle suspended in a pure solvent with Fo, = 10. On the contrary, in the cases without Hls, {5 = 6msR as set in eqn (25). In (a), {/{o is shown for three
different conditions at a probe radius R = 20(= 6.25a) and ¢ = 0.032. With Hls, { is significantly smaller than o for Fex < 102 contrasting with the behavior
in the absence of HIs. We also present a passive case, where we use the same swimmer model but without the active force (Fa = 0). Note that for Fo, 2

10%, { for active and passive systems almost converges, simply because the influence of the self-propulsion of swimmers is relatively diminishe

d.34736 In

(b), we plot (V). with error bars, for Fey < 102 both with and without Hls, shown in the upper and lower panels, respectively. In (c), (/o is shown for
different ¢ at a probe radius R = 20(= 6.25a) with Hls. The main data are the results for L = 128, while the yellow-green closed circle represents the data
for a larger system size L = 256 at R = 20, ¢ = 0.016, and Fe, = 10, almost corresponding to the case of L = 128 at the same R and ¢. The upper-right
pannel displays ((Wp,XZ) with 6V« = Vi x — (Vpx). For relatively small Fey, <(pr2> is nearly constant and smaller for lower ¢. In the lower-right panel, the
normalized friction coefficient, (¢ — {o)/((o¢), is plotted. For 3 < Fey < 102 an almost linear dependence of { — o on ¢ is shown. In (d), (/o versus Fey is
shown for several different probe sizes (R = 5, 10, and 20) at ¢ = 0.016. At R = 5 and 10, within the examined range of Fe,, the reduction of { is less

pronounced than at R = 20.

force thickening. This convergence is simply because the
influence of the self-propulsion of swimmers is relatively
diminished.**?® In the ref. 57 and 58, the thickening of
microviscosity due to hydrodynamic lubrication is explored
in the context of active microrheology in passive suspensions,
and it is found that the thickening becomes notable when the
attainable gap distance & can be approximately less than 0.1 of
the particle size. In our simulation, a similar degree of the
resolution of HIs is achieved, which may explain the observed
increase in { at larger F., as reflecting this thickening effect.

Fig. 2(b) shows the average probe velocity (V,, ) at a probe
radius R = 20(= 6.25a) and ¢ = 0.032, both with and without HIs.
For relatively smaller F,, strong fluctuations in V}, , are found,
reflecting significant back-and-forth motions due to frequent
collisions with surrounding swimmers. However, each data
point is derived from simulations conducted over extended
periods to ensure the accuracy of (V},); especially for smaller
F values like F., = 3 and 10, the simulation ran for a period
where the probe particle traveled several hundred times its own
size. For further details on related topics, please refer to Fig. 3
and the associated discussion.

In Fig. 2(c), {/{, is shown for different ¢ at a probe radius
R =20(= 6.25a) with HIs. The reduction in { is enhanced as the
swimmer volume fraction ¢ increases at least within the range
examined in our simulations (¢ < 0.05). The upper-right
pannel displays (6V,,,*) with 6V, = Vj,» — (V). For relatively
small F.,, where the average probe velocity (V}, ) is considerably
smaller than the average speed of microswimmers, (§V},,”) is
nearly constant and smaller for lower ¢. This feature suggests
that the fluctuations in probe velocities are determined by the
details of probe-swimmer collisions and their statistics. In the
lower-right panel, the normalized friction coefficient, ({ — {,)/
(Co), is plotted. It indicates a linear dependence of { — {, on ¢
for F., < 10° within the present range of ¢. However, this linear

This journal is © The Royal Society of Chemistry 2024

relationship does not extend to higher F. values. Furthermore,
even for Fex < 3, the expected scaling also breaks. The precise
origin of these deviations - whether they arise from statistical
inaccuracies or more intrinsic phenomena - remains to be
elucidated.

In macrorheology simulations using the same rod-like
model swimmer, HIs induce a weak alighment of swimmer
orientations along the elongation axis of the applied flow field,

active(with HIs) ~ R=20 ¢=0.032

~ 105 T T ’)
% L ) r‘ 1 <ay?>/R:
W1 | /T wnt] T
<4 Iy 10
vﬁ - 5 100
8’: ) ) /-
X 107 ¢ <Az’>/R?
ol [ x Fop=3
>
< 10
V10 ]

— (<Vpa>At/R)? © 100

Il |

10! 10°

108 At

Fig. 3 The mean square displacement (MSD) of the probe particle,
normalized by R?, in the transverse (y- and z-) directions, is plotted for
Fex = 3,10, and 10% at ¢ = 0.032 and R = 20. The solid lines represent
(Vo) At/R)? with At being the elapsed time, for Fe, = 3, 10, and 10, from
lower to higher, respectively. The crossover from ballistic to diffusive motions is
observed at around At ~ 10° Notably, (Ay,2)/R? and (Az,2)/R? roughly
converge into a single curve, ensuring the axisymmetric behavior of the probe
particle motions around the external force direction (x-direction). For Fe, < 10,
there exists a period where (V) At is less than the average diffusive displace-
ment of the probe particle in the transverse directions, which is consistent
with that the magnitude of fluctuations in V, is larger than (V) for the
same Fe, range.
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resulting in the acceleration of the mean flow and a subsequent
reduction in the viscosity.>* Accordingly, we can expect that the
decrease in { in the present microrheology simulations also
reflects a similar mechanism involving some ordering of swim-
ming directions in the bulk region. However, as shown below,
this is not the case.

Fig. 2(d) shows (/(, against F for three different probe
sizes. For the F., ranges at R = 5 and 10, the magnitude of the
induced velocity gradient in the bulk region (more than one
swimmer size away from the probe surface) approximately
corresponds to that observed for Fo, ~ 10-10” at R = 20, but
the reduction in { is not as noticeable as for R = 20. Further-
more, in Fig. 2(c), the main data are the results for L = 128,
while the yellow-green closed circle represents the data for a
larger system size L = 256 at R = 20, ¢ = 0.016, and F., = 10.
Although we examine only a single case, a significant system-
size dependence is hardly observed, which contrasts with the
macrorheology case, where the viscosity reduction shows a
strong system-size dependence.?” These findings suggest that
the drag-reduction mechanism depends on the local probing
details and thus qualitatively differs from that of the viscosity
reduction observed through macrorheology measurements.

3.2 Local swimmer states around the probe particle

To elucidate the mechanism behind the reduction in {, let us
explore the local swimmer states around the probe and their
impact on the probe dynamics. Before proceeding, it is impor-
tant to verify the symmetry around the x-axis, which corre-
sponds to the direction of the applied external force. In Fig. 3,
we plot the probe particle’s mean square displacement (MSD)
along the y- and z-directions for various values of Fe, at ¢ =
0.032 and R = 20. The MSD in these transverse directions is
proportional to At for larger At, where At represents the elapsed
time, indicating clear diffusive behavior of the probe particle in
these directions. Importantly, the diffusion coefficients in the
y- and z-directions are nearly identical, and these diffusivities
do not show a significant F., dependence. Therefore, this
observation ensures the axisymmetric behavior of the probe
particle around the external force direction (x-direction) and
indicates that the probe motion along and across the
x-direction does not interfere significantly with each other.
The same behavior was also observed for different ¢ (not shown
here). In the following analysis, we assume that axial symmetry
about the x-axis approximately holds. Note that, with increasing
¢, collisions with swimmers occur more frequently, resulting in
the enhanced probe diffusivity.

In Fig. 4(a)-(f), we show the contour plots of the number
density of the swimmers (p(x,y)). At R = 20(2 /,), as shown in
Fig. 4(a), (b), (e), and (f), (p(x,y)) near the probe boundary is
considerably larger than in the bulk region, irrespective of the
presence of HIs. As indicated in the literature, both the steric®®
and hydrodynamic®® effects cause the entrapment of microswim-
mers on the boundaries. A self-propulsive rod-like particle, upon
colliding with the probe, cannot rebound immediately due to the
steric/geometric constraints. Instead, it stays near the probe for a
while, swimming along the surface. This behavior may resultin a
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Fig. 4 (a)-(f) Contour plots of the scaled number density (p(x,y))/po for
various conditions, where pg is the average density defined as po = N/[L® —
47R%/3]. The left and right panels correspond to cases with and without
Hls, respectively. The white semi-circular curves represent the boundary
of the probe sphere. In (a), the swimmer is shown at the same scale as the
probe to compare these sizes directly. We assume axial symmetry about
the x-axis. At R = 20(2 /o), as shown in (a), (b), (e), and (f), (p(x.y)) near the
probe boundary is considerably larger than po, irrespective of the presence
of Hls. On the other hand, for R = 5(< 7o), as shown in (c) and (d), the peak
of (p(x,y)) near the surface is less pronounced. In (g) and (h), (p(x,0))/pg is
shown at R = 20, ¢ = 0.032, and Fex = 10 with and without Hls,
respectively. Here, the gray-colored regions indicate 0 < |x| — R < /.
()=(1) The scaled density (p)so/po averaged over therange R < r < R+ /g
at the polar angle 0 for Fo, = 10 and 100 with and without Hls. In (a), the
dashed white semi-circular curve represents r = R + /.

larger density near the probe surface. Note that HIs between
the probe and the swimmers enhance the entrapment,®® but
they are not significantly dominant in the present condition.
At R =5(< /), as shown in Fig. 4(c) and (d), the peak of {p(x,y))
near the boundary decreases, both with and without HIs, sug-
gesting a weaker entrapment effect for smaller R. Also, as shown
in Fig. 4(g) and (h), without HIs, the increase in (p(x,y)) is slightly
more pronounced on the front than the rear, but such a behavior
diminishes with HIs.

The distinction between with and without HIs is illustrated
in Fig. 4(i)-(1), where we plot the density, averaged over the
range R < r < R+ /, and scaled by p:

[ dr?(p(r, 0))
fﬁﬁo drr?

(P)so = (28)

This journal is © The Royal Society of Chemistry 2024
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Here, (p(x,y)) is reinterpreted as (p(r,0)) with x = rcos 0 and y =
rsin 0. As demonstrated, in the presence of HIs, the density at
the rear is larger than at the front, whereas in their absence, the
reverse is observed. This tendency becomes more pronounced
with increasing F,.

Fig. 5 shows the orientation distribution of swimmers

P(0; x, y) around the probe particle. It is defined as

P(B:x,y) = c(x.) Y <5 [9 — cos™! (f, - f)]a(r - R1)>, (29)

where r = (x, y, 0), £ is the unit vector along the x-axis and £, = Al

/|il| with 7], denoting the projected swimming direction onto
the x-y plane. The normalization factor ¢(x, y) specific to the
present visualization in Fig. 5 is determined so that
(1/2)jd(A)P2 = 1. The main text presents the results for two
cases at F., = 10 and 100 with HIs. For cases without HIs,
please refer to the ESLfi In Fig. 5, the panels (a)-(e) show
P(0; x, y) near the probe boundary. The tilt angle of the
swimmers (measured with respect to the tangential direction

Fig. 5 The orientation distributions of swimmers P(6; x, y) averaged over a
square region outlined by dashed lines at R = 20 and ¢ = 0.032 with Hls,
with the block size being 2a = 0.32R(= 6.4). For the definition of P(0; x, ),
please refer to the explanation presented in the main text. The probe-
sphere’s center is located at (x, y) = (0, 0). In (a)—(f), the left and right panels
present the distributions at Fex = 10 and 100, respectively. The violet
and dark-green lines correspond to P(0; x, y) (x < 0) and P(180° — 0; x, y)
(x > 0), respectively, calculated in the regions indicated by identical
colored characters and normalized to make the total enclosed area equal
1. The dotted lines guide the normal and tangential directions along the
probe sphere.
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of the probe surface) is larger when they face the probe than
when they face the bulk, but this distinction is subtle in (c) and
(d) for F.x = 10. Additionally, more swimmers face the probe
for x < 0 than x > 0. These characteristics are more evident at
F. = 100 than at F,, = 10.

These observations are further illustrated in Fig. 6, where we
plot various components of the following quantities:

1 [Rdr2m,(r, 0)

1) = ) 30
Wrdso (P)so fﬁ“"drrz (30)
R-+{y 2 A
R 1 drr*ig(r, 0)
<m9>s,9: jR R+0o ) (31)
(P)so [ odrr?
R+ 2
1 drr* W,,.(r,0)
(W)= A 4l ) (32)
(Phso  [RF0dr2
1 J"R%’drr2 W,o(r,0)
W0} o= R A 33
Frohso (P)so fzﬁodrrz (33)

Here, mr(rv 0) = Z <}’Ala7,.5(l’ - Ra()>y mﬁ(rv 0) = ? <ﬁac.,(')5(r - Rot)>y

o

VVrr(V7 9) = E <ﬁo¢,rﬁo¢,r‘3(r - Ra)>; and Wro(V, 9) = Z <ﬁo<<rﬁzx.0(5

o o
(r—R,)), where r = (x, y, 0) with x = rcosf and y = rsiné.
Here, 7, and 7, are r- and §-components of the (unit vector)
direction of the a-th swimmer, respectively. Eqn (30) and (31)
represent - and f-components of the average orientation vector
of the swimmers, respectively. On the other hand, eqn (32) and
(33) represent rr- and rf-components of the average nematic
order parameter, respectively. These quantities are averaged

Fe.=10
@ R=20
) 0.04 . ¢ =0.032
<ii>go [I Wiasts with Hls
-0.08
-0.12
0.02
oof S
<Mo>g4 [17 g O
0

0 72 70 072 ™

Fig. 6 (a) and (b) show (h,)sy defined in egn (30), while (c) and
(d) represent (rhy)s ¢ defined in eqn (31). Here, (fn,)s ¢ and (y)s ¢ represent
r- and 0-components of the average orientation vector, respectively.
(e) and (f) show (W,,)sy defined in eqn (32), while (g) and (h) represent
(Wy9)s,0 defined in egn (33). Here, (W,,)s 9 and (W,y)s ¢ represent rr- and r0-
components of the average nematic order parameter, respectively. These
quantities are averaged values per swimmer withintherange R <r < R+ /g
at the polar angle 0. They are evaluated under conditions where R = 20 and
¢ = 0.032, with Hls, for Fe, = 10 and 100.
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values per swimmer within the range R < r < R +/, at the polar
angle 0. They are evaluated under conditions where R = 20 and
¢ = 0.032, with HIs, for F, = 10 and 100. Fig. 6(a) and (b)
demonstrate that the swimmers face the probe more likely than
facing the bulk, and such a tendency is more enhanced at Fex =
100 than F., = 10. As shown in Fig. 6(c) and (d), at Fex = 100,
more swimmers move along the probe surface from the rear- to
the front-sides, while at F,, = 10, such a tendency is not obvious.
Furthermore, we can find that the rr-component of the nematic
order is more enhanced in the rear than in the front, and this
tendency is more enhanced at F., = 100 than at F., = 10. Such a
front-rear asymmetry in (W,g)s ¢ is weaker than that in (W,,)s .
This difference is essential in the observed front-rear asymme-
try in the active stress, as shown in Fig. 7.

Hydrodynamic interactions (HIs) cause swimmers to be
repelled more significantly when approaching from the front
than from the rear. When approaching from the front, HIs
between the swimmer and probe tend to push them away from
each other. On the other hand, when approaching from the
rear, such a tendency is diminished, and for sufficiently large
Fey, the swimmer can be pulled towards the probe depending
on factors such as their relative velocity and angle of approach.
In this situation, swimmers suffer from significant scatterings

(T z,y)> R=20 $=0.032 F.=10

rr
0

-0.004

-0.008

-0.012

-48 -32

<z (z,y))

-16

-16

OLE 16 32 48

Fig. 7 Contour plots of the rr- and r0-components of the active stresses,
denoted as (Z3(x,y)) (a) and (Z%'(x,y)) (b), respectively, for Fe, = 10 and
¢ = 0.032. The white semi-circular curves represent the boundary of the
probe sphere. In (a), the swimmer is shown at the same scale as the probe
to compare these sizes directly. In (a), the inset shows (X3(xy) —
22 (—xy)), indicating apparent front-rear asymmetry in (Z3%(xy)). This
asymmetry means that the swimmers exert more force from the rear. It is
noteworthy to mention the following. If we make the active stress tensor

<f"‘°‘> traceless, as is often done in the literature, (23" approaches zero
with increasing distance from the probe. However, in our definition of the
active stress egn (34), we leave <fa°‘> as tr<fa°‘> #0, resulting in a finite,

though nearly constant (23" at distances away from the probe. In (b),
(23" (xy)) shows more significant fluctuations than (X2 (x.y)).
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at the front side, while scatterings are comparatively weaker at
the rear. This difference in scattering causes to the observed
asymmetry between the front and rear in both the orientation
and the nematic orders of the swimmers. Additional supporting
simulations for this observation are provided in the ESL.¥

3.3 Driving force exerted on the probe particle by swimmers

The observed local swimmers’ behavior significantly affects the
probe motions. To illustrate this, we display the contour plots of
the r7- and r0-components of the active stresses, denoted as 2"
(x,y) and 2%(x,), respectively, for F., =10 and ¢ = 0.032 in Fig. 7.

We here derive an expression for the local active stress
tensor defined in a small subsystem denoted as K, with a
volume Vi and a representative position of (x,y,z). Referring
to a similar procedure given in the previous studies,”**® the

active stress can be derived as

1 o
_7K Z Falohiyiy,

aeK

ot — (34)

where o« € K indicates that the position R, is within the region K.
Essentially, identical expressions of the local active stress were
previously derived (see the ref. 61 and 62, for example). More
detailed derivation of eqn (34) is presented in the ESL

By using the conversion formula to transform the tensor
from Cartesian to polar coordinates, we obtain the following
expressions

(z) = 3(()+ (=)

#3((2) - ) ems20 () sin2o,

(55) = (st (52 - (55) o)

Here, we assume axial symmetry about the x-axis of the local
swimmers’ properties in steady states. In our calculations, we
evaluate the active stress in a small region with a linear
dimension of a, which is not large enough to define an
instantaneous stress tensor. However, this does not pose any
practical problem when investigating the average properties of
the active stress in steady states.

The rr-component (X3 (x,y)) reflects the degree of the extent
to which the swimmers face the probe sphere, either from the
tail or the head. As shown in Fig. 7(a), around the probe, the
magnitude of (X% (x,y)) is slightly less pronounced at the front
side than at the rear, reflecting the front-rear asymmetry in P(6;
x, y). This behavior intuitively suggests that the swimmers exert
more force on the probe from the rear than from the front,
which is more clearly seen in the inset plotting (Z%(x,y) —
23(—x,p)). On the other hand, as shown in Fig. 7(b), (X3 (x,y))
exhibits a notable negative value around the regions indicated
as (c)-(e) for x < 0 in Fig. 5. Note, however, that despite
averaging over a period in which the probe particle moves
several hundred times more than R, (X%%(x,y)) still exhibits
significant fluctuations.

(35)
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Then, we phenomenologically argue the contribution from
the active stress to the reduction of the probe friction as follows.
Integrating the net stress tensor over an arbitrary closed surface
encapsulating the region including the probe particle, denoted
as Sp, gives the friction force acting on that region, which is
equal to —F.x balancing with the external force F.xX:

Pk = (V)i = J asi- (). (37)

SP
where i represents the unit vector that is normal to and pointing
outward from the enclosing surface S,, and dS denotes the

surface area differential on S;,. The net stress > comes from
two different sources; one is the stress acting through the

solvent, Evis — pd, and the other is the active stress et First,

let us adopt S}, to the probe surface. In this case, >t —( on Sp
because the swimmers do not exist due to steric repulsions.
Therefore, the solvent solely accounts for the stress exerted
on S,. As shown in Fig. 2, the average probe speed (V,,,) =
Fey/{ can be increased compared with the case when moving in a
pure solvent. This results in a smaller friction coefficient { than {,
meaning that the average velocity gradient at the probe surface is
decreased to the same extent as the increase in (V). We then
ask: what causes such an increase in (V}, ,)? To further argue this
question, we adopt S, to the surface slightly exterior to the probe
surface, wrapping the peak of (p(x,y)). In this case, the contribu-
tion from the active stress is estimated as

xJ dSr‘z~<§“‘°‘>:J dS((Z%) cos 0 — (%) sin0), (38)
Sp Sp

where cos 0 = x-1i and we assume axial symmetry around the x-axis
and that the non-zero contribution from the active stress remains
along the x-axis after taking the time average in a steady state.
Eqn (38) represents the force exerted by the swimmers on the
region surrounded by S, and, hereafter, is referred to as P,
As shown in Fig. 7, the magnitude of (X%(x,y)) is approximately
0.1 of (Z5(xy)) on S,, and F* mostly depends on (75 (xy)).
Noticing that (X5 (x)) — (Zi(—xy)) ~ =107 for x < 0 on S,
as indicated in the inset of Fig. 7(a), and the area of S, is
approximately 10*, F*‘ can be comparable with F.,. This F*" is
positive and thus can be considered a negative friction force,
effectively acting as a driving force. On the other hand, the force
from the solvent viscous stress acting on the same surface may be
approximated as —{y(Vpx), whose magnitude surpasses Fe(=
{(Vpx))- The smaller friction coefficient { than {, indicates that
the average flow velocity becomes larger than those observed
when moving in a pure solvent environment. Essentially, velocity
gradients are larger in the regions slightly outside the probe, while
those are smaller in the thin region directly adjacent to the probe
surface. The active stress serves to connect these varying behaviors
across the different regions. With these two contributions of the
active and solvent stresses, we may approximately express the
force balance in a steady state as: —Fex = —{(Vpx) ~ —(o(Vpy) +
F*“', which is further rewritten as: (o — {) ~ F*“Y(V,,.).

The above argument explains the notable reduction in { for
smaller F.,. However, as F., increases, while the front-rear

This journal is © The Royal Society of Chemistry 2024
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asymmetry in the active stress is enhanced, F*** may not
linearly increase in Fe, resulting in less noticeable contribu-
tions to the reduction in { for larger Fe,.

4 Concluding remarks

Let us evaluate the applicability of our results to realistic
situations by considering a typical experimental setup of dilute
E. coli suspensions with a volume fraction similar to our
simulations (~0.01). Here, we assume that the swimming
speed of E. coli is vs ~ 10 um s~ ', the magnitude of the active
force is Fo ~ 1 pN, and the cell size is /, ~ 1 pm. In a typical
condition of magnetic-bead microrheology, the force exerted on
the probe is in the pN range, and magnetic colloidal particles
have diameters ranging from 1 to 10 um (= 2R). In our simula-
tion conditions, where the drag reduction is observed, the force
ratio is F.,/Fy < 3 and the size ratio is 2R//, ~ 3, and these can
be met in real experiments.>® Therefore, we can expect that a
substantial drag reduction occurs, if similar density and orien-
tational distributions to those obtained in our simulations are
realized in practical experiments.

In summary, using a pusher-type swimmer model, the present
study investigated the microrheology of active suspensions
through direct hydrodynamic simulations. We revealed that, with
HiIs, the friction coefficient of the probe particle can be signifi-
cantly smaller than when immersed in a pure solvent for relatively
small drag forces. The local swimmer states near the probe
boundary predominantly influence the observed drag reduction.
That is, in active suspensions, microrheology measurements
are strongly influenced by local probing details and thus can be
qualitatively different from macrorheology measurements. Hydro-
dynamic interactions induce the frontrear asymmetry in the
swimmer orientation distributions. This asymmetry further
causes a force/stress imbalance, resulting in an additional driving
force acting on the probe particle through solvent-mediated
interactions (HIs). However, without HIs, the local states of
swimmers outside the (short) range of the direct interaction
potential do not contribute to the friction force. Our simulation
studies illuminate the fundamental importance of Hls in active
suspensions and suggest potential microfluidics applications.
These issues will be further explored in subsequent studies.
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