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Microorganisms such as bacteria and algae navigate complex fluids, where their dynamics are vital for
medical and industrial applications. However, the influence of the Reynolds number (Re) on the
transport and rotational behavior of microswimmers in viscoelastic media remains poorly understood.
Here, we investigate these effects for a model squirmer in flexible polymer solutions across a range of
Re using Lattice Boltzmann simulations. The interaction between swimmer activity and polymer
heterogeneity strongly affects behavior, with rotational enhancement up to 1400-fold and reduced
self-propulsion and diffusivity for squirmers. These effects result from hydrodynamic and mechanical
interactions: polymers wrap ahead of pushers and accumulate behind pullers, enhancing rotation
while hindering translation through forces and torques from direct contacts or asymmetric flows. The
influence of Re and squirmer-polymer boundary conditions (no-slip vs. repulsive) is also examined.
Notably, no-slip conditions intensify effects above a critical Reynolds number (Re, = 0.2). Below this
value, stronger viscous drag minimizes differences. Our findings emphasize the crucial role of
polymer-swimmer interactions in shaping microswimmer behavior in viscoelastic media, informing

microrobotic design in complex environments.

Compared to simple viscous fluids, the natural habitats of microorganisms
and the operational environments of artificial microswimmers are generally
complex. These environments are typically viscoelastic and span various
Reynolds number regimes. As a dimensionless quantity, the Reynolds
number (Re) predicts fluid flow patterns in different circumstances by
measuring the ratio between inertia and viscous forces'”. In general,
microswimmers typically reside in the regime of extremely low Reynolds
numbers (Re<1), displaying a rich array of behaviors. For instance, Bacillus
subtilis and Chlamydomonas swim at Reynolds numbers of approximately
10~**and 10, respectively, while Paramecium swims at Re &~ 0.1°. In the
low Reynolds number range (Re = 107> to 107°), densely suspended bac-
teria display collective behaviors® such as large-scale flow patterns and

vortices’, locally synchronized movements’, uneven spatial distribution of
swimmers, and increased diffusion and mixing’. William et al. first reported
a microscale, biohybrid swimmer propelled by contractile cells, operating at
alow Re &~ 1072, By using the standard lithographic techniques and mass-
scale cell plating, these swimmers are amenable to batch fabrication'’. At
Re = 2.5x107*, the swimming motion of Chlamydomonas reinhardtii
experiences greater viscous resistance during the forward stroke than
during the backward stroke, breaking time-reversal symmetry and
ensuring propulsion'. A study on low Reynolds number propulsion
(14x 107"~ 3 x 107°) of a scallop indicates that differences in the opening
and closing rates result in varying shear rates and, consequently, different
viscosities in non-Newtonian fluids'. In addition, the average velocity of the
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micro-scallop in the shear thickening fluid is faster than in a shear-thinning
fluid”. Another study on a flagellated swimmer (Re < 0.3) in unbounded
space driven by Quincke rotation reveals that the Quincke swimmer exhibits
three forms of motion-roll, pitch, and self-oscillatory rotation by varying the
electric field and the angle between the two filaments"’.

In contrast to the low Reynolds number regime where viscous forces
are dominant, the influence of inertia on the behavior of microswimmers
has gained increasing attention. Investigations at finite Reynolds numbers
not only shed light on predator-prey interactions, sexual reproduction, and
encounter rates of marine organisms but also aid in the design and fabri-
cation of efficient artificial swimmers'*". Squirmers with different swim-
ming schemes exhibit significant differences in locomotion across Reynolds
number (0.01 < Re < 1000), i.e., pushers display a monotonic increase in
swimming speed with raising Re, whereas pullers exhibit a non-monotonic
behavior'>. By using the squirmer model in the regime of
Re ~ O(0.1 — 100), Li revealed that inertial effects alter the contact time
and dispersion dynamics of a pair of pusher swimmers, while triggering
hydrodynamic attraction between two pullers’. A study on a self-propelled
slender swimmer in a chaotic flow field with a flow Reynolds number up to
10 illustrated that pushers exhibit more efficient locomotion than pullers
due to the different distribution of vorticity within the wake'”. Suspensions
of slender pusher and puller swimmers present nontrivial flow motions as
the Reynolds number (1 < Re < 50) changes along with complex swimmer
dynamics'’. The pairwise hydrodynamic interactions for simple two-
dimensional dimer model swimmers'*™' over a range of finite Re were
investigated numerically. Based on the Reynolds number (0.1 < Re < 40)
and initial positions, two swimmers can either repel and move away from
each other or form one of four stable pairs: in-line and in tandem™. An
experimental and numerical study on self-assembled ferromagnetic spin-
ners at Re &~ 30 showed that spinner suspensions induce vigorous vortical
flows at the interface, exhibiting properties of well-developed 2D hydro-
dynamic turbulence®.

The natural habitats of microorganisms and spermatozoa pre-
dominantly consist of polymeric environments™. For instance, sperm
exhibit motility in the cervix and along the fallopian tubes™~"', while bacteria
swarms within biofilms composed of extracellular polymeric substances
(EPS)* . Helicobacter pylori, a bacterium associated with ulcers, adapts to
the acidic conditions of the stomach by altering the rheological properties of
the mucus lining***'. Additionally, synthetic micromotors employed in drug
delivery”, microsurgery®, and disease detection** operate within complex
environments. As a consequence, comprehending the locomotion of
swimmers in non-Newtonian fluids is imperative for potential biomedical
and industrial applications. Intuitively, the existence of macromolecules will
hinder the translational motion of swimmers due to increased viscosity" ™.
However, abundant variations in swimming speed have been reported*".
By using finite element methods, Zhu et al."*” revealed that both transla-
tional motion and power consumption of squirmers are reduced in a
polymeric fluid. In the case of two-dimensional undulatory kicker swim-
mers, the high polymer stress at the tail enhances the swimming velocity™.
The rotating flagella of bacteria generate a depletion zone of long polymers,
resulting in an apparent slip velocity between the fluid and the swimmer.
Consequently, the swimming speed has been increased up to 60%™.
Notably, recent experiments have reported significant enhancements in the
rotational motion of active Brownian colloidal particles embedded in vis-
coelastic fluids”'. Subsequent studies demonstrated that the enhanced dif-
fusions turn into persistent circular rotations above a critical Deborah
number®”. Meanwhile, hydrodynamic simulations via multiparticle collision
dynamics indicated that a decrease of adsorbed polymers by active motion
and asymmetric squirmer-polymer encounters can result in large rotational
enhancements for a neutral squirmer®. In addition, the interplay between
geometrical confinement and fluid viscoelasticity gives rise to intriguing
phenomena. Recent experiments unraveled that E. coli immersed in a DNA
solution and under spherical confinement can self-organize into a
millimeter-scale rotating vortex. The giant vortex switches its global chirality
periodically with tunable frequency®. Experiments involving active particles

in viscoelastic fluids under various geometrical constraints, such as flat walls,
spherical obstacles, and cylindrical cavities, revealed that confined viscoe-
lastic fluids can induce an effective repulsion on particles when approaching
a rigid surface. The repulsion strength has a dependence on the incident
angle, surface curvature, and particle activity”. In the case of swimmer
suspensions, viscoelasticity exerts profound influences on collective
behavior®*. For example, Bovine spermatozoa exhibit disordered indivi-
dual swimming in Newtonian fluids, but cell-cell alignments and dynamic
cluster formations in viscoelastic fluids”. Additionally, simulations of
multiple rodlike microswimmers in 2D continuum viscoelastic fluids
demonstrated that the cluster aggregation for pushers is evidently enhanced
by viscoelasticity, while the effect on pullers is subtle”. However, the
interplay between viscoelasticity and Reynolds number on the dynamics of
microswimmers has not been thoroughly explored.

In this study, we aim to reveal the translational and rotational
mechanisms of generic spherical squirmers immersed in viscoelastic fluids
across a range of Reynolds numbers by employing the Lattice-Boltzmann
method. Viscoelasticity is incorporated by explicitly including linear flexible
polymers. Both no-slip and repulsive boundary conditions between the
squirmers and polymers are examined. Our results clearly demonstrate how
hydrodynamic and steric interactions between deformed polymers and
squirmers influence rotational motion, which in turn affects swimming
speed and translational diffusion. In general, stronger rotational enhance-
ment reduces a swimmer’s ability to maintain persistent forward motion,
leading to decreases in swimming speed and translational diffusivity. These
mechanisms depend on the type of active stress: polymer wrapping occurs in
front of a pusher, while numerous polymers are absorbed at the rear of a
puller. These interactions generate heterogeneous forces and torques or
induce asymmetric local flows that amplify the squirmer’s rotation. In
comparison, the source dipole flow field of a neutral swimmer allows
polymers to skim quickly over its surface, resulting in no substantial
enhancement. Due to these mechanisms, significant rotational enhance-
ments of up to 1400 have been observed. Interestingly, we identify a critical
Reynolds number, Re. = 0.2, above which the differences between the no-
slip and repulsive boundary conditions in swimmers’ transport and rota-
tional properties become significant, but remain minor in the low-Re
regime. The influences of temperature, Reynolds number, polymer con-
centration, chain length, and polymer-squirmer size ratio on these prop-
erties are also investigated. Our findings highlight the critical role of system
heterogeneity resulting from dispersed polymers in determining the beha-
vior of squirmers in viscoelastic fluids.

Results

Transport and rotational properties at Re = 0.8

As shown in Fig. 1, our system consists of a spherical squirmer embedded in
a flexible polymer solution. Viscoelasticity is introduced by dispersing
N,=96 flexible polymers, each composed of N,,, = 240 monomers, within a
cubic simulation box of length L =72a. The resulting monomer packing
fraction is ¢ = N,,,N,/L’ = 0.06 a”>. In this work, all quantities are expressed
in lattice units, with the characteristic length, time, and mass defined as
a=1=m= 1. The swimming strategy is characterized by the active stress f3,
where 8> 0 corresponds to a pusher, 8 < 0 to a puller, and 8 = 0 to a neutral
swimmer®”"”, The swimming speed is given by U, = 2 B), determined by
the strength of the first squirming mode B,””*. Unless otherwise specified,
B; =0.005 is used in the main part of this work. The influence of two
boundary conditions—no-slip and repulsive—is examined independently.
Details of the model are provided in the Methods section.

The rotational behavior of squirmers with different swimming stra-
tegies in complex fluids is first investigated at Re = 0.8. It should be noted
that the Reynolds number is varied by changing the fluid viscosity in this
work (see Methods for details). The rotational dynamics are characterized by
the orientation correlation function

C(t) = {e(t) - e(0)) = e, 0
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Fig. 1 | Sketch of the system. Sketch of a spherical squirmer with radius R immersed
in a viscoelastic fluid. The squirmer self-propels along the polar direction e, with e,
and eg denoting the radial and tangential unit vectors, respectively. The fluid’s one-
particle distribution function f{(x, t) propagates only along the discrete lattice
directions. Viscoelasticity is incorporated by embedding flexible polymers (yellow
bead-spring chains) into the fluid.

where D, is the activity-dependent rotational diffusion coefficient and e
refers to the polar direction of squirmer. For clarity, Df and D are used in
the following text to distinguish the rotational diffusion coefficients of the
active swimmer and the passive colloid. Figure 2(a) shows the orientation
correlation functions for pullers and colloids at various temperatures. The
no-slip boundary condition between squirmers and monomers is employed
in these simulations. As shown in Fig. 2(a), the rotational diffusion
coefficients for passive colloids follow the Stokes-Einstein-Debye relation
and are only minimally affected by the presence of polymers. They change
coherently by about two orders of magnitude as the temperature increases.
However, activity significantly enhances the rotational diffusion of pullers at
low temperatures. For example, D¢ /Df ~ 26 at kzT/e = 0.0005. Contrarily,
at the higher temperature of kgT/e = 0.05, thermal effects dominate and the
enhancement due to activity is negligible. Here, £=0.002 ma’/7" is the
polymer bond strength.

The rotational enhancements of different types of swimmers are
examined. As shown in Fig. 2(b), the enhancements generally exhibit a
monotonic decay proportional to the temperature as (kyT/ €)', This
dependence primarily arises from the increased rotational diffusion coeffi-
cients Df of passive colloids due to the Stokes-Einstein-Debye relation
(Supplementary Fig. 3(c)), whereas the relatively small variations in the
swimmers’ diffusion coefficients D¢ lead to deviations from the
reference curve in Fig. 2(b) (Supplementary Fig. 3(a)). The rotational dif-
fusion coefficient of a pusher with the no-slip boundary condition is
enhanced by more than 50 times at kzT/e = 0.0005. At Re = 0.8, where fluid
inertia becomes significant, polymers are rapidly advected by the flow (with
a monomer velocity v,,, = 0.0035 a/t, as shown in Fig. 3(b)) to the vicinity of
the squirmer, resulting in a high monomer concentration on its surface. In
particular, a distinct narrow ring with a monomer density of p,,, = 0.09 a " is
observed in front of the no-slip pusher in Fig. 3(a). This high density ori-
ginates from the polymer wrapping effect during swimming. These poly-
mers are stabilized on the squirmer’s surface by the advective flow from the
side. Consequently, substantial momentum and angular momentum
exchanges occur, greatly enhancing the rotational motion of the pusher
(Supplementary Movie 1 and Fig. 2(b) sketch). This mechanism is the
primary contributor to its rotational enhancement. Although a high
monomer concentration is also observed at 8= 7/2, frequent collisions on
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Fig. 2 | Rotational behavior of squirmers at Re = 0.8. a Orientation correlation

functions C(t) for pullers (B = 5) and passive colloids at different temperatures. Here,
t refers to the simulation time. A no-slip boundary condition is enforced between
squirmers and monomers. The decrease in the redness (for the puller, active stress
B =5) or purpleness (for the passive colloid) of the C(¢) curves indicates a reduction
in temperature. Solid lines show simulation results, while dashed lines represent
fitted curves obtained using the fitted rotational diffusion coefficients Df =
1.2,1.8,6.8x 1076 7~ for pullers and D? = 4.7x1078,4.3x 1077,4.8 x 1076 77!
for passive colloids at kzT/e = 0.0005, 0.005, 0.05, respectively. Vertical lines indicate
error bars, which become larger in the long-time regime due to limited statistics.
Time is normalized by the characteristic time scale 7, = 3R/B; = 1800 7, which
corresponds to the time required for a swimmer to traverse one body length. (b)
Rotational diffusion enhancements D} /D for swimmers with the no-slip (ns,
dashed line) and repulsive (rp, solid line) boundary conditions. Here, 8 denotes
active stress. Blue, red, and green lines correspond to pushers, pullers, and neutral
swimmers, respectively. The rotational diffusion coefficients for passive colloids
with the no-slip boundary condition are D? = 4.7x 1078, 4.3 x 1077, and

4.8 x 107° 7" at temperatures kpT/e = 0.0005, 0.005, 0.05, respectively. For the
repulsive boundary condition, the values are D! = 4.9 x 1078,4.5%x 1077, and

4.2 x 107° 7", The snapshots show representative configurations of squirmers with
the no-slip boundary condition at kgT/e = 0.0005. The dotted line represents the
reference curve.

both sides of the squirmer compensate each other, producing zero net
torque and thus no significant contribution to rotational enhancement.
When the repulsive boundary condition is applied, direct encounters
between polymers and the squirmer are prevented, weakening the wrapping
effect (Supplementary Movie 2). As a result, the monomer density in front of
the pusher decreases to p,, =0.04 a~>. Nevertheless, heterogeneously dis-
tributed polymers induce asymmetric flows that indirectly mediate inter-
actions between the pusher and polymers through the fluid-squirmer no-slip
boundary condition. Therefore, a rotational diffusion enhancement of over
10 times is observed for the repulsive pusher at kzT/e = 0.05. Naturally, this
enhancement is 4.2 times weaker compared to the no-slip boundary con-
dition due to the absence of direct polymer-squirmer encounters.
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Fig. 3 | Cylindrical distributions for pushers (8 = — 5), pullers (8 = 5), and
neutral squirmers (8 = 0) at Re = 0.8. a, b refer to monomer density p,, and
velocity v" distributions, respectively. Colorbars indicate the magnitude of the
corresponding distributions. The green sphere refers to the squirmer with its
orientation denoted by a red arrow. The no-slip and repulsive boundary conditions
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are applied, respectively. The contour plots of monomer number density and
velocity are generated by time-averaging the local monomer density and velocity
fields in the vicinity of the squirmer, in the cylindrical center-of-mass frame of the
swimmer, across multiple time frames.

The rotational enhancement for a puller (8=5) is also significant.
Under the no-slip boundary condition, the enhancement reaches 26 times.
As shown in Supplementary Movie 3, this enhancement primarily arises
from the heterogeneous distribution of polymers absorbed at the rear of the
puller. These polymers are advected near the puller by backward suction
flows (Supplementary Movie 3 and Fig. 2(b) sketch). Their presence induces
asymmetric flows, which enhance the squirmer’s rotation through the fluid-
squirmer no-slip boundary condition. Additionally, collisions between the
squirmer and polymers generate extra asymmetric forces and torques,
further promoting the puller’s rotational motion. In Fig. 3(a), a broadly
distributed monomer density of p=0.15a" is observed at the rear of the
puller. Meanwhile, numerous polymers are also present at the front but exert
only weak influence on rotation. This is because, on one hand, the frequent
polymer-squirmer collisions there are fairly homogeneous, resulting in
negligible net momentum or angular momentum transfer. On the other
hand, these polymers are rapidly advected to the sides of the puller, limiting
their impact on rotation (Supplementary Movie 3). For the puller with the
repulsive boundary condition, the mechanism is similar (Supplementary
Movie 4). However, due to the absence of direct contacts, only asymmetric
flows induced by the heterogeneous polymer distribution contribute to the
rotational enhancement, resulting in approximately half the strength of the
no-slip case. Notably, the monomer density at the front, p,, =0.18 a3 is
higher than in the no-slip case because repulsion acts as a long-range
interaction, slowing and causing polymers to accumulate near the squirmer.
Consequently, polymers at the rear are decelerated before reaching the
puller, lowering the monomer density there to p = 0.06 a >, which further
reduces the rotational enhancement caused by induced asymmetric flows.

Unlike pushers and pullers, neutral swimmers do not exhibit profound
rotational enhancement, as shown in Fig. 2(b). This is because the source

dipole flow field” generated by a neutral swimmer has limited influence on
the collective motion of polymers, as clearly demonstrated in Fig. 3(b).
Additionally, polymers near the neutral swimmer are advected by the flow
and rapidly skim over its surface (Supplementary Movie 5 and 6 and the
sketch in Fig. 2(b)). Consequently, no significant momentum or angular
momentum exchange occurs, and the induced asymmetric flows
remain weak.

The mean swimming velocities (U - e) for various swimmers are shown
in Fig. 4(a). The combination of finite Reynolds number effects and different
self-propulsion mechanisms results in distinct behavior among the swim-
mers. For neutral swimmers with the repulsive boundary condition, the
mean swimming velocities in the polymer solution are close to those in the
Newtonian case. This is because the source dipole flow field generated by a
neutral swimmer can quickly advect nearby polymers to the rear, mini-
mizing their impact on translation. The reduction in velocity becomes more
evident at kzT/e = 0.05 due to the stronger influence of thermal fluctuations,
with a decrease of about 3.5% observed. In the case of pullers, the influence
of polymers is more pronounced. The force dipole flow field generated by a
puller causes frequent monomer-squirmer collisions at the front, which
impede translation. Additionally, rear-side suction of polymers further
slows down the swimmer. When the repulsive boundary condition is
applied, this slowing effect is approximately 4%. In contrast, it reaches about
10% with the no-slip boundary condition due to closer contact between
polymers and pullers at low temperatures. However, this difference
diminishes at kgT/e = 0.05. This trend is consistent with the change in the
rotational enhancements of pullers shown in Fig. 2(b), where thermal effects
eliminate the boundary-condition-induced difference at higher tempera-
tures. For pushers, the difference between the two boundary conditions is
subtle: the no-slip boundary condition results in only an additional 1.5%
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Fig. 4 | Temperature dependence of transport properties of squirmers at Rey-
nolds number Re = 0.8 in viscoelastic fluids. a, b refer to the mean swimming
velocities (U - e) and the translational diffusion enhancements D? /D of squirmers,
respectively. Here, 8 denotes the active stress. Blue, red, and green lines indicate
pushers, pullers, and neutral swimmers, respectively, while solid and dashed lines
denote repulsive and no-slip boundary conditions. Mean swimming velocities are
normalized by their Newtonian fluid counterparts, (U-e)y, while translational dif-
fusion coefficients are normalized by the translational diffusion coefficients Df =
7.07x1077,7.07 x 1076, 7.07 x 10~°a? /7 for a colloid of radius R = 3a at tempera-
ture kgT/e = 0.0005, 0.005, 0.05, respectively. The dotted line represents the
reference curve.

reduction in (U - e) compared to the repulsive case. Moreover, thermal
effects are more significant for pushers. Consistent decreases in the mean
swimming velocity from 3% to 13% are observed as the temperature
increases.

As shown in Fig. 4(b), the enhancement of the translational diffusivities
of squirmers in polymer solutions are systematically analyzed. For all types
of active stress, the enhancement exhibits a monotonic decrease propor-
tional to the temperature as (kyT/¢)”'. The translational diffusivity of a
swimmer follows the relation D ~ D} + U?/D?, where D? and D® are
the translational and rotational diffusion coefficients of the swimmer, DY is
the translational diffusion coefficient for a passive colloid, and U denotes the
swimming speed. As shown in Supplementary Fig. 2 and 4, since the con-
tribution from the passive translational diffusion term is negligible, the
active term U?/D® predominantly determines D?. The temperature
dependence of the translational enhancement is therefore attributed to the
translational diffusion coefficient of the passive colloid due to the Stokes-
Einstein relation (Supplementary Fig. 4(c)), while the deviations arise from
the relatively small variations in the swimmers’ translational diffusion
coefficients (Supplementary Fig. 4(a)). Furthermore, the no-slip boundary
condition induces stronger rotational motion for both pushers and pullers,
resulting in less pronounced decay in their translational motion compared

102
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Fig. 5 | Rotational diffusion enhancements for swimmers at Re = 0.04. Here,
denotes active stress. Blue, red, and green lines correspond to pushers, pullers, and
neutral swimmers, respectively, while solid and dashed lines denote repulsive and
no-slip boundary conditions. The rotational diffusion coefficients for passive col-
loids with the no-slip boundary condition are D? = 4.1x 107, 3.5x 10™%, and
3.8x 1077 7" at temperatures kzT/e = 0.0005, 0.005, 0.05, respectively. For the
repulsive boundary condition, the values are D? = 4.0 x10~%,3.9x 10~*, and

4.0 x 1077 77", The snapshots show representative configurations of squirmers with
the no-slip boundary condition at kgT/e = 0.0005. The dotted line represents the
reference curve.

to their counterparts with repulsive boundary conditions. Contrarily,
boundary condition effects are negligible for neutral squirmers. Addition-
ally, neutral swimmers and pushers exhibit higher translational mobility
than pullers, which is consistent with their comparatively weaker rotational
dynamics (Supplementary Fig. 3).

Transport and rotational properties at Re = 0.04

As shown in Fig. 5, similar to the previous case, the rotational enhancements
of swimmers at Re = 0.04 also exhibit a clear (kyT/e)”"' temperature
dependence, which is mainly attributed to the increased rotational diffusion
coefficients D? of passive colloids (Supplementary Fig. 3(d)). On the other
hand, the relatively small variations in the swimmers’ diffusion coefficients
D¢ (Supplementary Fig. 3(b)) lead to deviations from the reference curve in
Fig. 5. The interplay of activity and system heterogeneity governs the
enhancements at low temperatures, but thermal effects quickly become
dominant at kgT/e =0.05. Notably, the enhancements at Re = 0.04 are
more pronounced than those at finite Reynolds numbers. In particular,
reminiscent of experiments where a Janus particle is immersed in viscoe-
lastic solutions”’, the enhancement for a puller with the no-slip boundary
condition exceeds two orders of magnitude. However, in our case, this
strong enhancement is mainly attributed to the significant reduction of the
rotational diffusion coefficient of a passive colloid in the high-viscosity
solution (n=0.5m/ar), ie, D> =4x107° 17! at kgT/e=0.0005. The
interplay of activity and system heterogeneity in our fluid-like polymer
solutions cannot induce the persistent circular motion seen in experiments,
which arises from the memory effect of viscoelastic fluids”. This memory
effect originates from the misalignment between the instantaneous particle
orientation and the internal forces generated by deformed polymers during
self-propulsion. However, because our polymer solutions are more fluid-
like, the observed enhancements in rotational diffusion are primarily due to
squirmer-polymer mechanical couplings. Different from the Re = 0.8 case,
the no-slip boundary condition does not provide a strong additional con-
tribution to the enhancement (Fig. 5) because viscous drag dominates at low
Reynolds numbers, leading to reduced fluid motility (Supplementary Fig. 5).
As a result, polymers advected by the flow become less motile, making it
more difficult for them to reach the squirmers and thus reducing
momentum and angular momentum exchange. This phenomenon is
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corresponding distributions. The green sphere refers to the squirmer with its
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are applied, respectively. The contour plots of monomer number density and
velocity are generated by time-averaging the local monomer density and velocity
fields in the vicinity of the squirmer, in the cylindrical center-of-mass frame of the
swimmer, across multiple time frames.

evident in Fig. 6(a), where the monomer densities in the vicinity of squir-
mers are generally lower than those shown in Fig. 3(a).

As shown in Fig. 6, the reduction in polymer motility leads to a clear
decrease in monomer density near a pusher, especially in front of the
squirmer where it nearly drops to zero. Consequently, the polymer wrap-
ping effect is strongly suppressed. However, as demonstrated in Supple-
mentary Movie 7, where a no-slip boundary condition is applied between
the polymers and the pusher, a notable amount of polymer wrapping still
occurs. This generates additional momentum and angular momentum
exchange, which promotes the squirmer’s rotation, though its influence is
less pronounced than at Re = 0.8. Compared with the repulsive case where
the wrapping effect is weaker (Supplementary Movie 8), the relative
enhancement in Fig. 5 is only 1.2, even though the absolute enhancement
reaches 66.

The influence of decreased polymer motility is less severe for pullers.
This is because the mechanism involving heterogeneously suctioned poly-
mers at the rear of the puller remains effective (Supplementary Movie 9, 10,
Fig. 5 sketch, and Fig. 6(a)). Consequently, in Fig. 5, a significant net
enhancement of over 110 times is observed for the no-slip boundary con-
dition at kzT/e=0.0005, which is about 1.3 times stronger than in the
repulsive case. This occurs because the reduced motility inhibits polymers
from reaching the squirmer, thereby suppressing momentum and angular
momentum exchanges under the no-slip boundary condition. This effect is
shown in Fig.6(a), where the monomer concentration at the rear of the
squirmer becomes lower and narrower with the no-slip condition. It is
worth noting that the breadth of the monomer density distribution is
important, since polymers located farther from the centerline generate
stronger torques through asymmetric flows. In the repulsive boundary

condition case, the distribution appears brighter but narrower compared to
the case at Re = 0.8. Here, polymers stay closer to the centerline, and their
influence on the rotational enhancement of the puller is consequently less
pronounced (Supplementary Movie 4 and 10).

Similar to the case at Re = 0.8, neutral swimmers also do not exhibit
significant rotational enhancements due to the rapid polymer advection
process (Supplementary Movie 11 and 12, Fig. 5 sketch). A sixfold
enhancement is found at kzT/e = 0.0005 in Fig. 5.

It is noteworthy that the enhanced rotational motion of squirmers is
entirely attributed to the intrinsic properties of the polymers. For compar-
ison, the rotational diffusion of squirmers in monomer fluids is also
investigated, with the monomer concentration kept consistent with the
previous study. The rotational diffusion coefficients for the pusher, puller,
and neutral swimmer are D" =2.4,6.7,8.0x107° 77!, respectively,
which are close to the theoretical estimation of 3.0 x 10~° 7" for a spherical
squirmer in a Newtonian fluid.

The transport properties of swimmers at Re = 0.04 are presented in
Fig. 7(a). Consistent with previous studies**”®, fluid viscoelasticity leads to
reductions in the mean swimming velocities for all squirmers compared to
their Newtonian counterparts. For neutral swimmers, due to the rapid
polymer advection effect, the reduction is only about 1% with the no-slip
boundary condition and 2% when the repulsion is applied. Front monomer-
squirmer collisions and rear-side polymer suction cause stronger reductions
for pullers, with decreases of approximately 3.5% and 5% for the repulsive
and no-slip cases, respectively. The larger reduction for the no-slip condi-
tion is due to closer polymer-puller interactions. Consistent decreases from
2% to 6% in the mean swimming velocities of pushers are also observed at
Re = 0.04. Similarly, the differences between the two boundary conditions
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Fig. 7 | Temperature dependence of transport properties of squirmers at Rey-
nolds number Re = 0.04 in viscoelastic fluids. a, b refer to the mean swimming
velocities (U - e) and the translational diffusion enhancements D? /Df of squirmers,
respectively. Here, 8 denotes the active stress. Blue, red, and green lines indicate
pushers, pullers, and neutral swimmers, respectively, while solid and dashed lines
denote repulsive and no-slip boundary conditions. Mean swimming velocities are
normalized by their Newtonian fluid counterparts, (U-e)y, while translational dif-
fusion coefficients are normalized by the translational diffusion coefficients DY =
3.54x1078,3.54x 1077,3.54 x 10%a? /7 for a colloid of radius R = 3a at tempera-
ture kpT/e = 0.0005, 0.005, 0.05, respectively. The dotted line represents the
reference curve.

diminish due to reduced polymer motility, resulting in fewer monomer-
squirmer collisions.

The translational diffusivity of squirmers with different types of active
stress is investigated and presented in Fig. 7(b). Similar to the case at
Re = 0.8, the translational enhancements exhibit a monotonic decay pro-
portional to the temperature as (kT /¢)”". This decay is primarily attrib-
uted to the temperature dependence of the translational diffusion coefficient
of the passive colloid (Supplementary Fig. 4). As shown in Supplementary
Fig. 2 and 4, the rotational diffusion coefficients of pushers and pullers are
substantially elevated due to front-side polymer wrapping and rear-side
polymer suction effects. These mechanisms reduce their translational
mobility compared to neutral swimmers, whose rotational dynamics remain
largely unaffected by the presence of polymers. For pullers, comparing to the
repulsive boundary condition, the no-slip boundary condition permits
closer polymer approach, which intensifies heterogeneous flows in the
vicinity of the swimmer. This in general amplifies rotational motion and
results in a more pronounced suppression of translational diffusion.

Effects of Reynolds number
As shown in Fig. 8(a), the dependence of rotational diffusion enhancement
on the Reynolds number is presented. In general, a decay approximately

102

T T T TTT]

(U-e)/(U-e)y
o

o
)

[

{/Df

D

106-..|...|...|...|

Fig. 8 | Influence of the Reynolds number. a Dependence of the rotational diffusion
enhancement D¢ /D? for swimmers with no-slip (ns, dashed line) and repulsive (rp,
solid line) boundary conditions on the Reynolds number at a temperature

kgT/e = 0.0005. Corresponding dependences of (b) the mean swimming velocity
(U - e) and (c) translational diffusion enhancement D?/Df. Mean swimming
velocities are normalized by their Newtonian fluid counterparts, (U-e)y. Here, f8
denotes active stress. Blue, red, and green lines correspond to pushers, pullers, and
neutral swimmers, respectively. The dotted line represents the reference curve.

proportional to Re™! is observed in most cases as Re increases. As shown in

Supplementary Fig. 6, since the Reynolds number is increased by reducing
the fluid viscosity in our simulations, these decays are mainly attributed to
the increase in the rotational diffusion coefficient D of the passive colloid
with increasing Re. This correlation is evidently illustrated by the reference
curve in Supplementary Fig. 6. The deviation of reference curve in Fig. 8(a)
stems from variations in the swimmers’ rotational diffusion coefficients DY,
which are attributed to heterogeneous hydrodynamic and steric interactions
between squirmers and polymers. In addition, the enhancements show a
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Fig. 9 | Dependence of the rotational enhancement D? /D? on the monomer
packing fraction ¢ at a temperature kgT/e = 0.0005. Here, 8 denotes active stress.
Blue, red, and green lines correspond to pushers, pullers, and neutral swimmers,
respectively. The rotational motion of a passive colloid remains essentially
unchanged with increasing ¢, with a corresponding rotational diffusion coeffi-
cient D? =3.0x1077 771,

clear dependence on the active stress. Due to the front-side polymer
wrapping and rear-side polymer suction effects, the enhancements for
pushers and pullers are about an order of magnitude stronger than those for
neutral swimmers. Since the no-slip boundary condition allows polymers to
approach squirmers more closely, the enhancements under this boundary
condition are in principle stronger than in the cases with a purely repulsive
boundary condition. However, the difference between these two boundary
conditions is only pronounced above the critical Reynolds number
Re. = 0.2, because the weaker viscous drag results in stronger fluid motility
and thus more effective advection of polymers. Conversely, the discrepancy
is small in the low-Re regime. Moreover, the influence of the boundary
condition is less evident for pullers, because the rear-side polymer suction
effect is less sensitive to changes in fluid viscosity. Specifically, pullers under
the repulsive boundary condition exhibit more pronounced enhancement
than pushers, while a crossover is observed between the pusher and puller
D¢ /DP curves under the no-slip boundary condition. This is because the
front-side polymer wrapping effect, which is dominant for pushers, is more
sensitive to the distance between the squirmer and the polymers, whereas
the rear-side polymer suction effect for pullers is more stable and less
affected. As a result, when the repulsive boundary condition is applied,
pushers are more strongly influenced. In the no-slip case, the reduction in
fluid motility as Re decreases also leads to a decay of D} (Supplementary
Fig. 6), which, together with the decrease of D?, produces the characteristic
boat-shaped trend of Df /D? for the pusher.

The influence of the Reynolds number on the swimming velocities is
illustrated in Fig. 8(b), where decreases in swimming velocities are observed
at all Reynolds numbers. Similarly, a critical Reynolds number is identified
at Re, = 0.2, above which the no-slip boundary condition results in evi-
dently lower swimming velocities compared to the repulsive case. This effect
is attributed to the fact that the no-slip boundary condition allows polymers
to approach squirmers more closely at finite Re, where polymer motility is
high. However, this difference becomes small for Re < Re...

The dependence of translational diffusion enhancement on the Rey-
nolds number is shown in Fig. 8(c). Monotonic decays are observed for all
active stresses. As shown in Supplementary Fig. 7, since the variation of Df is
small when increasing Re, these decays are mainly attributed to the increase
in the translational diffusivity of the passive colloid, leading to the Re™!
dependence of D? /DY. The discrepancy between the no-slip and repulsive
boundary conditions is evident above Re, for pusher and puller for pushers
and pullers, but becomes subtle in the low-Re regime. In particular, the
neutral swimmer and the pusher exhibit stronger translational diffusion

compared to the puller. This difference stems from the puller’s more pro-
nounced rotational motion, which results from the rear-side polymer suc-
tion effect. However, pusher with the no-slip boundary condition shows a
similar enhancement to that of the puller in the finite-Re regime. This
phenomenon originates from the strong front-side polymer wrapping effect
at finite Re, where the motility of the polymer remains high. This also leads
to a reduction in the translational diffusivity of the pusher with the no-slip
boundary condition compared to the repulsive case at finite Re.

Other effects

The influences of the monomer packing fraction and the squirmer-polymer
size ratio on the rotational and translational behavior of squirmers at Re =
0.04 are discussed below. Given that the additional contributions from the
no-slip boundary condition are minor in this regime, only the repulsive case
is considered.

The dependence of rotational enhancements for squirmers with dif-
ferent active stresses on the monomer packing fraction are shown in Fig. 9.
In the absence of polymers, the system remains homogeneous, resulting in
squirmers with various active stresses exhibiting rotational diffusion coef-
ficients nearly identical to that of a passive colloid. Accordingly, the corre-
sponding rotational enhancements are nearly unity. However, these
enhancements increase rapidly to 33 for a pusher and 56 for a puller when
the packing fraction reaches ¢/¢, = 0.6. A 2.5-fold enhancement is observed
for a neutral swimmer. Here, ¢, = 3N,,,/47R> = 0.053 a is the overlap
concentration for a flexible polymer of length N,,, = 240 with an estimated
radius of gyration R,=10.3a at temperature kgT/e=0.0005. These
enhancements arise from the increased system heterogeneity due to the
embedded polymers®, which induce asymmetric flows around the swim-
mers and thus promote rotational diffusion. The enhancements become
even more significant at ¢/¢o = 3.58, reaching 122 for the pusher, 148 for the
puller, and 16 for the neutral swimmer. Beyond this point, D¢ /D? reaches a
plateau for the pusher but starts to decrease for the puller, indicating a
weakening of the asymmetric flows induced by the polymers and a transi-
tion of the system toward a more homogeneous phase®’. For ¢/¢y > 4.7, the
enhancement for a pusher would likely begin to decrease, and a maximum
would be observed for a neutral swimmer. However, ¢/¢, alone does not
determine the rotational enhancement of the squirmer. In a very dilute
solution, although the system is more heterogeneous, the average time
between two squirmer-polymer encounters is relatively long, so the accu-
mulated effect remains weak. On the other hand, in a pure monomer
solution, because monomers are homogeneously distributed, they
encounter the squirmer uniformly during swimming, leading to no net force
or torque and thus no rotational enhancement. Therefore, the globular
structure of the polymer as a whole is essential for this effect. The influence
of monomer packing fraction on the mean swimming velocity and trans-
lational diffusion coefficient is discussed in the Supplementary Fig. 8. In
short, higher packing fractions lead to a sharp reduction in transport
parameters due to enhanced rotational diffusion.

The dependence of rotational enhancements on the squirmer-polymer
size ratio is investigated in Fig. 10. Swimmers with radii R=3—6a are
considered. To prevent excessively strong flows that could break polymer
bonds, a smaller swimming strength B; = 0.003 is used. Consequently, the
corresponding Reynolds numbers are Re = 0.024-0.048, ensuring that the
mechanisms governing transport and rotational properties remain intact.
As shown in Fig. 10, the rotational diffusion coefficient of a passive colloid
follows the Stokes-Einstein-Debye relation and decreases by about an order
of magnitude as particle size increases. However, activity can compensate
for this intrinsic decrease in D,. The rotational diffusion coefficients of a
pusher and a neutral swimmer decrease only by factors of 2 and 3,
respectively, resulting in rotational motions that are up to 5 and 3 times
stronger. Remarkably, the puller’s D? increases by a factor of 4 at R=6 a4,
leading to a significant enhancement with D? /D? = 1400. This is attributed
to the fact that a larger puller generates stronger and more stable rear flows
that efficiently advect polymers to its vicinity. As a result, a noticeable
increase in monomer density can be seen in Supplementary Fig. 9. These
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Fig. 10 | Influence of squirmer-polymer size ratio on the rotational properties of
squiremrs at Re = 0.04. Dependence of (dashed lines) normalized rotational dif-
fusion coefficients D?/D? and (solid lines) rotational enhancements D?/D? on
particle radius. Here, 8 denotes active stress. Blue, red, and green lines correspond to
pushers, pullers, and neutral swimmers, respectively. The monomer packing frac-
tion is fixed at ¢/¢o = 1.13. Particle radii R are normalized by the polymer’s natural
bond length ¢ = 1a. The theoretical rotational diffusion coefficient for a colloid of
radius R = 3a at temperature kgT/e =0.0005 is DY = 3.0x107° 771

polymers induce intense asymmetric flows, thereby greatly enhancing the
rotational motion of the puller (Supplementary Movie 13). As shown in
Supplementary Fig. 10, the significant enhancement of puller rotation with
increasing R//; leads to a sharp decay in the corresponding mean swim-
ming velocity. In comparison, translational diffusion is less affected due to
the compensating effects of D?/D¥ and (U - e)/(U-e)y. For pushers and
neutral swimmers, the mean swimming velocities are only weakly depen-
dent on the size ratio and are accompanied by evident increases in trans-
lational diffusivity.

In addition, the effect of polymer length on the hydrodynamic behavior
of squirmers is discussed in the supplemental materials. Specifically, for a
puller with R/Ij = 3, the rotational enhancement increases by approxi-
mately 35% when shorter polymers (N, =60) are used. This moderate
increase is primarily attributed to a reduction in the rotational diffusion of
the passive colloid. However, this result should not be overemphasized, as
the rotational enhancement y = D¢ /D is highly sensitive to the values of
the rotational diffusion coefficients, i.e., small variations in these parameters
can lead to noticeable changes in y. In contrast, the transport properties of
squirmers are largely unaffected by changes in polymer length.

Discussion

Our previous work® performed hydrodynamic simulations of a squirmer
immersed in a polymer solution using multiparticle collision dynamics
(MPC) at Re =1.1. That study focused on revealing the rotational
enhancement of a neutral swimmer with surface attraction in a viscoelastic
fluid. The amplification is a consequence of two effects, a decrease of the
amount of adsorbed polymers by active motion and an asymmetric
encounter with polymers on the squirmer surface. In comparison, the
present work focuses on elucidating the influence of the Reynolds number
on both the translational and rotational behavior of squirmers with various
active stresses. Here, no surface attraction is employed. Instead, the influ-
ence of two boundary conditions, i.e., no-slip and purely repulsive, are
examined. The hydrodynamic interactions due to active stress are suffi-
ciently strong to induce profound effective attraction to the polymers. The
observed rotational enhancements of pushers and pullers arise from distinct
mechanisms driven by active stress. Specifically, polymer wrapping occurs
in front of a pusher, while numerous polymers are absorbed in the rear of a
puller. Both mechanisms enhance the rotational motion while simulta-
neously suppressing the swimming speed through forces and torques arising
from direct contacts or asymmetric local flows induced by the polymers.
One key result is the identification of a critical Reynolds number, Re, = 0.2.

Above Re,, the dominant inertial effects of the fluid efficiently advect
polymers into the vicinity of the squirmer, leading to more pronounced
rotational enhancement for swimmers under the no-slip boundary condi-
tion. However, in the low-Re regime, this effect diminishes because the
strong viscous drag of the fluid impedes polymer advection toward the
squirmer, resulting in similar rotational enhancements under both
boundary conditions.

In experiments with Janus particles suspended in PAAm polymer
solutions, rotational diffusion was found to increase by more than 400 times
due to the fluid’s viscoelastic memory effect, where internal forces generated
by deformed polymers lag behind the particle’s instantaneous motion®'. At
higher activity levels, this memory effect can even induce circular
trajectories”. For comparison, using a water-PnP mixture with fluid density
p=0.95x 10’ kg/m’, particle diameter 2R=7.75um, swimming speed
Up = 0.25 um/s, and viscosity # =0.15 Pa - s, the Reynolds number is esti-
mated as Re &~ 1.3 x 1078, The fluid stress-relaxation time is 7=1.65s,
giving a Deborah number De= Uy7/2R=0.05, which indicates pre-
dominantly viscous behavior. By contrast, our system reaches a much larger
De =20944 at Re = 0.04. However, this does not imply strong elasticity,
because the polymer relaxation is so slow that squirmers do not experience
any noticeable elastic response. Instead, the pronounced enhancements in
rotational diffusion observed in our simulations arise from direct
mechanical and hydrodynamic interactions, such as front-side polymer
wrapping for pushers and rear-side polymer suction for pullers.

On the other hand, Corato” proposed that polar active particles can
spontaneously develop chirality when a transient perturbation breaks the
symmetry of the surrounding solute, generating a torque that spins the
particle if solute diffusion is slower than advection. This mechanism can
significantly enhance the rotational diffusion coefficient”. The key para-
meters are the solute concentration ¢ and the Péclet number, Pe, = UyR/D,.
In our system (kgT/e=0.05, R’¢ =1.67), the solute diffusion coefficient
D;=39%107% 45%x10"°a’r"" yields Pe, values of 256 (finite Reynolds
number) and 2222 (low Reynolds number), or even higher at lower tem-
peratures due to suppressed diffusion. According to Corato’s phase diagram,
our systems remain in the polar regime, indicating that spontaneous chir-
alization is not the dominant mechanism governing the rotational beha-
vior here.

A recent simulation using multiparticle collision dynamics (MPC) at
Re = 0.1 reported large reductions in swimming speeds up to 40% in
flexible and 90% in semiflexible polymer solutions’®. Whereas, our results
show only about a 10% reduction. This discrepancy likely arises because
MPC polymers can absorb significant kinetic energy directly from the
squirmers, while in our inertialess polymer model, energy transfer occurs
mainly through fluid-mediated interactions. Moreover, the MPC study
found no clear increase in rotational diffusion, which may be attributed to
their relatively high thermal energy (kgT/E,=0.43). Here, E, =
2/3nR%pU% = 6.3 x107*ma? /1% is the reference translational kinetic
energy of the squirmer. In comparison, our system features a much lower
thermal energy (kzT/E,=0.0016), allowing strong rotational diffusion
enhancements to manifest. This comparison highlights that excessive
thermal fluctuations can obscure the polymer-induced flow heterogeneity
that influence squirmer rotation.

Ouyang”’ recently investigated the swimming of spherical squirmers
and squirmer dumbbells in an athermal viscoelastic fluid using the Giesekus
model, focusing on how fluid inertia and elasticity affect swimmer motion.
At Re = 5, all swimmers swam faster as the Weissenberg number (Wi)
increased (analogous to our Deborah number), reaching a plateau for
Wi > 8. Specifically, the swimming speed increased by 10% for neutral
swimmers, 140% for pushers (8= — 5), and decreased slightly by 3% for
pullers (8=5). This behavior likely results from how fluid stresses are
generated behind the squirmer, with higher Wi enhancing vorticity con-
vection and thus boosting the swimming speeds of pushers and pullers.
Differenly, our study at Re = 0.8 showed a speed reduction of up to 10% for
all swimmers at kzT/e = 0.0005. This reduction occurs because the increased
rotational motion of the swimmers hinders their forward propulsion.
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Ouyang’s work at Re = 0.01 also showed decreased speeds with increasing
Wi, plateauing for Wi> 14 (about 5% for neutral swimmers and pullers,
125% for pushers). Similarly, our system at Re =0.04 and
kgT/e = 0.0005 showed modest reductions: about 2% for neutral swimmers
and pushers, and 5% for pullers. These differences likely arise because our
model does not include elastic memory effects, and the additional rotational
enhancement stems mainly from the interplay between swimmer-generated
flow fields and polymer deformation.

Conclusions

In our study, we conducted comprehensive investigations into the transport
and rotational properties of squirmers with different active stresses in
polymer solutions using the Lattice-Boltzmann approach. To thoroughly
elucidate the role of fluid viscoelasticity, we examined the swimming
behavior of squirmers across a range of Reynolds numbers. The interplay
among active stress, Reynolds number, and squirmer-polymer boundary
conditions reveals rich dynamics. In particular, we identified a critical
Reynolds number, Re, = 0.2, above which pronounced differences between
the no-slip and repulsive boundary conditions emerge for both transport
and rotational properties, whereas these differences become negligible in the
low-Re regime. This transition is attributed to the competition between
viscous and inertial forces: for Re > 0.2, inertial forces dominate, resulting in
strong fluid and polymer motility that enables closer contact between
polymers and squirmers under the no-slip boundary condition. Conse-
quently, compared to the repulsive case, additional momentum and angular
momentum exchanges enhance the swimmers” dynamics. In contrast, in the
low-Re regime, the dominant viscous drag suppresses polymer motility,
diminishing the additional contributions from the close-contact effect
under the no-slip boundary condition.

Regarding the rotational diffusion, significant enhancements up to a
factor of 1400 have been observed. These enhancements arise from the
unique dynamics induced by active stress: specifically, polymer wrapping
occurs in front of a pusher, while numerous polymers are absorbed at the
rear of a puller. These interactions generate heterogeneous forces and tor-
ques or induce asymmetric local flows that amplify the squirmer’s rotational
motion. However, the source dipole flow field of a neutral swimmer allows
polymers to skim rapidly over its surface, resulting in no substantial
enhancement. Furthermore, due to the minimal variations in the rotational
diffusion coefficient (D?) for active swimmers and the sharp increases in D?
for passive colloids, clear decreases in the ratio D¢/DF are evident with
increasing Reynolds number.

In terms of transport properties, the presence of polymers increases the
viscosity and, together with the enhanced rotational motion, results in
swimming speed reductions of up to 10% for all types of squirmers com-
pared to their Newtonian counterparts. Monotonic decreases in the trans-
lational diffusion enhancements are observed as the Re increases. Similar to
the rotational diffusion, this trend primarily stems from the sharp increase
in the translational diffusion coefficients of passive colloids (DY) and the
relatively small variations in Df of the swimmers. In addition, pullers exhibit
more pronounced decreases compared to pushers and neutral swimmers,
attributed to their stronger rotational enhancement.

Our work highlights the crucial role of mechanical and hydrodynamic
interactions between swimmers and polymers in shaping the behavior of
squirmers in viscoelastic fluids. In particular, the system heterogeneity
induced by dispersed polymers plays an essential role. To validate our
results, a systematic comparison between real swimmers and squirmers was
performed by matching the dimensionless Péclet number and Reynolds
number (details in section 2.11 of Supplementary Discusssions). The con-
sistency between experiments and simulations supports the validity of our
results. However, the large Deborah numbers obtained in our simulations
indicate that the relaxation process of locally deformed polymers is too slow
to exhibit any significant elastic effect. Therefore, further investigation is
demanded to determine whether the entangled polymer solution as a whole
possesses substantial viscoelasticity. A limitation of our model arises when
studying systems with multiple squirmers, as it does not allow for

simulations at very high packing fractions. It is necessary to ensure sufficient
spacing between squirmers to avoid discretization artifacts and issues
related to unresolved lubrication forces. Adequate fluid nodes must be
maintained between squirmers to preserve accurate hydrodynamic inter-
actions and to prevent the formation of artificial vacuum regions.

Methods

The mesoscopic fluid environment is modeled using Lattice-Boltzmann
(LB) simulations® ™ with the D3Q19 lattice scheme™. Unlike fully resolved
hard-sphere models with stick boundary conditions, which have been
successfully applied to colloidal systems® ™, flexible polymers in this study
are represented by a bead-spring model (Fig. 1, 1.2 Flexbile polymer model
in Supplementary Methods). Monomers are treated as point particles acting
as force monopoles®', known as Stokeslets, which exert forces on the fluid. In
contrast to previous works**, monomer inertia is not included, as it does
not play a significant role in determining the dynamics-particularly the
rotational motion-of swimmers in such complex environments. However,
the inertia of the fluid itself is retained in the simulations. As shown in Fig. 1,
aspherical squirmer”™”*, modeled as a buoyant hard sphere with a prescribed
tangential surface slip velocity

u,, = By sin(6)[1 + B cos(0)]ey, 2)

is employed to represent the microswimmer in this study. Here, B is the first
surface velocity mode, 6 is the polar angle with respect to the squirmer’s
orientation e, and ey denotes the local tangent vector. The self-propulsion
mechanism is characterized by the active stress §, i.e., f > 0 corresponds to a
puller, 8 = 0 to a neutral swimmer, and 8 < 0 to a pusher*””"’>. AtRe = Oina
Newtonian fluid, the swimming speed U, =2/3B, is determined by the
strength of the first surface mode B;. A slight deviation from the theoretical
estimate occurs in the low Reynolds number regime. In this work, B; = 0.005
is utilized. To prevent fluid from penetrating the squirmer, the no-slip
boundary condition is enforced””. We investigate the influence of two types
of polymer-squirmer boundary conditions on the squirmer’s dynamics.
Similar to the fluid-squirmer interaction, a no-slip boundary condition
between a squirmer and a monomer is first implemented. For comparison,
the effect of a purely repulsive boundary condition on the squirmer’s
behavior is also examined. Although no net torque is directly generated
during these interactions, the presence of polymers near the squirmer can
induce asymmetric flows, thereby indirectly affecting its translational and
rotational properties. Further details of the simulation methods and models
are provided in the Supplementary Methods.

The rotational and translational properties of various squirmers
immersed in polymer solutions are investigated. The influence of fluid
inertia and viscous forces is examined across a range of Reynolds numbers,
Re = 2RpU,/n = 0.04 — 0.8, where the fluid viscosities vary between
7 =0.025 — 0.5 m/(a 7). The squirmer radius is R = 3a and the fluid density
is p=1mla’. To characterize the viscoelasticity of the fluids, the corre-
sponding Deborah numbers, De = Uo,y/2R=2789, 20944, are estimated ata
temperature of kT =10"* ma’/7". Here, the longest polymer relaxation
times, 7, = 5 x 10°, 3.8 x 10" 7, are determined by calculating the end-to-end
vector correlation functions, which exhibit exponential decay™. In general,
the fluid shows elastic behavior if De >> 1, whereas viscous forces dominate
when De < 1. However, the very large Deborah numbers in this study do
not necessarily imply strong fluid elasticity. In fact, the relaxation of locally
deformed polymers during squirmer self-propulsion is too slow for elastic
forces to significantly influence the swimmer dynamics. Therefore, the
notable enhancements in rotational motion and the reduction in swimming
speeds are primarily attributed to the mechanical and hydrodynamic
interactions between squirmers and polymers.

Data availability
The data that supports the findings of this study are available from the
corresponding author upon reasonable request.
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