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Role of tumbling in bacterial scattering at convex obstacles
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Active propulsion, as performed by bacteria and Janus particles, in combination with hydrodynamic inter-
action results in the accumulation of bacteria at a flat wall. However, in microfluidic devices with cylindrical
pillars of sufficiently small radius, self-propelled particles can slide along and scatter off the surface of a pillar,
without becoming trapped over long times. This nonequilibrium scattering process has been predicted to result
in large diffusivities, even at high obstacle density, unlike particles that undergo classical specular reflection.
Here, we test this prediction by experimentally studying the nonequilibrium scattering of pusherlike swimmers
in microfluidic obstacle lattices. To explore the role of tumbles in the scattering process, we microscopically
tracked wild-type (run and tumble) and smooth-swimming (run only) mutants of the bacterium Escherichia
coli scattering off microfluidic pillars. We quantified key scattering parameters and related them to previously
proposed models that included a prediction for the diffusivity, discussing their relevance. Finally, we discuss
potential interpretations of the role of tumbles in the scattering process and connect our work to the broader
study of swimmers in porous media.
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I. INTRODUCTION

Both in the laboratory and the natural environment, active
particles regularly encounter physical boundaries: synthetic
microswimmers can be guided in microfluidic channels [1],
sperm cells follow the female reproductive tract to reach the
egg cell [2], and immune cells must navigate the extracellu-
lar matrix to respond to danger signals [3]. Accumulation at
boundaries may even be essential for biological function, e.g.,
at the onset of biofilm formation by bacteria [4,5]. Boundary-
induced accumulation is indeed a hallmark of active particles,
and the characteristics of a persistent self-propoulsion are
sufficient to explain this phenomenon [6,7].

Once at a boundary, however, the characteristics of the
surface interaction differ between the various types of active
particles, depending on, for example, flow fields surrounding
the particle body or geometrically determined steric effects.
An important class of active particles are microswimmers,
such as bacteria and microalgae, which are commonly dis-
tinguished based on their flow profile as pushers and pullers,
respectively [8,9]. For puller-type particles swimming parallel
to a wall, the passive hydrodynamic interaction is generally
repulsive, and it has been shown that the model microalga
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C. reinhardtii is reorientated at a boundary due to direct con-
tact interactions of its flagella with the surface [10]. Pusher-
type particles such as bacteria, on the other hand, align their
traveling direction upon impact with a wall and escape the
surface only at long times [11]. Once they are trapped by
the boundary, the bacteria swim in circles due to the clockwise
rotation of the cell body [12]. To escape the wall again, the
bacterium has to reorient sufficiently. A wild-type E. coli
bacterium has two means to achieve such a reorientation:
rotational diffusion or tumbling. Rotational diffusion, with
diffusion coefficient Dr , is usually a slow process; based on
hydrodynamic theory, the escape time has been predicted to
scale as exp(Dr/D∗

r ), where D∗
r is the rotational diffusion

coefficient in the direction perpendicular to the surface [4].
Tumbling is much faster and could be a way of reducing
trapping time. However, the tumbling frequency close to a
flat surface might be reduced by hydrodynamic effects, which
could prevent the unbundling of flagella required for tumbling,
as has been demonstrated for E. coli [13]. While laboratory
surfaces can be flat, those in natural environments may be nei-
ther perfectly flat nor smooth. In particular, bacteria have been
shown to accumulate at surfaces patterned to have concave
curvatures, while convex curvatures may reduce the trapping
time [5,14]. However, even for convex curvatures, there is a
radius of curvature above which the particles are trapped, that
is, if the curvature of the surface is too small, the boundary
resembles a flat wall for a bacterium. For smooth-swimming
E. coli, Sipos et al. [15] determined this trapping radius at
50 µm; for radii above this value more than half the cells
stayed at an obstacle for more than 3s after collision, which
could be explained by a hydrodynamic model. As shown by
Refs. [15,16], this trapping threshold depends on bacterial
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properties, in particular, its size and dipole strength. Below
the trapping radius, pusher-type particles scatter at convex
surfaces. Similarly to the interaction at a flat wall [7], both
steric and hydrodynamic effects may be involved in the scat-
tering process [16–18]. While some recent studies have shed
more light on the scattering interaction for a range of different
shapes and sizes of obstacles [18–21], it remains unclear how
tumbling events might influence the scattering process. For
complex 3D porous media, it was shown that bacteria only
escape traps once they reoriented sufficiently, which could be
improved by flagellar unbundling [22]. The authors speculated
that the geometry of the flagellar arrangement and pore size, as
well as hydrodynamic interactions, might influence the ability
of a cell to tumble. Both smooth-swimming [15,21,23] and
wild-type bacteria [18–20], which perform tumbles, have been
used for studies involving obstacles. However, an analysis of
the role of tumbles during interactions at convex boundaries
is missing to date. This is despite the potential of tumbles as a
mechanism to escape obstacles.

As macroscopic transport arises from underlying micro-
scopic dynamics, the nontrivial interaction with boundaries
can significantly affect the macroscopic behavior of mi-
croswimmers in complex environments. The rich behavior of
such systems is currently the focus of research into active
matter in confinement [24,25]. For example, in the classical
narrow-escape problem, microalgae escaped faster than ex-
pected for Brownian particles or chaotic Billiards thanks to
cell-wall interactions [26]. Interaction with colloids can even
increase bacterial propagation due to increases in speed [27]
and forward scattering [28]. These and other studies [18–20]
use wild-type bacteria, which tumble. However, as mentioned
above, the role of tumbling on surface scattering has not been
previously quantified.

In this paper, we compare the scattering of wild-type and
smooth-swimming E. coli in regular obstacle lattices, and use
this to evaluate the macroscopic population transport. We first
describe the experimental setup as well as the microscopic
and macroscopic analysis employed to describe the scattering
dynamics. Next, we quantify and compare the details of the
scattering behavior of the smooth-swimming mutant of E. coli
to its wild type to identify the influence of tumbles. We find
that tumbling can significantly reduce the time spent at an
obstacle for cells approaching it with a large collision angle.
Finally, we discuss the diffusive transport that results from the
scattering of populations of the two strains.

II. METHODS

A. Experimental setup

Experiments were preformed using E. coli strains AD52
(AB1157 motility wild-type [29] with plasmid expressing
eGFP pWR21) and AD83 (an AB1157 �cheY smooth-
swimming mutant, JSL1 [30], with plasmid expressing eGFP
pWR21). The preparation of the bacterial cultures followed
standard protocol developed by Berg for motility studies using
E.coli as outlined, e.g., in Ref. [30]. In short, cultures were
grown from frozen stocks on Luria Broth agar plates (10 g/L
tryptone, 5 g/L yeast extract, 10 g/L NaCl, 1.5 g/100 mL
agar) overnight at 30 ◦C (New Brunswick Scientific, Inova

42 R). A single culture was transferred from plates to liq-
uid LB medium and grown overnight in LB at 30 ◦C and
200 rpm. Cultures were then diluted 1:100 in Tryptone broth
(10 g/L tryptone, 10 g/L NaCl) and incubated at 30 ◦C and
200 rpm for 4 h (up to OD600 ∼ 0.4 − 0.5). The growth media
were supplemented with 100 µg/ml ampicillin and 30 µg/ml
kanamycin, where needed, e.g., to retain plasmids. At the
end of the second growth phase, 1mL of culture was washed
three times by centrifuging at 8000 g at 20 ◦C for 2 min,
discarding the supernatant and resuspending the pellet gently
before adding 1mL of Berg’s motility buffer (BMB: 6.2mM
K2HPO4, 3.8mM KH2PO4, 67mM NaCl, 0.1mM EDTA).
After the final centrifugation, the pellet was resuspended in
BMB +4% of bovine serum albumin (BSA) to prevent the
surface attachment of bacteria.

Polydimethylsiloxane (PDMS) devices were fabricated ac-
cording to standard soft lithography techniques, using a 1:10
mixture of elastomer:silicone (SYLGARD 184). The devices
were cured at 60 ◦C for 2 h. After atmospheric plasma treat-
ment for 10 s (diener Femto plasma system), the PDMS
devices were bonded to glass coverslips and stored at 60 ◦C
for 15 min to improve bonding. The resulting channels had
a height of 50 µm and were filled with hexagonal lattices
of pillars with varying radius and distance (center-to-center
separation). The pillars have a radius of either R = 16 µm or
R = 36 µm, which is well below the critical trapping limit
R ∼ 50 µm [15]. The microfluidic channel was imaged on
an Olympus IX73 Inverted Microscope using fluorescence
imaging (Prior Lumen 200 illumination) at 10× magnifica-
tion. Image sequences were acquired at 20 fps using a CMOS
camera (Grasshopper3 GS3-U3-23S6M, 1.71pixel/µm). The
contrast was enhanced in MATLAB by stretching the pixel
values based on the standard deviation of the image. Finally, a
bandpass filter was applied to enhance edges and reduce low-
frequency noise. Particle tracking was based on the algorithm
developed by Crocker and Grier [31], and the obtained tra-
jectories were smoothed using a Gaussian-weighted moving
average. To detect the position of pillars, their outline was
determined from a bright field image using a circular Hough
transform implemented in MATLAB’s imfindcircles function.

B. Scattering analysis

To study bacterial interactions with pillars, we need a
method to identify scattering events, which was done as
follows. First, those parts of the trajectories were identified
which were in contact with an obstacle, i.e., the distance
between an obstacle center and particle position r satisfied

|O − r| < R + ε, (1)

where O and R are the obstacle center vector and radius,
respectively. The threshold ε, which constitutes a layer around
the obstacle, was chosen empirically as 1.0 µm based on the
typical width of E. coli cells [33,34], unless discussed other-
wise. Once the bacterium-pillar interactions were identified,
partial trajectories that correspond to 0.4 s before and after
collision were retained. Subsequently, each identified interact-
ing trajectory was shifted such that the center of the obstacle
was at the origin. Because the same particle might interact
with multiple obstacles, trajectories were divided up and each
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FIG. 1. Microfluidic setup and microscopic analysis. (a) Bright-
field image of a microfluidic channel with obstacles of radius R =
36 µm and distance d = 100 µm. This image is used to identify the
pillars as circles (Scale bar 50 µm). (b) The impact parameter b is the
y-component of the rotated trajectory before collision, which relates
to the collision angle β via cos(β ) = b/R. The reorientation angle
due to obstacle collision is the orientation of the rotated track after
collision, and is a combination of the collision angle β and polar
angle α, ψ = β − α [32] Inset: trajectory before rotation.

part of the trajectory was shifted separately. Next, making use
of the symmetry of the pillars, particle tracks were rotated
clockwise based on their orientation before impact such that
their incoming direction was aligned with the x direction,
see Fig. 1. We then define the impact parameter b as the y
component of the rotated track before collision. By virtue of
this definition, an impact parameter b = 0 thus corresponds
to a head-on collision. The relationship between the impact
parameter b and the collision angle, defined as the angle
between the particle orientation and the surface tangent at the
collision point, β, is given by the alternate angle theorem as
cos(β ) = b/R, see Fig. 1(b). Hence, a small collision angle
β corresponds to a large absolute impact parameter |b| and
vice versa. In the following, both parameters will be used
interchangeably. The reorientation angle due to the obstacle
interaction, ψ , was determined as the orientation of the track
after the particle leaves the obstacle; see Fig. 1(b). Finally,
the residence time follows for each trajectory simply as the
number of frames in which Eq. (1) is satisfied divided by the
frame rate.

We seek to relate microscopic dynamics with macroscopic
diffusive transport, which we can derive from particle tra-
jectories via the mean squared displacement (MSD). For a
persistent random walk with speed v and persistent time τ ,
an analytical expression for the MSD can be derived as [35]

〈r(t )2〉 = 2v2τ t + 2v2τ 2(e−t/τ − 1), (2)

where the first term on the right-hand side corresponds to
the long-term diffusive behavior, with diffusivity D = v2τ/2,
while the second term is caused by the ballistic motion at short
times. The crossover from ballistic to diffusive behavior is
characterized by τ . For wild-type E. coli, a run-and-tumble
particle (RTP) with a forward bias during tumbles, we also
need to define the effective run time

τ̃ = τ

1 − 〈cos ψT 〉 , (3)

where the value of τ is obtained from fitting Eq. (2) and
〈cos ψT 〉 is the mean cosine of the tumbling angle ψT [35].

FIG. 2. Average trajectory upon collision with an obstacle of
R = 16 µm. Particle trajectories from the smooth-swimming mutant
are rotated such that their incoming direction is aligned with the
x direction. The impact parameter b is the y component of the ro-
tated track. Trajectories are binned according to impact parameter
b and the average trajectory upon obstacle collision is shown given
a certain b. The collision-induced reorientation, ψ , corresponds to
the orientation of the rotated track after the obstacle interaction. The
trajectories are color coded based on impact parameter.

III. RESULTS

We expect that the impact parameter b affects the interac-
tion of the particle with the obstacle. To illustrate this point,
particle trajectories were binned according to their impact
parameter b. We can then obtain the average trajectory given
a certain impact parameter as shown in Fig. 2, where the tra-
jectories are color-coded according to their impact parameter.
As can be seen from Fig. 2, the magnitude of reorientation
varies depending on the impact parameter. Furthermore, the
traveling direction around the obstacle is mainly dictated by
the sign of the impact parameter. However, the average trajec-
tory of impact parameters close to zero often appears to point
into the obstacle, as illustrated in Fig. 2. This artifact is caused
by a similar proportion of trajectories going in either direction
around the obstacle upon collision, and therefore effectively
cancelling out in the average. This could be explained by
either steric or hydrodynamic effects. For example, at small
b (i.e., large collision angle β), rotational diffusion can reori-
ent the cell far enough to seemingly reverse direction [32],
while hydrodynamic simulations of squirmers have reported
the possibility of mobility reversals [17]. In the following, we
will restrict the analysis to the absolute value of the impact pa-
rameter scaled by the pillar radius, unless otherwise specified.

First, we look at the instantaneous speed during obstacle
interaction, shown in Fig. 3, which decreases abruptly upon
impact with the obstacle. The drop in speed was larger for
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FIG. 3. The average instantaneous speed upon obstacle collision
depends on impact parameter. Trajectories of smooth-swimming mu-
tant �cheY at an obstacle R = 36 µm are binned according to impact
parameter |b| and the average instantaneous speed upon obstacle col-
lision at impact time ti is shown given a certain |b|. The trajectories
are color coded based on impact parameter.

smaller impact parameters and the speed took longer to re-
cover to preimpact levels. However, the minimum speed was
not reached immediately after impact, as would be expected
from a purely steric obstacle interaction. In addition, the
speed already changed before impact. Here we can observe
two different types of behavior: (i) cells approaching with a
large collision angle (i.e., small b/R), slow down, whereas (ii)
cells approaching with a small collision angle (i.e., large b/R)
appear to slightly accelerate before impact.

The decrease in instantaneous speed during obstacle inter-
action also has a stark effect on the time that bacteria spent
at the obstacle. As shown in Fig. 4, the residence time can be
almost twice as large for the smallest impact parameter as it
is for the largest |b|/R. A larger obstacle radius, which cor-
responds to a smaller curvature, increases the residence time

FIG. 4. Residence time τR at an obstacle for smooth-swimming
mutant �cheY (dashed lines, circle marker) and wild-type (wt) E.
coli (solid lines, square marker). The residence time is larger for a
larger obstacle. Tumbling reduces the time spent at an obstacle for
small impact parameter |b| for both obstacle radii. The error bars
correspond to the standard error over all included samples (bars not
shown if smaller than marker).

FIG. 5. Reorientation depends on impact parameter and obstacle
radius for smooth-swimming mutant �cheY (dashed lines, circle
marker) and wild-type (wt) E. coli (solid lines, squared marker). The
reorientation angle ψ decreases with increasing impact parameter |b|.
The error bars correspond to the standard error of the sample (bars
not shown if smaller than marker).

significantly. The residence time also highlights an interesting
difference between the smooth-swimming mutant �cheY and
wild-type E. coli. While the residence time of the wild type is
smaller than the smooth-swimming mutant for small impact
parameters, the difference vanishes for large |b|, in particular,
for the smaller obstacle radius. The motility pattern of the
wild type differs from the smooth-swimming mutant by the
occurrence of tumbling events. Tumbling suppression by as
much as 50% has been demonstrated for E. coli close to flat
surfaces [13]. Even in this case, whenever a tumble occurs,
it could provide a means of escape, reducing the residence
time τR. For large impact parameters, the orientation of the
cell is already close to aligned with the surface and tumbling
might not influence the residence time much. Conversely, the
influence of tumbles is large at small b, where they may
remove the cell from the obstacle.

For both strains, the reorientation ψ , shown in Fig. 5,
decreases with increasing impact parameter, and a larger pil-
lar radius R leads to a larger reorientation. When a particle
collides with an obstacle, it needs to be reoriented at least
by the collision angle β to point away from the surface and
escape. Since β relates to b and R via cos(β ) = b/R, the b
and R dependence is unsurprising. However, ψ might exceed
β since rotational noise or hydrodynamic attraction to the
obstacle might increase the reorientation, and could, thereby,
introduce further dependence on b and/or R. We note that the
reorientation angle ψ can be defined as a combination of the
collision angle β and a polar angle denoted as α, if we assume
that the particle leaves at a tangent to the obstacle surface:

ψ = β − α = cos−1

(
b

R

)
− α. (4)

The polar angle α can, hence, give an indication of a reori-
entation that exceeds the expected reorientation due to the
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FIG. 6. Polar angle α at an obstacle for smooth-swimming mu-
tant �cheY (dashed lines, circle marker) and wild-type (wt) E. coli
(solid lines, square marker) over the whole range of impact parameter
b. Following the picture in Fig. 1, the reorientation angle ψ is a
combination of reorientation due collision angle β and polar angle α.
The polar angle α is calculated for individual trajectories according
to Eq. (5). The error bars correspond to the standard error of the
sample (bars not shown if smaller than marker).

collision angle β. As both incident and leaving points on the
obstacle are known, we can calculate the polar angle indepen-
dently as the angle between two points of distance c on a circle
of radius R:

α = 2 sin−1
( c

2R

)
. (5)

Figure 6 shows α over the whole range of b/R. With the
exception of the smooth-swimming mutant at large obstacles,
α is symmetric in b and constant for a large range of b/R, but
decreases at large |b|/R. While �cheY shows a similar be-
havior, the level of α is not the same for positive and negative
b. As this effect is only observed for the smooth swimmer
at large R, it might stem from a hydrodynamic effect. The
asymmetry might be related to the cell body rotation as in
Ref. [12], a possibility to be investigated in a future study.

A. Diffusion in a lattice

As we do not observe any trapping at single-cell level, the
macroscopic transport in pillar lattices is expected to be of
diffusive nature [37]. If we consider reorientations due to ob-
stacle interactions as effective tumbles, we can use established
results for the diffusion coefficient of RTPs [32] and calculate
the effective diffusion coefficient for the smooth-swimming E.
coli �cheY as

D̃ = ṽ2

2[DR + (1 − 〈cos ψ〉)/τ ]
, (6)

where ṽ is the effective swimming speed [defined in Eq. (A1)],
DR is the rotational diffusion coefficient, and τ is the reori-
entation timescale. The rotational diffusion coefficient was
estimated using particle tracks from the lattice with the small-
est R/d (low obstacle density). The mean-squared angular

deviation was fitted according to 〈ϕ(t )2〉 = 2DR t at long
times to obtain DR = 0.16 rad2/s. The mean cosine 〈cos ψ〉
was evaluated from our scattering data.

In addition to the obstacle induced tumbles, an estimate for
the wild-type E. coli needs to consider biologically induced
tumbles in the RTP model. Assuming these two different types
of tumbles represent two independent Poisson processes, the
diffusivity of the wild type can be written as

D̃ = ṽ2

2[DR + (1 − 〈cos ψ〉)/τ + (1 − 〈cos ψT 〉)μ]
, (7)

where μ is the tumbling rate of the bacterium, which was
approximated using the tumbling rate at low density, μ =
0.63 s−1. The value of the mean cosine for tumbles was taken
from Ref. [38] as 〈cos ψT 〉 = 0.35 (ψT = 69◦), and it was
assumed that DR is the same as the smooth swimmer.

In Fig. 7, we compare experimental diffusion coefficients,
obtained from MSDs using Eq. (2), with the above theoretical
estimates. The experimental mean diffusivities are large even
in dense obstacle lattices and, in the case of wild-type E. coli,
significantly above the theoretical prediction. Examining indi-
vidual particle tracks, see Fig. 8, some bacteria appear to fol-
low an effective channel defined by the obstacles for a signif-
icant time, as predicted in Ref. [32]. The latter study pointed
to channeling as a mechanism to explain high diffusivities in
dense lattices, which were not captured by the RTP model.

IV. DISCUSSION

We have studied the interaction of bacteria with cylindrical
obstacles in a microfluidic lattice. This simple geometry pro-
vides a model system for the quantification of active matter
in complex and crowded environments [25]. While there have
been multiple studies of bacteria in complex environments us-
ing both tumbling wild types [18–20] and smooth-swimming
mutants [15,21,23], the effect of tumbles has been thus far
neglected. By directly comparing tumbling wild-type E. coli
and smooth-swimming mutants interacting with an obstacle
lattice, we here have shown that tumbling can significantly
change the boundary interactions.

In particular, we found that the difference in residence
time between the wild-type and smooth-swimming mutant
was most pronounced at small impact parameters, while it di-
minished at large impact parameters, when the cells only slide
past the obstacle. As a tumble, on average, results in a sudden
large reorientation [38], its effect might be more pronounced
at small impact parameters because, in this case, the reorien-
tation required to escape the boundary is large. In addition
to natural tumbles, an interesting possibility is that head-on
collisions might increase the probability of tumbling due to an
increased load on the flagellar motor [39]. Future experiments
with stained flagella could elucidate this aspect further. The
difference between the residence times for the strains con-
sidered is more pronounced for large radii, see Fig. 4. This
could be due to the fact that tumbling may have a stronger
influence on the residence time at larger obstacles, because a
larger reorientation is required to escape at smaller curvature.

Different studies have underlined the importance of
hydrodynamic vs steric interactions during the scattering pro-
cess at convex surfaces [7,18,40,41]. In contrast to steric
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FIG. 7. Relative diffusion coefficient for wild-type E. coli
[square marker, green (dark gray) line] and smooth-swimming mu-
tant �cheY [circle marker, orange (light gray) line] at different
obstacle separations for obstacle radius (a) R = 16 µm and (b) R =
36 µm. The diffusion coefficient obtained by fitting the MSD with
Eq. (2) is rescaled by the expected free diffusion coefficient D0 =
351 µm2/s (WT) and D0 = 1250 µm2/s (�cheY); see main text. The
dashed line is the theoretical prediction based on Eq. (7) and Eq. (6),
respectively. For both strains, the diffusive transport is large even
for dense obstacle lattices. The error bars correspond to the standard
deviation of different repeats.

effects, long-range hydrodynamic effects can act at a dis-
tance due to the flow field surrounding microswimmers.
Notably, theoretical studies predicted an alignment of the
swimming direction before direct interaction with the surface
resulting from hydrodynamic effects [16]. Experimentally,
microswimmer reorientation during approach (to an obsta-
cle) that we have observed in this study has, to the best
of our knowledge, not been studied for round obstacles.
However, we can make a comparison with flat surfaces,
which are locally similar to large obstacles. A previous study,
which released E. coli at a defined distance from a flat
wall using optical tweezers, did not confirm the theoreti-
cal prediction of alignment of the swimming direction prior
to hitting the wall [7]. By contrast, in Ref. [36], it was
found that freely swimming Pseudomonas aeruginosa and

FIG. 8. Effect of channels on particle trajectories. (a) Particle
trajectories centered based on the closest obstacle at the beginning of
the particle trajectory, whose center constitutes the origin. Trajecto-
ries of smooth-swimming mutant in an obstacle lattice of R = 36 µm
and d = 100 µm with a fixed duration (15s). (b) Example particle
trajectory interacting with pillars along a channel (scale bar 50 µm).

E. coli reoriented to be parallel to a flat wall, and that this
reorientation was a function of the distance from it, which sug-
gests a hydrodynamic effect. For convex surfaces, we found
evidence of hydrodynamic reorientation prior to interaction
with the surface in our results for how the distribution of
impact parameters (see Supplemental Material [42]) changes
with ε (the interaction layer thickness). Intriguingly, as shown
in Fig. 3, we also found that the speed of smooth swimmers
decreases for cells approaching an obstacle with a large angle,
whereas cells approaching it with a small angle accelerate.
We may again compare these results to experimental and
theoretical studies at a flat wall. In Ref. [7], cells were ob-
served to slow down when approaching a flat surface with
a large angle of approach, which was modeled as a result
of body-wall hydrodynamic coupling. On the other hand, in
Ref. [36] it was found that the average speed increases closer
to the wall, where the average orientation of the bacteria
changes to be parallel to the wall. The authors explained
this observation by a larger increase in the perpendicular to
parallel drag coefficient for a rodlike swimmer as the surface
is approached [43,44]. Our results for cells approaching a
convex surface with a small vs large angle thus show simi-
larities with the results for flat walls reported in Refs. [36]
and [7], respectively. Future theoretical studies could model
such bacteria-obstacle interactions and compare them with
our results, those of related investigations, e.g., Ref. [18], and
future experiments. The alignment of swimming direction as
well as the change in swimming speed before direct impact
with the obstacle suggest that hydrodynamics plays a role in
the system studied here. In contrast, a recent study concluded
that hydrodynamic effects are negligible, as a steric model was
sufficient to explain the interaction with obstacles below 10×
the body length [18]. However, this conclusion was based on
the direct interaction alone and did not take into account any
parameters before impact. This would preclude the detection
of hydrodynamic effects, which, unlike steric effects, can act
at a distance. When comparing Ref. [18] with the present pa-
per, it should, however, be pointed out that we have analyzed
a different parameter space, with bigger R/d and bigger R,
where hydrodynamic effects may be more evident.
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Our results for the reorientation ψ shown in Fig. 5, which
for the wild type are qualitatively similar to what was found
in Ref. [18], show how for large impact parameters the
deflection by a pillar is small, and the difference between
different radii vanishes. This can be simply explained by
the fact that the interaction is weak when approaching a
pillar tangentially, whatever the pillar radius. From the re-
orientations, it was also possible to identify a polar angle
α, which quantifies reorientation beyond the minimum β.
In Ref. [32], it was postulated that swimmers would be
reorientated by a fixed polar angle α, providing either slid-
ing (hydrodynamic/steric-motivated) or slide-off (pure steric)
boundary conditions. Experimentally, we have shown that
using α to describe reorientation is an acceptable approxima-
tion for a broad range of impact parameters. At the highest
impact parameters, however, α monotonically decreases. In-
terestingly, for the smooth swimmer, α does not show much
R dependence, while for the wild type, α is reduced on
larger obstacles. This could be a consequence of the time
the two different strains spend on a pillar because of tum-
bling, or lack thereof. The extent of α will be determined
by steric and hydrodynamic interactions. Its value could be
predicted theoretically, as Ref. [18] have done for a purely
steric model, and compared with our values to establish the
relative importance of steric and hydrodynamic interactions,
and whether the latter are more important after impact for
larger R.

We have shown that the overall transport of both wild-type
and smooth-swimming mutant was diffusive, even in very
dense obstacle lattices, where diffusivity retained high val-
ues, as predicted by Ref. [32]. Our experimental values for
the diffusivity were compared with theoretical values from
an RTP model. As we did not observe any trapping in the
lattice of regular obstacles, we were able to apply a modi-
fied RTP model to estimate the effective diffusion coefficient
for each bacterial strain. In free space, it is well-known that
tumbling decreases the diffusion coefficient D0 = vlp due to
the decrease in persistence length lp. However, the effect of
tumbling in more complex environments remains an open
question. While the tumbling frequency can be reduced at a
flat wall [13], there have long been suggestions that tumbling
can be a means to escape dead-ends in more complex environ-
ments, see Refs. [22,45,46]. Even in the simple obstacle lattice
we have considered, a RTP model does not adequately de-
scribe diffusive transport for wild-type bacteria, see Fig. 7(a).
Our results show that tumbling can facilitate escape from
surfaces, most notably by reducing the residence time, but
might also itself be altered by surface effects. Future models
should incorporate these effects, together with the channeling
discussed above, for a better agreement with experimental
diffusivity values.

To conclude, we have shown that bacterial scattering off
cylindrical pillars is nontrivial, particularly when swimmers
can tumble, as most wild-type bacteria do. The microscopic
dynamics of how swimmers scatter and are trapped by a
porous matrix are critical to determining their transport, e.g.,
through soil [47,48] or when infecting tissue [49–51]. In the
future, it will be interesting to adapt our analysis of scattering
in regular obstacle lattices to more complex porous environ-
ments. This will allow experimental tests of theoretical predic-

tions for bacteria in porous media from 2D [52] and 3D [22]
models.
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APPENDIX A: EFFECTIVE SWIMMING SPEED

We follow the definition for the effective swimming speed
given in Ref. [32] for a sliding boundary condition. Assum-
ing a particle that follows RTP dynamics, we introduce the
mean run time τ . In an obstacle lattice, τ is a combination
of the time between obstacle collisions τc and the time spent
at an obstacle τR, i.e., τ = τc + τR. The mean time between
collisions depends purely on the level on confinement and
is thus τc = λ/v, where λ is the mean-free path given by
Santalo’s forumla and v is the swimming speed. For a fixed
polar angle α, the mean residence time at the obstacle follows
as τR = Rα/v, where R is the obstacle radius. A cell that
travels around a convex obstacle covers a distance l < v τR.
We thus obtain vobs = l/τR. The distance l follows from the
cosine rule as l = R

√
2 − 2 cos α. The effective speed is then

FIG. 9. Mean-squared displacement of bacteria swimming in
microfluidic obstacle lattices of R/d = 0.4. The smooth-swimming
mutant �cheY has a higher mean-squared displacement than the
tumbling wild-type E. coli because of the absence of tumbling and a
higher average swimming speed.
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the average of the speed at an obstacle and the speed in free
space, i.e.,

ṽ = vobs
τR

τ
+ v

τc

τ
= l

τ
+ v

τc

τ
. (A1)

For the prediction in Eqs. (6) and (7), we used the average
swimming speed of the smooth-swimming mutant �cheY

(v = 19.9 µm/s) and the wild-type (v = 16.4 µm/s), respec-
tively.

APPENDIX B: MEAN-SQUARED DISPLACEMENT

Examples of MSD curves are shown in Fig. 9, and the full
set of MSD curves is included in the Supplemental Material
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