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Confinement Reduces Surface Accumulation of Swimming Bacteria
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Many swimming bacteria naturally inhabit confined environments, yet how confinement influences their
swimming behaviors remains unclear. Here, we combine experiments, continuum modeling, and particle-
based simulations to investigate near-surface bacterial swimming in dilute suspensions under varying
confinement. Confinement reduces near-surface accumulation and facilitates bacterial escape. These effects
are quantitatively captured by models incorporating the force quadrupole, a higher-order hydrodynamic
singularity, that generates a rotational flow reorienting bacteria away from surfaces. Under strong
confinement, bacterial trajectories straighten due to the balancing torques exerted by opposing surfaces.
These findings highlight the role of hydrodynamic quadrupole interactions in near-surface bacterial
motility, with implications for microbial ecology, infection control, and industrial applications.
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Bacterial motility near surfaces is crucial for various
microbial processes, including colony growth, biofilm
formation, and pathogenic infections. Over the past dec-
ades, near-surface swimming behaviors have been exten-
sively studied, primarily in semi-infinite spaces bounded
by a single surface [1-14]. Flagellated bacteria accumu-
late near surfaces due to the interplay of hydrodynamic
interactions (HIs) and anisotropic steric interactions. A
pioneering study attributed surface accumulation to the
leading-order, long-range dipolar flow field [3], while
later research highlighted the essential role of direct
collisions with the surface [4,10,15]. Moreover, near-field
HIs dictate a steady pitching angle that stabilizes surface-
adjacent swimming [7,9,13], also contributing to accu-
mulation. On the other hand, bacteria escape surface
entrapment through angular diffusion [4] and effective
tumbling [12].

While these studies have advanced our understanding of
bacterial motility near single surfaces, the accumulation
behavior and its governing mechanisms in confined geom-
etries remain less explored. This knowledge gap is
significant, as many bacteria inhabit confined spaces in
both natural and clinical environments, such as sediment
layers [16], urinary tracts [17], and tissue interstices [18].
Boundary element simulations predict that bacteria pref-
erentially swim along the midplane between two parallel
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plates when the separation falls below a critical threshold
[19]. Bacterial tracking in microfluidic tunnels reveals
stable swimming along the central axis in narrow tunnels
[20]. However, experiments across various microfluidic
channel designs demonstrate a complex response of bac-
terial motion to confinement, influenced by both bacterial
and channel geometry [21].

At the microscale, confinement significantly alters both
HIs and steric effects [22—-24], reshaping bacterial surface
entrapment. When a swimming bacterium is modeled as a
collection of flow singularities [7,25], higher-order terms,
which are often negligible in unbounded fluids, can become
significant under strong confinement. The influence of
different singularities on bacterial distribution under vary-
ing confinement remains unclear, yet understanding this
effect could inform microfluidic designs for controlling
microswimmer motility [26-30].

In this Letter, we combine experiments and models to
investigate bacterial accumulation between two parallel
plates with varying separations. As the plate separation
decreases, bacterial accumulation near the surfaces reduces
and can even shift into the bulk. Single bacterium tracking
reveals that confinement enhances bacterial escape from
surface entrapment. Simulations incorporating both HIs
and steric interactions demonstrate that a higher-order
singularity—the image force quadrupole—is essential to
quantitatively reproduce the density profile near surfaces.
This quadrupolar term induces a rotational flow, reorienting
bacteria away from surface, consistent with experimental
observation. While the quadrupole flow decays rapidly
with distance from the surface, its rotational effect, coupled

© 2025 American Physical Society
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with bacterial swimming, affects population deep in the
bulk even at large plate separation. In strongly confined
environments, bacteria follow straighter trajectories rather
than circular paths near a single surface, consistent with
boundary element simulations.

Confinement  reduces surface accumulation—We
employ E. coli as our model bacteria, composed of a
3 pm-long rod-shaped body and 10 pm-long flagellar
bundle. The bacteria exhibit wild-type run-and-tumble
behaviors and express green fluorescent protein. Cell
concentrations ranges from 0.1 to 1 n, where
ny = 8 x 108 mL~!. Bacterial suspensions are loaded into
closed chambers formed by two horizontal parallel plates
with separation H ranging from 5 to 160 um. In these
chambers, bacteria swim at vy & 15 pm/s during measure-
ments. We use spinning-disk confocal microscopy to
image E. coli swimming with high vertical spatial reso-
Iution (see Supplemental Material [31] for details). For
a given H, we measure the vertical density profile
Y(z) = A(z)/ [H A(Z')dZ/, where z is the height from
the bottom plate and A(z) is the area occupied by bacterial
bodies at z [Figs. 1(a) and 1(b)]. The profile ¥(z) varies
progressively from surface accumulation in thick cham-
bers, consistent with previous studies [1-4,6,8,10,11], to
bulk accumulation under strong confinement.

The density peaks zpc, occur at a finite distance from the
surfaces, consistent with prior observations with high
resolution in the z direction [33,34] and similar to behavior
in synthetic rodlike microswimmers [35]. The nonzero
distance results from bacterial rotation and interactions
with the surface, with also possible contributions from cell-
cell HIs [36], which lift cells away from the surface. As H
decreases, Zpeq remains 4 pm for H 2 20 pm, but drops for
H <20 pm. The decrease primarily arises from confine-
ment-induced suppression of bacterial rotation.

To quantify the effect of confinement on surface
accumulation, we calculate the ratio of bacterial density
at the midplane to its peak value, ¥ ia/Wpeax» as a function
of H [Fig. 1(d)]. For H > 40 pm, ¥ ia/%peax plateaus
at ~0.4, indicating sustained surface accumulation as in
semi-infinite systems. As H deceases below 40 pm,
Wi/ Ppeak rises sharply, reflecting reduced surface accu-
mulation. For H < 10 pm, ¥(z) shows a single peak at
midplane [Figs. 1(a) and 1(b)], with W ;q/¥pear ~ 1,
confirming the prediction from boundary element simu-
lations [19].

To investigate how confinement reduces surface accu-
mulation, we develop a continuum model that incorporates
HIs and steric interactions between bacteria and confining
surfaces. A multipolar representation of the flow field is
employed to quantify bacterium-surface Hls [7]. By mod-
eling the bacterium as a spheroidal body with a slender
rodlike flagellum (hereafter, the rod-spheroid model), we
derive the strengths of the force dipole D and force
quadrupole Q [31],
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FIG. 1. Experimental measurements of bacterial density pro-

files. (a) Probability distribution function (PDF) ¥(z) for various
confinement height H. The PDFs are vertically shifted for clarity.
(b) ¥(z) plotted against scaled height z/H. Inset: contrast-
enhanced confocal image near the bottom plate; bright regions
indicate cell bodies. (c) Peak location of ¥(z), zpea and (d) ratio
W onia/Ppeax as functions of H. Symbols and error bars denote
mean +SD over 3—4 experiments. Lines in (d) show predictions
of the Smoluchowski model with fixed dipole strength
D = 0.6 pN um, varying exclusion length L., and quadrupole
strength Q (in pN pum?).

1
Dzin(2a+Lh), with  Fy, = v,

Q:_éFb[Lg+3aLh+a2(3—e2)] (1)

where Fy, is the drag force on the cell body, ¢ the drag
coefficient along the major axis, a the semimajor axis
length, e the eccentricity, and L, the hydrodynamic
flagellum length. Using parameters from Ref. [6], we
estimate Ly, = 2.5 pm, which is smaller than the geometric
length of flagellar bundle L;. Thus, we estimate
D =~ 0.6 pN um, and Q =~ —0.8 pN pm?. The corresponding
source dipole strength is S~ —0.02 pNpm? [31]. For
bacteria with rod-shaped bodies, the source dipole § is
negligible compared to the force quadrupole Q, unlike in
squirmer models [37].

The surface-induced flow field at the height of the cell-
body center z is approximated as
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u(z,p) # [DGh(r,p) + 0(p - V)G (r,p)|,—s - P, (2)

where the image force dipole Gy (r,p) = (p - V)G*(r, 1),
with G* being the image system for a Stokeslet placed
between two parallel plates, and the swimming direction
p = (cos¢sin @, sin¢psin @, cosf). We construct u(z,p)
numerically using the exact solution of G* given in
Ref. [38], which enforces the no-slip condition on both
plates when superposed with the free-space Stokeslet.
Figures 2(a) and 2(b) show the image flow fields of the
force dipole and quadrupole, respectively, for bacteria
swimming parallel to the plates. The dipolar flow field
generates a drift that pulls the bacterium toward the nearest
surface. In contrast, the quadrupolar flow induces no drift
toward the surface but a nonzero vorticity that reorients the
bacterium to swim away from the surface.

We then model bacteria as elongated spheroidal particles
with major axis L. and calculate the density profile by
solving the Smoluchowski equation. The probability den-
sity function ¥(z, p, t) of finding a particle with height z
and orientation p at time ¢ is governed by [39,40]
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FIG. 2. The effect of quadrupole on bacterial population
distribution. (a),(b) Image flow fields induced by a (a) force
dipole and (b) force quadrupole. White crosses mark the positions
of point singularities; white arrows indicate bacterial motion
under image flows. (c) Model schematic of the bacterial body
plan (top) and the accessible configuration space constrained by
steric exclusion (bottom, white region). The exclusion length (L.)
is tested to span merely the bacterial body (2a) and the entire
bacterium (2a 4+ Ly). (d) Time evolution of ¥(z,r) from the
Smoluchowski model (lines) and the particle simulations
(circles), initialized with W,. (e) Steady-state ¥(z) for D =
0.6 pNum and Q = 0. () Steady-state ¥(z) for D = 0.6 pN pm
and Q = —0.5 pN pm?.

O¥/ot +0(v,¥)/0z + V, - (p¥) = 0, (3)

where V,, is the gradient operator on a unit sphere. The flux
velocities v, and p include swimming, image flow u(z, p)
[Eq. (2)], and thermal diffusion: v, = [vgp + u(z,p) —
D,0In¥/0z] -2 and p = Q x p — D,V, In'¥, where D; is
the matrix of translational diffusion coefficients, D, is the
rotational diffusion coefficient around the short axis, and Q
the angular velocity given by Jeffery’s equation. Both D,
and D, are assumed to be independent of z.

Steric exclusion enforces a geometric constraint by
preventing particles from penetrating the solid plates [41].
Near the bottom plate, the allowed range of 6 is given by

cos™[2(z = 8)/Le] <0 < cos™![-2(z = 8)/Le]. (4)

for 6 < z < L./2+ 6 [Fig. 2(c)]. Here, 6 denotes the mini-
mum distance between the particle and the surface, typically
on the order of the particle’s semiminor axis. A particle with
center close to the plate can only orient in parallel to it. A
similar constraint is applied at the top plate; otherwise,
0 <0 < rm. Steric exclusion is imposed by setting the
probability flux normal to the boundaries defined in
Eq. (4) to zero. Because the allowed range of 6 depends
on z, integrating a uniform density ¥((z, p) over p yields a
nonuniform profile ¥((z), exhibiting depletion layers near
the plates. This baseline distribution represents the equilib-
rium population distribution of nonmotile cells.

We solve Eq. (3) numerically using a finite-volume
method [31,41]. Figure 2(d) shows the evolution of the
marginal distribution W¥(z,¢) for D = 0.6 pNpm and
H = 10 pm, initialized from Wy(z, p). Despite accumula-
tion near surfaces, the depletion layers persist over time,
consistence with experimental observations [Figs. 1(a) and
1(b)]. Notably, steric exclusion and force dipole are
insufficient to generate a central density peak, as shown
by the distributions for various body length [Fig. 2(e)].
Bulk accumulation under strong confinement emerges only
when the quadrupole is included [Fig. 2(f)].

We compare the numerical solutions of Eq. (3) with
experiments to investigate the roles of interactions in
surface accumulation under confinement [Fig. 1(d)]. For
D = 0.6 pNpm and Q = 0, simulated ¥ ,,;;q /¥ peax TEmains
significantly below experimental measurements across all
H. Increasing Q rises Wpiq/Wpeak- Steric exclusion con-
tributes to the rapid increase in Wpg/Wpeax for H < Le.
Using the bacterial body length 2a =3.2 pm as L.,
Q~—-0.3 pNum? fits the experimental data at large
H, but exhibits an offset at small H. With
L. =2a+ Ly = 12.8 pm, approximately the full bacte-
rium length, and using the estimated quadrupole
O~ —0.8 pNum?> [Eq. (1)], the experimental data is
accurately reproduced across all H without introducing
fitting parameters. Comparisons of the full bacterial dis-
tributions between experiments and models are provided in
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Supplemental Material [31]. These results highlight the
essential roles of force quadrupole and flagellar steric
interaction in shaping the density profile.

Quadrupole-enhanced bacterium escape—To elucidate
the role of the quadrupole in bacterium-surface interaction,
we track swimming bacteria in a horizontal plane as they
collide with a vertical wall [Fig. 3(a)]. The observation plane
is positioned more than 30 pm away from the top and
bottom surfaces, where the influence of both plates is
negligible. To enhance tracking accuracy, we use cepha-
lexin-treated cells with elongated cell bodies 2a ~ 6.0 pm
rather than wild-type cells [42]. We identify incident events,
in which bacteria approach and become trapped near the
wall, and outgoing events, in which they escape from the
entrapped region. As most trajectories do not include both
incident and outgoing events, we analyze their angular
distributions separately [31]. Figure 3(b) shows the repre-
sentative tracks, whose closest approaching points to the
wall are shifted and aligned at the origin. Clearly, the
outgoing angle a,, exhibits a narrower distribution than
the incident angle «;,.

To resolve the collision dynamics with the wall, we
simulate bacteria as active Brownian particles [31]. Our
simulations validate that, in the two-plate setup, the steady-
state distribution W(z) from particle simulations agrees
with the continuum model [Fig. 2(d)]. We then simulate
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FIG. 3. Side-wall collision dynamics and the role of force

quadrupole. (a) Left: schematic of the side-wall experiment.
Right: definition of incident and outgoing angles, a;, and a,.
(b) Experimentally measured incident and outgoing trajectories.
Each trajectory is translated such that the closest approach to the
wall aligns with the origin. (c) Distributions of a;, measured
experimentally (circles) and imposed in particle-based simula-
tions (line). (d) Distribution of a,,,, from experiment (circles) and
simulations (line) with dipole strength D = 1.2 pN pm, varying
bacterial exclusion length L., and quadrupole strength Q (in
pNpum?). The value Q = —2.2 pNpum? is calculated for an
elongated bacterium from the rod-spheroid model, rather than
a fitting parameter. Inset: Q = —0.3 pN pm? gives the best fit for
L. =2a. Simulations use a rotational diffusion coefficient
D, = 0.06 rad”/s, consistent with Ref. [6].

side-wall collisions by constructing the image flow field
[Eq. (2)] using the Blake tensor [43]. For elongated
bacteria, we estimate the dipole and quadrupole strengths
using the rod-spheroid model [Eq. (1)] as D ~ 1.2 pN pm
and Q =~ —2.2 pNpum?, respectively. In simulations, par-
ticles are initialized near the surface, with incident angles
a;, sampled from the experimental distribution [Fig. 3(c)].
When the quadrupole is neglected (Q = 0), the distribution
of a,, displays a sharp peak at a smaller angle than
observed experimentally [Fig. 3(d)]. In contrast, incorpo-
rating the quadrupole term (Q = —2.2 pN pm?) flattens the
distribution of a,, that matches the experimental data
without fitting parameters. The minor deviation may arise
from the flexible joint between the flagella and the cell
body [44], which reduces the effective bacterial length L..
Using the lower bound L, = 2a, we find that a nontrivial
quadrupole term is required to fit the experimental data.

In addition to confocal imaging, we use defocused
fluorescent microscopy to track 3D bacterial motion
[45]. By focusing on the top surface of the chamber,
out-of-focus bacteria appear as diffraction rings. The ring
radius is proportional to the distance between the bacterium
and the focal plane. An escape event is defined as a near-
surface bacterium swimming more than 5 pm away from
the surface. The surface escape rate is the number of escape
events per cell per unit time [14,31]. In an 80 pm-thick
chamber, we measure an escape rate of 0.038 4= 0.003 s~ !,
corresponding to a mean trapping time 7 ~ 26 s, consistent
with the previously reported value of 21 s [12]. As H
decreases to 30 pm, the escape rate increases by 46%,
indicating enhanced bacterial escape from surface entrap-
ment under confinement. Simulations incorporating a force
quadrupole predict a 50% increase in escape rate as H
decreases from 80 to 30 pm, compared to < 30% in
simulations neglecting the quadrupole. These results dem-
onstrate that the force quadrupole enhances bacterial escape
from surfaces, thereby reducing surface accumulation.

Bacterial trajectories—Flagellated bacteria are known to
swimin circles near solid surfaces, driven by a surface-induced
hydrodynamic torque acting on the cells [2]. To probe the
effect of confinement on circular swimming, we use confocal
microscopy to track two-dimensional bacterial trajectories
near the bottom plate in chambers of varying height H.
Circular motion is characterized by the trajectory curvature
k. The probability distribution of k peaks near 0.042 pm~' and
displays along tail for H > 15 pm [Fig.4(a)]. As H decreases
below 15 pm, the peak position ke shifts to lower values and
the tail shortens, indicating straighter trajectories under
confinement.

We perform numerical simulations using the boundary
element method (BEM) [31,38,46], yielding results in
quantitative agreement with experimental observations
[Fig. 4(b)]. Near a surface, circular motion arises from
an effective hydrodynamic torque generated by interactions
between the surface and the rotating flagella and cell body
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FIG. 4. Curvature of bacterial swimming trajectories under
confinement. (a) Probability distributions of trajectory curvature
x measured experimentally for various H. Inverted triangles mark
the most probable curvatures Ky (b) Kpeax as a functions of H.
Solid line shows prediction from BEM simulations.

[2]. In confined environments, the opposing surfaces exert
hydrodynamic torques in opposite directions, canceling
each other [38]. As aresult, under strong confinement, both
the net torque and trajectory curvature decrease with
decreasing H. The circular swimming arises to leading
order from the image flow of the rotlet dipole. Since near a
single plate x ~ 1/z* [47], the top plate starts to affect k
only when it is sufficiently close to the bacteria, resulting in
a sharp variation of « at small H [Fig. 4(b)].

Discussion—Combining experiments, continuum theory,
and particle-based simulations, we show that swimming
bacteria tend to escape surface entrapment and accumulate
near the midplane in confined geometries, which originates
from fluid flows induced by force quadrupole. The force
quadrupole introduces a new mechanism facilitating detach-
ment from surfaces, which can act in parallel with the
tumble-mediated escape [12]. These findings advance the
understanding of microswimmer surface accumulation under
confinement and highlight the fundamental role of force-
quadrupole hydrodynamics, often neglected in prior studies.

We use spheroidal particles to approximate the bacterial
dynamics in the image flow field. Despite its simplicity, this
model quantitatively reproduces experimental observations
merely using parameters derived from bacterial geometry
and motility. The strengths of hydrodynamic singularities
can be tuned by altering bacterial geometries and motility,
suggesting a potential route to control microswimmer
distributions in confinement [5,7,21].
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