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The near-surface motility of bacteria is important in the initial formation of biofilms and in many biomedical
applications. The swimming motion of Escherichia coli near a solid surface is investigated both numerically
and experimentally. A boundary element method is used to predict the hydrodynamic entrapment of E. coli
bacteria, their trajectories, and the minimum separation of the cell from the surface. The numerical results show
the existence of a stable swimming distance from the boundary that depends only on the shape of the cell body
and the flagellum. The experimental validation of the numerical approach allows one to use the numerical
method as a predictive tool to estimate with reasonable accuracy the near-wall motility of swimming bacteria
of known geometry. The analysis of the numerical database demonstrated the existence of a correlation
between the radius of curvature of the near-wall circular trajectory and the separation gap. Such correlation
allows an indirect estimation of either of the two quantities by a direct measure of the other without prior
knowledge of the cell geometry. This result may prove extremely important in those biomedical and technical
applications in which the near-wall behavior of bacteria is of fundamental importance.
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I. INTRODUCTION

The near-surface motility of microorganisms is important
in the initial formation of biofilms as it influences the prob-
ability of adhesion of the cells to the surface. Biofilms can be
found virtually anywhere: they are responsible for a wide
variety of microbial infections in the human body, play a
vital role in many natural phenomena, such as corrosion and
biological fouling—the latter is particularly important for the
hulls of ships—and their biomedical and technical applica-
tions have grown considerably in recent years �1–6�. Hence,
the study of the near-wall motility of bacteria is not only a
requisite for an enhanced understanding of the physical phe-
nomenon, but can also potentially form the basis for control-
ling biofilm formation for bioengineering applications. In
this context, the role of a reliable numerical tool to predict
with a good level of accuracy the swimming behavior of
bacteria could be significant, especially since a technique for
growing filamentous cells of Escherichia coli with defined
shapes has recently been developed �7�.

The flagellate bacterium E. coli is particularly important
because a large amount of information, gathered over the last
three decades, is available for the construction of bacterial
models, and experiments can be performed to validate the
numerical approach. Precisely for these reasons, in the
present study, a boundary element method has been used to
investigate the near-wall motility of flagellated bacteria
whose shape and swimming motion are directly referable to
those of E. coli. The numerical approach to predict the tra-
jectories and separation gap between the cell and the surface
has also been validated by experiments conducted by the
authors on E. coli of wild-type strain MG1655.

Escherichia coli is a peritrichous bacterium that swims in
a random walk alternating essentially straight trajectories
�runs� and rapid changes of direction while remaining in
place �tumbling�. In smooth forward motion, the flagella
form a large bundle, and their concerted action propels the

bacterium in a linear �in the time-averaged sense� “run” with
speeds up to ten body lengths per second �8�. The presence
of a solid boundary modifies significantly the characteristic
smooth swimming motion of E. coli bacteria: the trajectories
change from approximately straight in free swimming to cir-
cular in proximity to a planar wall. This circular motion
�clockwise when seen from above� has been observed to re-
main stable often for long periods of time �9,10�, and the
physical mechanism underlying this rotation was explained
in �10�.

Three elements characterize the swimming motion near a
planar solid surface: the radius of curvature of the trajectory,
the swimming speed, and the minimum distance of the cell
from the boundary. The radius of curvature for E. coli has
been measured experimentally in several studies �10–14�,
and it is usually on the order of tens of micrometers
�10–50 �m�, but values up to 100 �m have also been ob-
served �12�. Similar values were also observed for the singly
flagellated marine bacterium Vibrio alginolyticus �15�. The
swimming speed of E. coli near a solid surface has also been
investigated experimentally and was found to be on the order
of tens of �m /s �10,11�.

The third—and perhaps the most difficult to measure—
element characterizing the near-wall motility of swimming
bacteria is the minimum separation distance between the cell
and the surface. This quantity has been measured for motile
E. coli using either three-dimensional tracking microscopy
�11,12� or total internal reflection aqueous fluorescence mi-
croscopy �9�. The separation gap was found to span from 10
nm to a few hundred nanometers.

All the aforementioned three elements are a result of the
hydrodynamic interaction of the bacterium with the surface
and should be considered simultaneously. Previously, only
two numerical studies have considered the near-wall hydro-
dynamics of bacteria �10,16�. In the first, Ramia et al. ex-
tended in �16� the pioneering work of Phan-Thien et al. �17�
on a boundary integral method in Stokes flow regime to nu-
merically predict the hydrodynamics of bacteria near a planar
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solid surface under the simplifying assumption of spherical
shape of the cell body with a single helical filament repre-
senting the flagellar bundle �8�. Their results replicated the
experimentally observed circular trajectories of bacteria near
a solid boundary, but did not �and could not give the com-
putational resources available at the time� investigate the hy-
drodynamic trapping mechanism in detail.

More recently, Lauga et al. �10� developed a hydrody-
namic model that employs resistive-force theory to calculate
the trajectory of the bacteria again in the assumption of
spherical cell body. The method is very powerful in explain-
ing the physical picture and provides a reasonable agreement
with experimental results. Furthermore, an analytical hydro-
dynamic model was derived as an approximation of the full
model removing the need of numerical integration to obtain
the cell trajectories. However, both the full model and its
analytical approximation lack the capability of predicting the
gap between the bacterium and the wall and do not include
provisions for the hydrodynamic interaction between the cell
body and the flagellar bundle.

As a last remark, it is important to observe that in both
studies �10,16� the assumption of sphericity is questionable
for two reasons: �1� for bacteria the size of the cell body is
relatively large compared to the flagellar bundle; thus, it can
be expected that the hydrodynamic trapping mechanism de-
pends heavily on the shape of the cell body; and �2� the body
of an E. coli cell is usually a prolate spheroid with an aspect
ratio, short to long semiaxis, of 0.5.

Thus, the following fundamental questions still remain to
be addressed: �a� Can the distance between a cell swimming
near a solid surface and the surface itself be predicted nu-
merically? �b� Is such a distance hydrodynamically stable?
�c� Is this distance unique or are there multiple stable dis-
tances from the wall? �d� How do the cell geometry and
initial position and orientation affect the swimming distance
from the surface? �e� Is there a global correlation between
the cell geometry and the swimming distance? �f� How ac-
curate the numerical model is by comparing with the experi-
ments?

To answer these questions, we investigate the hydrody-
namic entrapment of bacteria near a solid surface using a
boundary element method for typical bacterial geometries.
Because the role of hydrodynamic forces has now been
widely recognized in the entrapment of bacteria swimming
near a solid surface as opposed to the electrostatic and van
der Waals forces at the base of the Derjaguin-Landau-
Verwey-Overbeek �DLVO� theory �9�, only the former en-
trapment mechanism is considered here. In the following
analysis, we show the existence of a stable hydrodynamic
swimming distance, which depends on the shape of both the
cell body and flagellum, and is independent on the cell’s
initial position and orientation. The numerical method is
validated against experimental data collected for E. coli cells
labeled with a fluorescent dye. A database is compiled for
different bacterial geometries, and a correlation between the
radius of the trajectory and the separation gap is derived. The
analysis takes into consideration only smooth-swimming
bacteria and does not model tumbling.

II. BACTERIAL MODEL

The model employed in the current study is the same as
that used in �18�. The bacterium is modeled as a single
flagellar cell with an ellipsoidal �prolate spheroid� body with
long semiaxis a, short semiaxis b, and aspect ratio �AR�
b /a�1 �see Fig. 1�. The flagellum is assumed to be a cylin-
drical filament of cross-sectional radius af that executes he-
lical waves according to the model of Higdon �19�. The
flagellar waveform is prescribed, and the flagellum is as-
sumed to rotate �rigidly� with constant angular velocity �
relative to the cell body. The overall length of the flagellum,
L, is computed as a line integral along the helix.

The present model applies not only to real bacteria with a
spheroidal body and a single helical flagellum such as the
eubacteria Photobacterium phosphoreum and Pseudomonas
aeruginosa, but also to peritrichous bacteria like E. coli in
forward smooth-swimming motion when the flagella rotate
as a tight bundle and effectively act as a single propulsive
unit. This simplification is supported by the observation that
the external hydrodynamic differences between a flagellar
bundle and a single flagellum should not be significant �8�.

The bacterium is assumed to be neutrally buoyant in vir-
tue of the typical much smaller than unity ratio between the
sedimentation and swimming speed, and the center of buoy-
ancy is assumed to coincide with the geometrical center of
the cell, so that the model is torque- and force-free. Brown-
ian motion is not considered in the present study because we
did not observe any large fluctuations in the near-wall trajec-
tories of E. coli bacteria in our experiments.

A boundary element method is used to study the hydro-
dynamic interaction in Stokes flow regime �18,20�. Half-
space Green’s function �21� is introduced to express the ef-
fect of a solid wall �for details, refer to supplementary
material S1 �22��. The cell body is discretized with 320 tri-
angular elements, whereas the flagellum is modeled as a se-
ries of pentagonal cylinders whose surface is composed of
360 triangular elements �see Fig. 1�. The kinematic con-
straint at the junction between the body and the flagellum is

FIG. 1. Bacterial model: �a� photograph of a labeled E. coli cell
�left� and corresponding computational model �right�; �b� definition
of the model’s geometrical parameters and mesh.
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satisfied by using a pentagonal pyramid to represent the first
segment of the flagellum; a similar treatment is used at the
end of the flagellum �17,18�.

All physical quantities have been nondimensionalized
with the cell body long semiaxis a�m�, the fluid viscosity
��Pa s�, and the angular velocity ��rad s−1�. Typical values
for an E. coli bacterium are approximately 3 �m for the
body length 2a, a cell body aspect ratio of 0.5, a flagellum
length of �7 �m, and 100–1000 s−1 for the angular veloc-
ity �8,13�.

III. EXPERIMENTAL MATERIALS AND METHODS

A. Preparation of motile cells

Saturated Escherichia coli cultures �wild-type MG1655,
National Institute of Genetics, Japan� were grown for 12 h in
tryptone broth �TB� culture fluid �tryptone 1.2% �w/v�, yeast
extract 2.4% �w/v�, and glycerol 0.4% �v/v�� kept at 37 °C
using a rotary shaker �160 rpm�. A sample of 50 �l of the
saturated culture was then diluted in 5 ml of TB culture fluid
and kept at 25 °C without shaking for 10 h. E. coli cells
were labeled by Cy3 monofunctional succinimidyl ester
�PA23001, American Pharmacia Biotech, Newark, NJ, USA�
according to the labeling protocol reported in �23�. The la-
beled motile E. coli bacteria were finally suspended with
motility buffer MB+ �0.01 M potassium phosphate, 0.067 M
NaCl, 10–4 M EDTA; pH 7.0� containing 0.002% Tween 20
�Sigma-Aldrich, St. Louis, MO, USA� and 0.5% glucose.
The number density of cells was adjusted to less than
108 cells /ml, which is too small for cell-cell interactions to
be important.

B. Experimental setup

The experimental setup was designed to measure the tra-
jectories of cells near a glass wall. Bacteria were observed at
room temperature �23 °C� with an upright microscope
�Leica DM4000B, Solms, Germany� with an objective lens
�Leica 506197, 100� /1.30 Oil PH3, Solms, Germany�.
Video images were acquired using a charge-coupled device
camera �Leica DFC340FX, Solms, Germany� connected to a
digital video recorder that captured 800�600 pixel images
at 30 frames per second. Illumination was provided by a
mercury vapor short-arc lamp �ebq 100 mc-L, LEJ, Den-
mark�. A volume of 190 �l of the labeled motile bacteria
suspension was placed between a glass coverslip and a glass
microscope slide. The coverslip was placed carefully to
eliminate air bubbles and to form a chamber about 100 �m
thick.

C. Video analysis

Video images were analyzed using TRACKER �available
for download in �24��, which allows for automatic tracking
of bacteria by capturing a mask image of a user-specified cell
and searching each frame for the best match. The trajectory
analysis involved fitting an ellipse using a least-squares
method through the raw data and subsequently calculating
the radius as the average distance from the center of the
ellipse. Throughout the swimming motion of the bacterium,

the traces to be analyzed are determined using two criteria:
�1� at the intersection point the angle between the tangents at
the beginning and at the end of the closed curve must be
�30° and �2� the Euclidean distance between the first point
of the closed curve and the point after the intersection at the
end of the trajectory should be �3 �m.

IV. RESULTS AND DISCUSSION

A. Stable swimming distance from the wall:
Effect of initial position

The first question to address in the investigation of bacte-
rial swimming near a solid boundary is whether for a given
cell geometry only one stable time-averaged swimming dis-
tance from the surface exists or whether multiple stable dis-
tances can be observed depending on the initial position
and/or orientation of the organism. Initially, the analysis fo-
cused on a bacterium model whose initial orientation vector
lays on a plane parallel to the solid surface as depicted in
Fig. 2�a�. This choice is dictated by the fact that in this con-
figuration no external repulsive force is required to prevent a
collision between the cell and the surface from occurring due
to numerical inaccuracy. This ensures that the entrapment
mechanism predicted by the numerical method is exclusively
hydrodynamic in nature.

The coordinates fixed to the solid planar boundary are
designated as �x ,y ,z�, with the z axis directed normal to the
wall, located at z=0, and pointing toward the fluid �z�0�;
the origin of the coordinates system moving with the cell
�x� ,y� ,z�� is the center of the cell body and the x� axis co-
incides with the geometrical axis of the bacterium as de-
picted in Fig. 2. In order to study the effect of the cell’s
initial position on the time-averaged swimming distance
from the wall, the location of the center of the cell body with
respect to the solid boundary, zc, is varied so that the mini-

FIG. 2. Schematic illustration of the microorganism’s initial po-
sition and orientation with respect to the solid surface: �a� initial
orientation parallel to the wall; �b� generic initial orientation at an
angle �.
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mum separation gap between the cell and the wall, dmin,
ranges from 0.2 to 3.0 body lengths. Several bacterial models
with different cell body aspect ratios but identical flagellar
geometries are considered. The results for two models with
cell body aspect ratios, respectively, of 0.5 and 0.7 are pre-
sented here. We will refer to the former model as model A,
and to the latter as model B. The geometrical characteristics
of the flagellum for both cases are summarized in Table I.

The results shown in Fig. 3 reveal that a stable swimming
distance and its associated radius of curvature exist for each
bacterial model, and that these do not depend on the initial
position. It is also interesting to observe that in all the cases
presented above, the cell swims at an angle to the wall of
approximately 1° –2° with the x� axis pointing away from
the surface. The existence of a stable swimming height �in
the time-averaged sense� that depends only on the geometry
of the bacterium is a result of fundamental importance for
two reasons: �1� it provides the opportunity to predict such
distance when the geometry of the bacterium is known irre-
spective of its initial position and �2� it may allow one to
establish a simple correlation between the radius of curvature
and the separation gap that could be used to indirectly esti-
mate quantity from the experimental observation of the other
�for example, the distance of a smooth-swimming bacterium
in the vicinity of a wall—difficult to measure directly with

sufficient accuracy—could be determined by measuring the
radius of curvature, which is relatively easy to evaluate�.

As a last remark, it is important to observe that the bac-
teria trace only nearly circular trajectories; in fact they are
elliptical with a ratio of the short and long semiaxes gener-
ally close to 1, as illustrated by the projection of the trajec-
tory for model B on the x-y plane in Fig. 4. For a prescribed
flagellar geometry, the trajectory becomes increasingly ellip-
tical as the cell body aspect ratio departs from unity �see
Tables S1–S3 of supplementary material �22��. This poses
the question of how to compare different trajectories. In the
current study, the quantity used in the comparison of ellipti-
cal trajectories is the mean distance from the center of the
ellipse which corresponds to the radius of curvature of the
trajectory when this is perfectly circular. For commodity, we
will continue to refer to this distance as the “radius” of the
trajectory in the remainder of this paper.

In the present example, the trajectories’ semiaxis ratios
are 0.90 and 0.98 for models A and B, respectively, and the
predicted radii studied are approximately 26.3a and 7.8a, in
line with values observed experimentally �11,12�. In the
framework of our numerical simulations, circular swimming
could go on ad infinitum for a bacterium in isolation. In
reality, for example, in the case of E. coli, tumbling or cell-
cell interactions may interfere and disrupt the circular mo-
tion; in the absence of these perturbing factors E. coli can be
observed swimming in circles near a wall for very long pe-
riods of time. This confirms that the method is fundamentally
capable of capturing the physics of the phenomenon.

B. Effect of initial orientation

In order to generalize the results presented in the previous
section, the influence of the initial orientation must also be
addressed. A preliminary study for model A revealed that to
avoid a “numerical” collision of the bacterium against the
wall, an additional nonhydrodynamic repulsive force be-
tween the surface and the cell is required whenever the initial
orientation vector forms an angle greater than 4° �vector
pointing toward the surface�. As mentioned in the previous

TABLE I. Flagellar geometry parameters. k is the flagellar wave
number, kE is a constant that determines how quickly the helix
grows to its maximum amplitude, af is the flagellar diameter, and h
is the amplitude of the flagellar helix.

L k kE af h

7 1.3 1.3 0.1 0.2

FIG. 3. �Color online� Minimum separation gap dmin and cell
body center position zc at the variation of the initial positions of
models A and B: �a� and �c� model A; �b� and �d� model B.

FIG. 4. Trajectory of bacterial model B: �a� x-y projection, �b�
x-z projection, and �c� top-down perspective.
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section, this collision occurs because of numerical inaccu-
racy and not because of the physics of the Stokes flow.

In reality, an electrochemical force may exist between the
bacterium and the surface, and for sufficiently small gaps
this force may play a role in the cell-surface interaction. This
type of force can be repulsive or attractive depending on the
charge of the two objects, their distance, and the properties
of the surrounding medium �12�. It is therefore plausible to
include in our numerical model—which by its nature can
only predict purely hydrodynamic phenomena—a short-
range repulsive force �25� to deal with bacteria approaching
the surface with large inclination angles �cf. supplementary
material S2 �22��.

It is important to point out that a short-range repulsive
force is utilized here merely to investigate whether one or
multiple stable swimming hydrodynamic heights exist. The
repulsive force only acts for a short period of time at the first
“contact” of the cell with the surface and is otherwise of
negligible magnitude with no bearing on the subsequent
stable swimming motion.

In order to determine the effects of the initial orientation
and the repulsive force on the stable swimming distance, a
parametric study is carried out for several configurations
with an inclination angle ��10°. The center of mass of the
bacterium is initially placed two body lengths away from the
wall. The initial inclination angle formed between the axis of
the bacterium and the solid surface, �, is varied from 10° to
60°: in particular, the values of 10°, 20°, 30°, 45°, and 60°
are used. For each value of �, the range and magnitude of the
repulsive force are varied, yielding two test cases per con-
figuration.

The simulation results, shown in Figs. S1–S5 of supple-
mentary material �22�, indeed confirmed that a stable hydro-
dynamic distance exists, and that it does not depend on either
the initial orientation or the repulsive force. Of course, the
transient phase depends on the details of the repulsive force
�see supplementary material S2 �22��. An important conse-
quence of this result is that to determine the swimming
height and radius of a given bacterial model it is sufficient to
analyze the configuration with the initial orientation parallel
to the wall without any artificially imposed repulsive force.

C. Comparison with experiments

Experimental measurements of the trajectories of indi-
vidual E. coli bacteria labeled with a fluorescent dye in a
dilute suspension have been used to validate the numerical
method. Besides the measurement of the radius of the trajec-
tory of cells swimming near the glass boundaries, an essen-
tial element of the validation is the determination of the cell
geometrical features. The experimental setup allows one to
measure easily the trajectories of single cells, but the accu-
rate assessment of the cell geometry is laborious. Whereas
the cell body aspect ratio and the length of the flagellar
bundle can be determined with reasonable accuracy during
the swimming motion, the clear determination of the flagellar
geometry is only possible by manually tracking a cell
throughout its motion until this adheres to the glass surface;
at that point a picture of its individual flagella can be taken
and the flagellar geometry can be determined.

The chamber containing the test fluid is examined from
above; hence the cells are observed swimming in a counter-
clockwise direction when viewed from outside the chamber
�upper wall� and in a clockwise direction when viewed from
within the fluid �lower wall�. Similarly to the numerical
analysis results, the trajectories traced by the E. coli cells are
found to be ellipses with small eccentricities, and an example
of the raw trace obtained by video analysis is shown in Fig.
5�a�. In order to perform the numerical simulation on a
model with the same geometry of the real organism, the
computational model of the swimming bacterium is recon-
structed from individual snapshots of the E. coli cell as
shown in Fig. 5�a�. The trajectory of the computational
model is shown in Fig. 5�b�. The agreement between the two
sets of results is remarkably good, and it exemplifies the
level of agreement obtained for those bacteria of which the
geometry could be clearly identified.

Cells seldom trace one trajectory over and over again in
time because many external factors can interfere, e.g., inter-
action with other cells, tumbling, asymmetry of the cell body

FIG. 5. Comparison between �a� measured traces generated by
tracking individual E. coli cells and �b� predicted trajectories for
a bacterium model with aspect ratio equal to 0.53, L=6a, and
k=1.3 �see Table I for other flagellar parameters�.
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or of the flagellar bundle, etc. For this reason, instead of
computing the radius of curvature on the base of partial
curved traces in the assumption of circular trajectories as
previously done in �10�, an average of the mean radius is
computed over the number of closed trajectories traced dur-
ing the observation period that satisfy the criteria presented
in Sec. III. The mean value of the radius thus obtained is
compared to the numerical prediction, and the results are
presented in Fig. 6. The error bars in Rexpt show the mini-
mum and maximum values of the radius measured for a
given cell. Overall, the results shown in Fig. 6 demonstrate a
good agreement between the numerical predictions and the
experimental observations and contribute to validating the
numerical method.

D. Parametric study: Radius-gap correlation

A parametric study has been carried out for the main geo-
metrical features of our bacterial model: the flagellum length,
the flagellar wave number, and the cell body aspect ratio.
This study serves two purposes: first, to compile a database
of the trajectory radii and separation gaps for typical bacte-
rial geometries that can be consulted by scientists �see Tables
S1–S3 of supplementary material �22��; and, second, to es-
tablish a correlation between the radius and the separation
gap which could be used to estimate either of the two quan-
tities when only one is known—for example, the separation
gap could be estimated when only the radius of the trajectory
is known from either experimental or numerical observa-
tions. A key advantage of using such a correlation is that, by
sacrificing some accuracy, no prior knowledge of the bacte-
rium geometry is required.

The length of the flagellum, its wave number, and the
aspect ratio of the cell body are varied to cover a wide range
of geometries. The flagellum length assumes the values of 6,
7, 8, and 9 unit lengths; the wave number is taken to be 1.3,
2, and 3; the cell body aspect ratio varies from 0.4 to 0.7 in

0.1 increments. All the remaining geometrical parameters are
summarized in Table I.

The predicted values of the radius and separation distance
for all the cases considered are shown in Fig. 7. The results
are organized in Figs. 7�a�–7�c� according to the flagellar
wave number, whereas Fig. 7�d� includes all the results and
no geometrical information can be inferred from it. In each
case, the relationship between the minimum distance from
the surface and the radius is modeled using a linear regres-
sion model of the form dmin /a=C1+C2R /a.

For all the cases presented in Fig. 7, the correlation be-
tween the minimum distance from the surface and the radius
of the trajectory is strong. Perhaps, not surprisingly, the co-
efficient of determination r2 is lower when no information
about the flagellar wave number is known �Fig. 7�d��. In this
case, the value of r2 is 0.56, which means that 56% of the
total variation in the separation gap can be explained by the
linear relationship as described by the regression equation.
This seems to be a reasonable estimate when the shape of the
bacterium is unknown.

E. Effect of stresslet

If we analyze the flow field of a cell swimming near a
wall with the mathematical tool of flow singularities, we can
describe the cell as a dipole �26–28�. In this case, the flow
field can be derived as the linear superposition of the infinite
fluid flow plus an image flow field on the opposite side of the
wall. Following this kind of analysis, it can be demonstrated
that the wall induces a rotation on the cell so as to align it
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FIG. 6. Comparison between experimental measurements and
numerical predictions of the radius of the trajectory.
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with the wall proportional to the strength of the dipole and
inversely proportional to the cube of the distance from the
wall �27,28�. Besides, the bacterium would be attracted to
the surface with a speed scaling with the strength of the
dipole and inversely proportional to the square of the dis-
tance. This type of analysis is strictly correct only when the
bacterium is far away from the surface; nonetheless, it could
prove important in defining a preliminary crude measure of
the factors influencing the stable swimming height.

The strength of the dipole is proportional to the symmet-
ric part of the hydrodynamic stress tensor �stresslet S� com-
ponent in the swimming direction e, See �cf. supplementary
material S1 �22��, and it is ultimately determined by the ge-
ometry of the cell. Therefore, with this type of approach, we
can establish a qualitative relationship between the geometry
of the bacterium and the strength of the attraction to the wall.
When no collision occurs, this attraction is balanced by a
repulsive force of hydrodynamic nature, electrochemical, or
indeed a combination. This balance determines the height at
which the bacterium swims. The difficulty in establishing an
analytical expression for the hydrodynamic repulsive force
does not allow one to predict analytically the separation gap
from the surface, but we can presume that this will reduce for
increasing �See�.

In order to test the validity of this argument, the stresslet
component in the swimming direction has been calculated
for all the bacterial models analyzed in the parametric study
previously presented. The variation of the trajectory radius
with �See� is shown in Fig. 8. Since the arguments used above
are only strictly valid in the far-field approximation, we can
only expect a reasonable agreement, but the results shown in
Fig. 8 confirm the goodness of the “stresslet argument.” A
close examination of Fig. 8 also reveals how the stresslet and
the radius vary with the geometrical parameters, and in par-
ticular how the radius generally reduces for increasing cell
body aspect ratio, and with increasing flagellar length.

V. CONCLUSIONS

We have presented a numerical method to predict the
near-wall motion of flagellated bacteria and compared it to a
set of measurements of Escherichia coli cell geometries and
trajectories. A good agreement between the numerical pre-
dictions and the experimental data was found, paving the
way to the use of the numerical approach as a predictive tool
when the cell geometry is known �at least partially�.

In agreement with a far-field flow singularity argument,
we showed an important qualitative relationship between the
stresslet component in the direction of motion and the radius
or the separation gap. In particular, we found that for a given
flagellar wave number the bacterium tends to swim closer to
the surface �tracing trajectories with smaller radii� with in-
creasing cell body aspect ratio and with decreasing flagellar
length.

A database of solutions was compiled, and we demon-
strated a strong linear relationship between the radius of the
trajectory and the minimum distance of a swimming cell
from the solid surface. The correlation allows an indirect
estimation of either of the two quantities by a direct measure
of the other without �or little� prior knowledge of the cell
geometry. This result would be of interest to a large number
of scientists developing biomedical and technical applica-
tions involving near-wall bacterial swimming, in addition to
the possibility of using a numerical tool to investigate
surface-cell adhesion and interaction processes. Examples
include—but are not limited to—the analysis of the early
formation of bacterial biofilms in newly developed poly-
meric implants, biofouling, water and wastewater treatment,
and microfluidic biosensors.
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FIG. 8. Correlation between �See� and the radius of the trajec-
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