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INRA, UMR792, Ingénierie des Systèmes Biologiques et des Procédés, Toulouse F-31400, France

CNRS, UMR5504, Toulouse F-31400, France
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A three-dimensional model is developed to study the laminar shear flow past a bacterial cell attached to a plane surface.
The induced hydrodynamic forces and torque exerted on the cell are computed to clarify the prevailing mechanisms
involved in the detachment of model bacteria. Results are discussed in terms of drag and torque magnitude as a function of
the angles defining the orientation of the cell. It is shown that reorientation and rolling of spheroid-shaped cells are
favored. It is also confirmed that rod-shaped cells would tend to lie on the surface and become aligned with the flow. The
model is used to quantify the adhesion force of spheroid Bacillus cereus spores to stainless steel, deduced from previously
described experiments in a shear stress flow chamber. The magnitude of the predicted adhesion force is close to that
obtained using atomic force microscopy under similar experimental conditions. VVC 2012 American Institute of Chemical

Engineers AIChE J, 58: 3614–3624, 2012
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Introduction

Microbial adhesion to surfaces followed by cell growth
and colonization results in the formation of an extracellular
polymeric matrix capable of protecting the underlying
microorganisms from antimicrobials, chemical biocides,
and host defense mechanisms.1,2 Biofilms are ubiquitous
and known to play an important role in a wide variety of
environments, including biomedical implants,1 wastewater
plants,2 marine,3 and food-processing equipment.4 Harsh
cleaning and disinfecting procedures are generally carried
out to control the growth of sessile microorganisms, based
on a combination of chemical and thermomechanical
effects. When a Cleaning-In-Place strategy is required,

both the mean turbulent flow and the associated velocity
fluctuations have been proved to play a major role in bacte-
rial removal.5,6 Beyond these curative methods, one way to
limit biofilm formation is to prevent the adhesion of indi-
vidual microorganisms, which generally constitutes the first
step of surface colonization.7 To this end, numerous works
have been devoted to the modification of the material struc-
ture or chemistry to achieve nonadhesive and biocide prop-
erties, like, for instance, nanocomposite thin films.8–10

Chemical additives could also be used with a view to limit-
ing the physicochemical interactions between attached
microorganisms and solid surfaces. Other studies focus on
the characterization of the physicochemical properties of
the bacterial surface, in relationship with the adhesion
strength.11–13

Whatever the field of investigation, precise quantification
of the adhesion force is required. Various types of appara-
tus have already been described in the literature for micro-
bial adhesion-targeted applications: atomic force
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microscopy (AFM),14 optical tweezer,15 and shear stress
flow chamber.16–21 The last provides an indirect method for
estimating the adhesion force under hydrodynamic condi-
tions similar to the mean flow conditions experienced in
industrial cleaning processes. Although the shear stress
flow chamber appears to be a simple, convenient, and accu-
rate device, it must be carefully designed to give a fully
developed laminar two-dimensional (2-D) Poiseuille flow.22

All individual biological entities attached to the bottom sur-
face of the flow channel are thus exposed to constant and
identical hydrodynamic stresses. Therefore, the complex
theoretical problem can be simplified as the ideal case of a
laminar infinite linear shear flow over a single cell in con-
tact with an infinite plane wall at rest. In the case of a
spherical particle, an analytical solution for the forces and
torque was established by O’Neill23 and Krishnan and
Leighton.24 However, the shear stress flow chamber is
widely used in studies devoted to analyzing the adhesion of
various biological particles (bacteria, yeast cells, and
spores), the shape of which differs significantly from a
sphere. In the absence of an exact quantification of the
forces and torque exerted on the cells, the conclusions of
these works are often limited to a purely qualitative com-
parison. Several numerical studies have already focused on
the calculation of shear-induced stresses on a cell to
improve the understanding of its detachment.25–30 Gaver
and Kute28 studied the influence of the cell size to channel
height ratio, through a 2-D model. Brooks and Tozeren31

developed their own code and performed a three-dimen-
sional (3-D) simulation of the flow over an array of cells of
various shapes (sphere, hemisphere, and sphere with protru-
sion). Some works have highlighted the interesting phe-
nomenon of reorientation of nonspherical cells attached to
a surface under shear flow,26,29 but neither the displacement
nor the stresses were quantified.

In this article, we propose to determine the hydrodynamic
forces and torque on nonspherical bacteria attached to a flat
surface through a numerical simulation of the 3-D flow field.
To this end, the commercial software COMSOL Multiphy-
sics is used to compute the flow field past a single cell
adhering to the channel bottom plate. The resolution of the
flow allows a precise quantification of the velocity and pres-
sure fields at the cell surface. These are further used to cal-
culate the stresses exerted on the cell. Different characteristic
shapes of microorganisms (sphere, spheroid, and rod) are
investigated. In the last two cases, the influence of the inci-
dent flow direction, relative to the symmetry axis of the cell,
is studied. The simulation procedure is first validated
through a comparison of the computed hydrodynamic
stresses with the analytical solutions valid for a spherical
particle at low Reynolds number.23,24 Simulations performed
with a spheroid-shaped cell are then used with a view to
interpreting, in terms of adhesion force, shear flow induced
detachment experiments of Bacillus cereus spores attached
to stainless steel.32 Moreover, independent and direct meas-
urements using AFM under the same experimental condi-
tions (type of strain and solid surface, physicochemical pa-
rameters) are presented to confirm that the methodology pro-
posed here allows a fair estimation of the adhesion force.
The hydrodynamic forces and torque exerted over a rod-
shaped bacterium, obtained numerically, are further investi-
gated as a function of its position on the surface. All cases
from the vertical to the horizontal position are carefully
examined.

Theoretical Background

Model system

We are especially interested in computing the laminar
flow past an individual bacterial cell attached to the bottom
plate of a channel. The channel is rectangular and is in the
region of the shear stress flow chamber where a fully devel-
oped stationary 2-D Poiseuille flow takes place. The subse-
quent hydrodynamic forces and torque exerted on the cell will
then be calculated from the velocity and pressure fields
obtained numerically. The model bacterium takes characteris-
tic shapes (sphere, spheroid, and rod) to account for various
cell morphologies generally encountered in biofilm-associated
applications. All these shapes present an axis of revolution,
named x. An orthogonal coordinates system n; g; fð Þ
attached to the plane surface is used to characterize the flow
direction relative to the cell; the n-direction is that of the inci-
dent flow. The position of the model bacterium can be defined
by two angles. a is the angle between the main flow direction
(axis n) and the projection, x0, of the revolution axis of the
cell (axis x) on the gn plane. The zenith angle, y, is the angle
between the vertical axis f and the x axis. It is equal to 0
when the bacterium is in the vertical position and equal to p/
2 when it is lying on the plane surface (see Figure 1).

The parameter defining the sphere is its radius r, the sphe-
roid (or ellipsoid of revolution) is defined using its equatorial
radius ra and polar radius rb (rb [ ra). The contact area
between the cell and the surface is defined taking a virtual
embedment, l, of the cell inside the bottom plate (see Figure
2a). An orthogonal coordinates system (x, y, z) is attached to
the cell: its origin is the cell center and the x-direction is the
revolution axis of the cell. The two coordinate systems and
angle a are represented in Figure 2b.

The parameters for the rod-shaped bacterium are its
length, b, and its radius, r (Figure 2c). The definition of the
coordinates system is slightly different in the present case:
the origin (x, y, z) is the center of rotation of the cell refer-
enced by point O. Its projection on the gn plane defines the
origin of the n; g; fð Þ coordinate system. The two coordi-
nate systems and the two angles a and y are represented in
Figure 2d.

Fluid flow

As we focus on a single cell, the region of interest for the
flow is the vicinity of the cell, that is, the near-wall region
where the macroscopic Poiseuille flow is locally disturbed
by the presence of the cell. To perform a study using a range
of incident angles, it is convenient to select a unique compu-
tational domain that will be kept whatever the incident flow

Figure 1. Definition of the cell position in the main
coordinate system.
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direction. This is done by choosing the fluid domain sur-
rounding the cell as a hemisphere as shown in Figure 3. The
size of the domain is determined from numerical simulations
of the laminar flow in the whole height of the channel in the
presence of an array of spheres adherent to the bottom wall,

as performed by Brooks and Tozeren.31 These authors found

that the Poiseuille flow was macroscopically preserved for a

sphere radius less than 1/15 of the channel height. They also

proved that the bead could be considered to be single, if the

separation distance between neighboring beads was larger

than 10 times the bead radius. It can be noted that these two

requirements are fulfilled in the work described by Mercier-

Bonin et al.,32 the results of which are interpreted in this ar-

ticle. Therefore, the fluid domain surrounding the cell

attached to the plate is reduced to a height of 30 cell radii.

The size chosen is twice that needed to preserve result accu-

racy even for nonspherical cell shapes.
Let us consider a fully developed 2-D laminar Poiseuille

flow, as has been experimentally demonstrated in the shear
stress flow chamber.20 It is well characterized by the corre-
sponding channel Reynolds number

Reh ¼ q uh ih=l (1)

where h is the half channel height, hui, the mean flow velocity,
q, the density and l, the dynamic viscosity of the fluid.

The shear rate is uniform and can be expressed as

_c ¼ 3Q
�

4h2b (2)

with Q, the volumetric flow rate (Q ¼ 4 uh ihb), and b, the
channel half width.Using Eqs. 1 and 2, Reh can be expressed in
terms of _c as follows

Reh ¼ q _ch2
�

3l (3)

Taking the chamber half height of 0.1 mm and the maxi-
mum shear rate of 105 s�1, according to the experiments
described by Mercier-Bonin et al.,32 leads to a channel
Reynolds number of about 300. This confirms that the flow
is always laminar in the shear stress flow chamber.

Let us now consider the local flow problem giving the ve-
locity u and pressure p in the vicinity of the cell. The flow
within the near-wall region can be characterized using the
local Reynolds number, based on the radius, r, of the cell
and the shear rate at the wall as

Rec ¼ q _c r2
�
l (4)

where _c is the shear rate.
It is obvious that Rec is always lower than 1, because

r=h � 1=100. It can be concluded that the inertial effects are

Figure 2. Detailed representation of the cell shape and position: spheroid-shaped cell model (a and b) and rod-
shaped cell model (c and d).
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negligible in the near-wall region. Consequently, we can
make the reasonable assumption that the flow in the near-
wall region is governed by the Stokes equations.

The local flow problem is finally described as

r � u ¼ 0 (5)

rp ¼ lr2u (6)

A no-slip boundary condition (u ¼ 0) is imposed at the
solid boundaries, that is, bottom wall and cell surface. Con-
sidering a pure shear _c in the f direction, the fluid velocity
far from the cell is imposed on the semispherical boundary.-
Fluid boundary

ux ¼ _cz cos a (7)

uy ¼ _cz sin a (8)

uz ¼ 0 (9)

A reference pressure (p ¼ 0) is also set at the bottom of
the hemisphere.

Computational aspects

The set of equations (5) and (6), with the aforementioned
boundary conditions, are solved using COMSOL Multiphy-
sics software. We take advantage of the existence of a con-
tact area between the bacterial cell surface and the flat wall
in the real situation to avoid the meshing problems generally
encountered when two interacting surfaces make contact in a
single point. Here, a line is common to the cell surface and
the flat wall. The mesh is refined at the cell surface and pro-
gressively coarsened toward the outer boundary. The triangu-
lar mesh size varies from 12,000 elements for the sphere-
shaped bacteria to 118,000 for the rod-shaped one. A BiCG-
Stab method is used to solve the resulting linear system.

Modeling of the adhesion force

Detachment Model. To interpret the shear stress flow
chamber-related experimental results in terms of the net ad-
hesion force between a bacterium and a flat plate, it is neces-
sary to determine the relationship between the net adhesion
force and the wall shear stress at detachment. To this end,

the hydrodynamic forces and torque exerted by fluid flow
over the cells have to be known. They will be calculated
from the velocity and pressure fields obtained numerically.
A detachment model was proposed by Lorthois et al.20 to
quantify the net adhesion force of fibrin-coated spherical la-
tex beads to a fibrin-coated flat surface. The same theoretical
approach was then used by Guillemot et al.8 and Mercier-
Bonin et al.33 to evaluate the adhesion force between the
pairs Saccharomyces cerevisiae yeast cells/polystyrene and
functionalized microbeads/protein-coated stainless steel. In
this article, this modeling is also applied. However, the con-
tact area between the cell and the surface is no longer a cir-
cular disc but an ellipse or a quasi rectangle for the spheroid
or the rod, respectively. Nevertheless, its size still depends
on cell and plate surface properties. Let us consider the typi-
cal case of B. cereus spores, that is, the spheroid-shaped bac-
teria for which the shear flow induced detachment has been
recently described by Mercier-Bonin et al.32 According to
nanomechanical properties of B. cereus spores measured by
Fernandes et al.,34 the spore surface can be considered as
rigid, so no deformation occurs. Second, the existence of
bonds between the substratum and the spore extreme surface
defines the contact area, that is, the area where such bonds
are present.35–37 In the present case, we assume that bonds
are mediated, at least to some extent, by the external hair-
like nap,38 the filament length of which ranges from 25 to
40 nm.39 Third, it is postulated that the roughness of stain-
less steel is low compared to the characteristic thickness l of
the filament meshwork binding the spore to the stainless
steel. In this model, we assume that the forces exerted on an
immobile cell will lead to the detachment, as soon as they
overcome a given threshold. The dynamics of bioadhesion is
related to ligand–receptor interactions. These are implied in
the migration (motility) of cells along a solid surface.40 In
our approach, the timescale associated with the ligand–recep-
tor interactions is assumed to be long compared to the con-
tact time between the cell surface. As a result, once the cell
is detached, it is supposed to roll under the effect of the
shear flow. However, not all detachment events lead to roll-
ing and whether a cell rolls actually depends on molecular
properties of the receptor and ligand as well as the force act-
ing on the bonds.

The schematic view of a cell lying on the surface is pre-
sented in Figure 4. In the upper part, a section of the cell in
the (n, f) vertical plane shows the drag force D and the tor-
que Cg/R responsible for the rotation in the plane around the
point R. For a sphere, the torques CnR and CfR are null.
Thus, all mechanical forces are solely due to the drag force
and the torque CnR. If rotation occurs, it will take place in
the nf plane, and it is reasonable to consider that the rotation
axis will belong to the contact area. This uniquely defines
the point R. The same applies for a spheroid provided that
the CnR and CfR torques are negligible compared to CgR.
This condition will be verified in ‘‘Variation of Drag and
Torque with Geometrical Characteristics of the Spheroid’’
section.

According to Figure 4a, we have

OR2 ¼ d2 þ ra � lð Þ2
(10)

In the case of a spherical cell, a commonly adopted sim-
plification is that l is negligible compared to the size of the
cell.8,20,41 We also make this assumption here. Using the

Figure 3. Schematic representation of the hemispheri-
cal computational domain surrounding the
cell.
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geometric properties of the spheroid, we obtain the three fol-
lowing relationships

OR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 þ r2

a 1 � d

r0b

� �2
" #vuut (11)

d ¼ r0b
ra

ffiffiffiffiffiffiffiffi
2lra

p
(12)

r0b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2

b cos2 aþ r2
a sin2 a

q
(13)

Combining Eqs. 12 and 13 leads to the expression for the
apparent contact area radius

d ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2lra

rb

ra

� �2

cos2 aþ sin2 a

" #vuut (14)

It can be seen that, in the case of a sphere-shaped model,
r ¼ ra ¼ rb and the derived expression is

d ¼
ffiffiffiffiffiffi
2lr

p
(15)

If one further assumes that gravity effects and hydrody-
namic lift are negligible compared to the drag force, New-
ton’s second law gives20

Fadh cos b ¼ D (16)

Fadhd sin b ¼ Cg=R (17)

The validity of the latter assumption will be discussed
when examining the results of numerical simulations. In
these relationships, b is the angle that defines the direction
of deformation of the material constituting the sticking layer

as depicted in Figure 4. Combining Eqs. 16 and 17 leads to
the expression for the net adhesion force

Fad ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dþ

C2
g=R

d

s
(18)

The drag and torque in the former equation are dependent
on the flow field around the cell. Experimental results pro-
vide evidence that the detachment of attached cells is rather
a continuous process, as the flow rate in the shear stress flow
chamber is increased.33 In that work, the wall shear stress
required to remove 50% of the initially attached cells,
denoted sW50%, has been proposed as a characteristic param-
eter for evaluating adhesion strength. Using the values of D
and Cg/R, calculated from the numerical velocity and pres-
sure fields at that wall shear stress (sW50%) are used to esti-
mate the net adhesion force.

Particular Case of the Spherical Cell Model. In the ideal
case of a laminar infinite linear shear flow over a single
spherical particle in contact with an infinite plane, the ana-
lytical expressions for the drag (D), torque at sphere center
(C0), and lift (L) are given by O’Neill23 and Krishnan and
Leighton24 as follows

D ¼ 32:0swr
2 þ OðRecÞ (19)

C0 ¼ 11:9swr
3 þ OðRecÞ (20)

L ¼ 9:257swr
2Rec (21)

where sw ¼ l _c is the wall shear stress. It can be seen that these
expressions apply to low local Reynolds number problems. As
long as this condition is fulfilled in the present contribution,
expressions (19)–(21) will be used to validate the numerical
simulation of the flow field.

Experimental Part

AFM experiments were performed to determine the
detachment force of B. cereus 98/4 spores from stainless
steel surfaces. Studies were conducted using a JPK BioMAT
Workstation (JPK Instruments AG, Berlin Germany), allow-
ing spores and the AFM cantilever to be optically monitored
while operating on a stainless steel sample. We worked in
the force vs. distance mode (force curves). All experiments
were conducted in liquid medium (bidistilled H2O) at room
temperature. Veeco NP-O tip-less cantilevers were used,
with a nominal spring constant of 0.06 N/m; spring constants
were calibrated using the thermal noise method integrated in
the JPK software. Isolated spores were adsorbed onto tip-less
cantilevers (no chemical cross-links). Adhesion curves were
obtained upon engagement on different locations of the
stainless steel material. Experiment parameters included a
force threshold of 1 nN (maximum applied force), a z-range
of 3 lm (z-tip displacement), a contact time of 10 s and a
cantilever velocity of 3 lm/s. Ten spores were probed using
five different cantilevers for a total of 100 force curves
recorded.

Results and Discussion

We recall here that we intend to interpret, from a physical
point of view, bacterial detachment experiments performed
in a shear stress flow chamber in terms of the net adhesion

Figure 4. Forces and torque definitions for the sphe-
roid-shaped cell.
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force, deduced from an accurate calculation of the hydrody-
namic stresses exerted on the bacteria. To this end, three dif-
ferent cell shapes are investigated: (i) a sphere for the vali-
dation of the numerical model, (ii) a spheroid-shaped bacte-
rium like B. cereus spore, frequently isolated in food-
processing lines42,43 and recently characterized in terms of
detachment rate from stainless steel under shear flow,32 and
(iii) rod-shaped bacteria like Listeria monocytogenes, Esche-
richia coli, and Pseudomonas aeruginosa, the three being
widely encountered in biofilm-related applications.44–46 For
case (ii), the adhesion force was modeled and then compared
with direct AFM measurements. Case (iii) was more particu-
larly focused on the theoretical basis for reorientation under
shear flow.

Results are analyzed over a large range of wall shear
stresses (1 Pa\sw\100 Pa) according to experimental inves-
tigations, which corresponds to shear rates varying between
103 and 105 s�1. It should be noted that a single computation
at one particular wall shear rate is sufficient to deduce the
results for the whole range of wall shear rates, because the
governing equations (5) and (6) and the associated boundary
conditions are fully linear.

Sphere-shaped cell model

In this preliminary part of the work, the sphere model is
mainly investigated for validation purposes. The first objec-
tive is to compare the three simulated hydrodynamic
stresses, drag, lift, and torque at sphere center to those deter-
mined using the analytical expressions given in the previous
section. Although our problem is fully linear, the software
imposes the solving of the incompressible Navier Stokes
equations.

q u � rð Þu ¼ �rpþ lr2u (22)

Then, and in that case only, simulations were performed
considering the whole range of wall shear rates. The second
objective is to check whether the inertial term is negligible
in the range of Reynolds numbers considered or not. If so,
all forces and torque should be linear functions of the wall
shear rate, and the flow could be assumed to be purely vis-
cous. Consequently, a single calculation would be sufficient
to determine the stresses on the cell for the whole range of
Reynolds numbers.

The sphere model is a sphere of radius 1 lm, with an
embedment equal to 1% of the sphere radius. The radius of
the resulting contact area is 0.14 lm.

Results in terms of drag, lift, and torque are presented in
Figure 5. Calculations lead to accurate results, because the
maximum relative error is less than 1.2% for the drag and
less than 3.0% for the torque. We also recall that expressions
(19)–(21) were deduced from an asymptotic development at
the first order in Rec. This means that they are only accurate,
when Rec � 1 but is not zero. The range of Reynolds num-
bers considered in this study is [0.001–0.1], and this prob-
ably explains the increasing discrepancy between numerical
and analytical values, as the shear rate increases. As far as
the lift is concerned, the error increases with the shear rate,
reaching 12% at the highest value. This difference can be
attributed to the fact that our geometry differs slightly from
a sphere on a plane, which has a major influence on the lift
force. This error is not detrimental to further analysis,
because results also show that the lift force is at least one

order of magnitude lower than the drag force. Assuming a
cell density equal to twice that of water, the Archimedes’s
force was estimated at 4.1 � 10�14 N, which is also much
smaller than the drag force. Thus, it is verified here that the
lift and the gravity forces can be neglected in the detachment
mechanisms, as proposed by Lorthois et al.20

Spheroid-shaped cell model

Variation of Drag and Torque with Geometrical
Characteristics of the Spheroid. We now consider a sphe-
roid with an equatorial radius of 1 lm and a polar radius
that is made to vary from 1 to 2 lm (1\rb=ra � 2). The
embedment of the spheroid is set between 0.1 and 0.9 lm.
The incidence angle a of the main flow direction relative to
the symmetry axis of the cell also varies within the range
0 � a � p. The degree of asymmetry implies the existence
of a torque Cf/R in the vertical direction and a torque Cn/R in
the main incident flow direction when the cell is not facing
the flow (a ¼ 0 or a ¼ p=2 or a ¼ p).

Figure 5. Variation of drag (a), lift (b), and torque (c)
acting on a sphere as a function of the shear
rate c (r 51 lm and l 5 r/10).

AIChE Journal December 2012 Vol. 58, No. 12 Published on behalf of the AIChE DOI 10.1002/aic 3619



Figure 6 displays the change in the drag and in the com-
ponents Cg/R and Cf/R of the torque, when the length of the
semimajor axis rb increases. The influence of the lengthening
of rb=ra was investigated for an incident angle a ¼ p=4.
That position was chosen, because the Cf/R component of
the torque that appears as a consequence of the lengthening
is then maximal. The results indicate that the stresses over
the spheroid increase linearly with rb. A 50% increase in the
drag and torque component Cg/R is observed for rb ¼ 2 lm.
Additionally, the component Cf/R is no longer negligible,
when the aspect ratio is increased. The third component of
the torque Cn/R is neglected, because its value is systemati-
cally two orders of magnitude lower than the g and f com-
ponents (results not shown).

The influence of the incidence angle a on the drag force
is presented in Figure 7a. The relative change between the
minimum value, obtained when the major axis is aligned

with the flow (a ¼ 0), and the maximum value, reached for
a ¼ p=2, is about 25%.

Figure 7b exhibits the three components of the torque as a
function of a. Contrary to what occurs with the sphere-
shaped cell model, the components of the torque in the f
and n directions are not zero. Nevertheless, Cg/R could be
expected to be the most significant component of the torque.
It is maximum for a ¼ p=2, minimum for a ¼ 0 and is
always one order of magnitude higher than the Cn/R. The
components Cn/R and Cf/R are maximum for a ¼ p=4 and
equal zero for a ¼ 0, a ¼ p=2, and a ¼ p. The sign of these
torque components means that the prevalent rotation direc-
tion of the cell around the n and f axes depends on the inci-
dent angle of the main flow relative to the axis of symmetry
of the cell.

This can be related to an experimental analysis previously
performed on B. cereus spores in a shear stress flow cham-
ber: cell rolling and cell reorientation occurred at the same
time, with coexistence of spore rotation and displacement in
the direction of the flow.32

The embedment of the spheroid is then varied in the range
of 10–90% of the spheroid radius. A 90% embedment
approaches a cell flattened on the plate or a cell placed in a
protrusion. The effect of the embedment is studied for an as-
pect ratio of the spheroid rb=ra ¼ 2. Both the drag and the
torque Cg are drastically reduced, when 90% of the bottom
half of the cell is removed (Figure 8).

Figure 6. Variation of drag (a) and torque (b and c) for
the spheroid-shaped cell model as a function
of half the cell length (ra 51 lm, l 5 ra/10, y 5
p
2
, a 5 p

4
, c 5 103 s21).

Figure 7. Variation of drag (a) and torque (b) compo-
nents as a function of the flow incidence
angle a for the spheroid-shaped cell model (ra
51 lm, rb 5 2ra, l 5 ra/10, y 5 p

2
, c 5 103 s21).
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Modeling the Force of Adhesion to Stainless Steel:
Comparison with Direct AFM Measurements. Once all the
hydrodynamic stresses exerted over the spheroid-shaped bac-
teria attached to a flat surface have been carefully quantified,
the magnitude of the net adhesion force can be determined
using equation (18). The shape, size and volume of a spore
were deduced from Transmission Electron Microscopy
(TEM) observations performed by Faille et al.39 The spore
was well modeled by a spheroid with a polar radius of 0.84
lm and an equatorial radius of 0.4 lm. The corresponding
volume was estimated to be 0.56 � 0.12 lm3. The character-
istic thickness, l, corresponding to the length of filaments
constituting the external hair-like nap was taken to be equal
to 25 nm. All this information was used to determine the
equivalent diameter of the contact area through equation (16).

These data were then used to quantify the adhesion force
of B. cereus spores to stainless steel, considering the Bc 98/

4 strain. To this end, we computed the drag force and torque
owing to the wall shear stress required to remove 50% of
initially attached cells (24.8 � 5.5 Pa), as obtained by Mer-
cier-Bonin et al.32 Under the assumption of the spherical
shape investigated in that work, the adhesion force was esti-
mated at 930 pN. Here, a more realistic shape is considered.
The resulting adhesion forces (see eq. 18), together with the
parameters D, Cg/R and d, obtained from equation (14), are
given in Table 1 for some particular values of the incident
angle a. First of all, it must be pointed out that the values in
Table 1 indicate the minimum adhesion force required to
prevent the detachment at a given wall shear stress of 24.8
Pa. These values can be extrapolated to another wall shear
stress thanks to the linearity of the problem. Should all cells
be oriented in the same manner in the experiment, say p/4,
it can be deduced from Table 1 that the adhesion force is
about 418 pN. In contrast, if a cell oriented at p/2 remains
attached, it can be concluded that the adhesion force is
larger than 694 pN. There are different ways of interpreting
these results:

(i) For a given wall shear stress, the adhesion force
required to remain attached ranges from 300 to 700 pN
depending on the orientation of the cell. These results are in
good agreement with the value of 430 pN found for the
force needed to detach Bc 98/4 spores from stainless steel,
as measured by AFM (Figure 9). Detachment force histo-
grams are provided in Figure 9b, which shows that the force
variations due to the bacterial contact surface mobilized
(incl. number of binding molecules) also differ from one
spore to another. These are all more remarkable, as these
two methods are completely different. Indeed, shear flow
induced detachment is an indirect method, which is used on
the entire bacterial population and requires a detachment
model to be stated for rolling and sliding as well as a quanti-
fication of the hydrodynamic force and torque exerted on the
cell. In contrast, AFM is a direct method that measures the
vertical force required for bacteria detachment at single-cell
level.

(ii) The hydrodynamic stresses on the cell depend on its
orientation. If it is assumed that the adhesion force is con-
stant among the cell population, a preferential detachment
should be observed for those cells that are not aligned with
the main direction of the flow.

Thus, the detachment probability may result from a com-
bination of both the adhesion force and the orientation rela-
tive to the main flow.

Rod-shaped cell model

The rod-shaped cell model aims to mimic adhesive behav-
ior of gram-negative (E. coli and P. aeruginosa) and gram-
positive (L. monocytogenes) bacteria, often subjected to
shear flow in biomedical and food applications. Early work
mentioned the ability of bacteria to be attached by one pole

Figure 8. Variation of drag (a) and torque (b and c)
components as a function of the orientation a

of the spheroid-shaped cell model, for differ-
ent embedment heights (ra 5 1 lm, rb 5 2ra,
y 5 p

2
, c 5 103 s21).

Table 1. Magnitude of the Adhesion Force as a Function of
the Flow Incidence Angle

a D (pN) Cg/R (pN lm) d (lm) Fadh (pN)

0 140 78 0.28 308
p/6 151 82 0.25 355
p/4 161 86 0.22 418
p/3 171 91 0.19 514
p/2 180 95 0.14 694
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and rotate.47 Recent studies have demonstrated the possibil-
ity of two remarkably different positions: vertical and hori-
zontal.26,48 Indeed, bacteria appeared to be attached by one
pole or to lie flat on the substrate. Furthermore, some of
them tended to rotate and align with the flow, whereas others
were permanently misaligned or even perpendicular to the
flow.45

The rod-shaped cell model consists of two hemispheres
joined by a cylinder as depicted in Figure 2c. It should be
noted that the model bacterium is attached to the surface by
one pole. The effect of zenith angle is investigated by
varying y between 0 (vertical position) and p=2 (horizontal
position). The results plotted in Figure 10 clearly show the
drastic effect of the position of the bacterium on the hydro-
dynamic stresses exerted. Vertical bacteria experience a
three-times higher drag and a 10-times higher torque Cg/R

than bacteria lying on the surface. Whatever the cell orienta-
tion (angle a), we should note that values computed for y ¼
18� are slightly above those obtained for y ¼ 0. In our opin-
ion, these surprising results are most probably caused by a
rupture in the flow symmetry in the pole region, which
occurs when y deviates from 0.

The torque around the vertical axis Cf/R equals zero, when
the incident angle a is 0 or p and is maximum when a is
p=2, whatever the zenith angle. This behavior is notably dif-
ferent from what was observed for the spheroid-shaped cell
model, because no sign change is observed here. This is
essentially due to the fact that the rod-like bacterium rotates
around one of its poles, whereas the spheroid rotates around

its vertical axis of symmetry. One can further observe that
the torque Cf/R first increases with the zenith angle, peaks
for a zenith angle around 54�, and then decreases. Two op-
posite effects can explain these results: the lever arm
increases monotonously with the zenith angle, while the
force resulting from the hydrodynamic stresses on the rod
surface decreases as the zenith angle increases. The torque
Cf/R behaves similarly, though it is less sensitive to the inci-
dent angle a.

The variations of the torque around the n axis are more
complex to interpret, but this component is much lower than
the two others. In consequence, it is not expected to play a
significant role in the bacteria movement (data not shown).
Considering the respective magnitudes of the three torques
Cn/R, Cg/R, and Cf/R, it can be claimed that bacteria remain-
ing attached to the surface at high shear rates should mainly
be lying flat and oriented in the main flow direction. This is
confirmed by the observations of Lecuyer et al.45 on P. aeru-
ginosa adhered to a glass surface under shear flow. However,

Figure 9. (a) Detachment force curves obtained using
AFM. Data show four sample curves of force
vs. z-measured height during approach (gray)
and retraction (black).

The maximum vertical jump seen at retraction gives the

force needed for detachment. (b) Detachment force histo-

gram (gray) and probability density function (black) of

the numerous recorded force curves. A peak clearly

arises around 430 pN.

Figure 10. Variation of drag (a) and torque (b and c)
components as a function of the orientation
a of the rod-shaped cell model for different
inclinations y (b 5 2 lm, r 5 0.25 lm, l 5 r/
10, c 5 103 s21).
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the change in position was mediated by an undetermined
number of bonds that could break or rearrange. Similarly,
the position of Xylella fastidiosa on a glass surface under
very low flow rate conditions was seen to be more or less
vertical with bacteria being attached at the pilus-bearing
pole.26 As the medium flow was increased, cells tended to
gradually lie on the surface and became oriented with the
direction of flow. In this framework, in line with our previ-
ous observations on the spheroid-shaped cell model (Bc 98/4
spores),32 we experimentally verified such predicted lying/
reorientation under shear flow for rod-shaped bacteria, con-
sidering the gram-negative E. coli model (unpublished data).

Conclusions

Numerical simulations of the flow field around various
objects, representative of typical bacterial shapes, were per-
formed. Calculations of the hydrodynamic stresses exerted
over a single sphere by shear flow were in good agreement
with the existing analytical solutions. For nonsymmetrical
objects (spheroid and rod), the influence of the flow orienta-
tion and the aspect ratio was established at moderate compu-
tational expense through the use of a parametric solver. When
applied to more complex bacterial shapes, the proposed
approach provided a more thorough understanding of the most
influent parameters governing the shear flow induced detach-
ment of attached cells. Preferential rolling and reorientation of
cells, shown experimentally in the literature, were confirmed
from a theoretical point of view here. Furthermore, when the
spheroid-shaped cell model was applied to B. cereus spores,
the predicted adhesion force to stainless steel was demon-
strated to be of the same order of magnitude as the experi-
mental value, obtained with direct AFM measurements. It can
be concluded that the numerical computations developed in
this article are very valuable for the quantitative interpretation
of shear flow induced detachment experiments in terms of net
adhesion force. Sensitivity analysis on various parameters
(size, aspect ratio, orientation, and initial position) now offers
the possibility to investigate the effects of physicomechanical
heterogeneity on the detachment of a cell population.
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