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Abstract: A mathematical model describing the constitutive properties of bio®lms is required for predicting
bio®lm deformation, failure, and detachment in response to mechanical forces. Laboratory observations
indicate that bio®lms are viscoelastic materials. Likewise, current knowledge of bio®lm internal structure
suggests modeling bio®lms as associated polymer viscoelastic systems. Supporting experimental results and
a system of viscoelastic ¯uid equations with a linear
Jeffreys viscoelastic stress±strain law are presented
here. This system of equations is based on elements of
associated polymer physics and is also consistent with
presented and previous experimental results. A number
of predictions can be made. One particularly interesting
result is the prediction of an elastic relaxation time on
the order of a few minutesÐbio®lm disturbances on
shorter time scales produce an elastic response, bio®lm
disturbances on longer time scales result in viscous
¯ow, i.e., nonreversible bio®lm deformation. Although
not previously recognized, evidence of this phenomenon
is in fact present in recent experimental results. ã 2002
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INTRODUCTION
Bacterial bio®lms accumulate on virtually all wetted
surfaces and are a recognized problem in industrial
pipelines, where they are associated with increased
pressure drop, product contamination, and corrosion.
Moreover, detachment from bio®lms in food production
facilities and drinking water systems may result in the
potential transmission of pathogens via contaminated
food (Piriou et al., 1997), drinking water (Walker et al.,
1995), or aerosols (Zottola and Sasahara, 1994).
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Bio®lm bacteria commonly produce an extracellular
polymeric slime (EPS) matrix that protects them against
antimicrobial agents and desiccation and also provides
mechanical stability to the bio®lm (Flemming et al.,
2000). However, little is known about the material
properties or adhesive and cohesive strengths of attached bio®lms, making it dicult to predict how a
bio®lm may behave in response to an applied force. In a
¯owing system the ¯uid will exert a shear stress on the
bio®lm and colliding particulates may exert both normal
and shear stresses.
In earlier work we developed a microscopic method in
which the deformation of individual bio®lm cell clusters
was related to the ¯uid shear stress to conduct in situ
tests analogous to stress±strain and creep tests (Stoodley
et al., 1999a, 2001a). Data from these experiments and
viscosity measurements on detached bio®lms by Ohashi
and Harada (1994) suggest that both mixed species and
pure culture bio®lms behaved like viscoelastic ¯uidsÐbio®lms exhibit both irreversible viscous deformation and reversible elastic response and recoil. These
experiments show bio®lms reacting to stress both as an
elastic solid and a viscous ¯uid. Furthermore, the nature
of those reactions apparently depends in part on the
bio®lm history; in particular, its stress history.
Stress response is also recognized to be relevant to
bio®lm modeling. For the most part, however, bio®lm
models have not included bio®lm material properties
(Gujer and Wanner, 1990; Hermanowicz, 1998; Dockery
and Klapper, 2001), although some authors have recognized the importance of this issue. Picioreanu et al.
(2001), in a study of detachment in bio®lm processes,
constructed a model in which the bio®lm has a partial
elastic response to ¯uid stressÐonce local internal
stresses exceed a cohesive strength the bio®lm detaches
and the model predicts detachment of discrete cell
clusters from the bio®lm. Fluid stress has also been
considered in microscale bio®lm simulations (Dillon
et al., 1996).

We suggest that development of a robust, versatile
theory of bio®lm stress response is essential for understanding and prediction of bio®lm structural stability. In
this article we propose a description of bio®lms as viscoelastic ¯uids. The conceptual basis of this description
is a model developed to describe reversible networks and
associated polymeric systems (Leiber et al., 1991; Rubinstein and Dobrynin, 1997) justi®ed by experimental
data interpretable in terms of the various chemical and
physical interactions between the bio®lm matrix polymers. The conceptual and mathematical models proposed here are based on the assumption that bio®lms
can be viewed as associated polymer networks. The viscoelastic component of this model will allow interrogation of time-dependent deformation in response to shear
over dierent time scales. Such a model can also accommodate the apparent ¯uid-like behavior of bio®lm
ripples (regularly spaced surface waves) moving downstream across solid surfaces in response to shear stress
from the bulk ¯uid ¯ow (Stoodley et al., 1999b)
and provide natural mechanical explanations for a
number of other observed bio®lm phenomena, e.g.,
density increase under shear stress (Vieira et al., 1993)
and oscillation of bio®lm streamers (Stoodley et al.,
1998, 1999a).
In this article we present data from high and low
transient shear tests on bio®lms grown from various
strains of Pseudomonas aeruginosa from published and
previously unpublished experiments. These data and
other data from the literature motivate our proposed
viscoelastic constitutive model. There are two main
thrusts of this study: ®rst, using previous data in addition to new data, we wish to argue that bio®lms
should be regarded constitutively as viscoelastic ¯uids.
Second, we propose a viscoelastic ¯uid model which
can explain a number of bio®lm material phenomena in
a straightforward manner. A third part of this article
attempts estimation of parameter values from available
data. Those data are insucient to prove or disprove
the model validity. Instead, our aim is to check that the

available data is consistent with the model and to
construct best current estimates of material parameter
values.
MATERIALS AND METHODS
Bacterial Strains and Bio®lm Growth Conditions
Bio®lms were grown from three strains of Pseudomonas
aeruginosa in square glass ¯ow cells (0.3 ´ 0.3 ´ 20 cm
length) under steady laminar and turbulent ¯ows with a
range of wall shear stresses from 0.005 N/m2 to 5.3 N/
m2. Table I shows the strains used and the growth
conditions for the various experiments. For the low
shear experiments the ¯ow cells were positioned in a
``once-through system'' in which sterile nutrients were
pumped at a constant ¯ow velocity through the ¯ow
cells. The ¯ow cells were inoculated by injecting 1 ml of
a 24-h shake broth culture through an injection port
which was positioned immediately upstream of the ¯ow
cells. A period of 1 h was allowed for attachment before
the nutrient ¯ow was initiated. For the high shear experiments the ¯ow cells were positioned in a recirculating loop attached to a mixing chamber. Sterile nutrients
were continually added to the mixing chamber, which
had a waste over¯ow (Stoodley et al., 1999a). The ¯ow
velocity was continuously monitored using either ¯ow
meters (McMillan Flo-sensor; Cole-Parmer, Niles, IL)
or volumetric ¯ow rate. The ¯uid shear stress at the wall
(sw) was calculated from the average ¯ow velocity as
described elsewhere (Stoodley et al., 1999a). The speci®c
wall shear stress at which each bio®lm was grown is
denoted swg. The system was inoculated by injecting
1 ml of thawed stock culture into the mixing chamber
and was operated in batch mode for 24 h before
switching to continuous culture by switching on the
nutrients supply. There was recirculating ¯ow through
the ¯ow cells during the inoculation phase. The hydraulic residence time in both systems was kept below
the doubling time, which ranged from 1.20  0.19 h for

Table I. Bacterial strains and growth conditions.
Strain

Reference

Relevant genotype or
phenotype

PAO1

Holloway et al. (1979)

Prototrophic, nonmucoid
opportunistic pathogen

PAO1

Holloway et al. (1979)

PAO-JP1

Pearson et al. (1997)

FRD1

Nivens et al. (2001)

Protrophic, nonmucoid
opportunistic pathogen
DlasI:tet, LasI mutant
derived from PAO1. Does not
produce the quorum sensing signal
N-3-oxo-dodecanoyl homoserine
lactone
Mucoid cystic ®brosis isolate

290

Growth medium
Minimal salts medium
(MSM) with
400 ppm glucose (Stoodley
et al., 1999a)
1/50 strength Leuria broth
1/50 Leuria broth

Growth system and growth
wall shear stress (swg)
Recirculating, 5.1 N/m2

Recirculating,
0.09 N/m2 and 5.3 N/m2
Once through,
0.005 N/m2

Minimal salts medium with
Once through,
sodium glutamate (13 mg/l)
0.007 N/m2
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PAO1 to 3.14  0.14 h for FRD1 to minimize planktonic growth. The bio®lms were grown between 7 and 10
days at 25°C. The ¯ow cells were positioned on the stage
of an Olympus BH2 microscope for in situ microscopic
examination. Digital time-lapse images were captured
with a COHU 4612-5000 CCD camera (Cohu, San
Diego, CA) and a Scion VG-5 PCI framestore board
(Scion, Frederick, MD). Images were analyzed using
Scion Image (http://rsb.info.gov/nih-image/).
Stress±Strain Curves
Stress±strain curves of individual cell clusters were
generated by measuring the length of individual cell
clusters at dierent ¯uid shear stresses. The strain was
calculated by dividing the change in cell cluster length
(in response to a change in ¯uid shear) by the original
length. Each incremental measurement took approximately 10 sec, during which time the ¯ow rate was increased and an image captured on the computer. In this
study the length at swg was taken as the original length
so that a positive strain represents an elongation and a
negative strain a contraction. For PAO1, initially the
stress±strain relationship was measured between sw of 0±
5.7 N/m2 (loading portion of the test) and then decrementally back to 0 N/m2 (unloading portion). The
complete test took approximately 180 sec to perform. A
repeat loading test was then performed but in this case
sw was incrementally raised to 17.6 N/m2 and back to 0
N/m2 over 210 sec. A similar test was performed on the
FRD1 bio®lm. Initially, sw was raised incrementally to
0.34 N/m2 over a 90-sec period before decrementally
returning to 0 N/m2. A repeat loading test was performed, increasing sw to 47 N/m2. An apparent elastic
modulus (G) was estimated using linear regression
analysis of the linear region of the loading portion of the
curves according to G = sw/e, where e was the measured strain.
RESULTS AND DISCUSSION
Experimental Results
After 10 days the PAO1 bio®lm consisted of ®lamentous
streamers that were elongated in the downstream direction (Fig. 1). The stress±strain test was performed at
this time. For the low shear test (Fig. 2a) the stress±
strain curve was linear in both loading and unloading
with no discernable hysteresis. This curve was characteristic of an elastic response. However, when sw was
increased to 17.6 N/m2, over three times that of swg,
there was a measurable hysteresis between the loading
and unloading curves, demonstrating both a viscous and
an elastic response (Fig. 2b). G was approximately 115
N/m2 (r2 = 1.00, n = 15), a similar value to that reported in previous experiments for mixed species bio®lms grown under the same shear stress of 5.1 N/m2

Figure 1. Elongation of bio®lm in response to elevated shear stress.
The PAO1 bio®lm was grown for 7 days under turbulent ¯ow at a
velocity of 1 m/s (Re = 3,600, swg = 5.1 N/m2). The bio®lm developed
®lamentous streamers which were attached to the substratum by an
upstream ``head'' while the ``tails'' were free to oscillate in the ¯ow (top
panel). When the velocity was increased to 1.5 m/s (swg = 10.4 N/m2)
the streamer elongated elastically and acquired an immediate elastic
strain of 0.03, indicating a value of G of 162 N/m2. The bio®lm then
demonstrated viscous creep over time so that after 4 min it had accumulated a strain of approximately 0.20 (bottom panel). Arrows
point to the streamer tips. A video sequence ``Shear induced creep and
detachment of Pseudomonas aeruginosa PAO1 bio®lm streamer''
showing the bio®lm elongation in response to elevated ¯uid shear has
been posted at the site http://www.erc.montana.edu/res-Lib99-sw/
movies.

(Stoodley et al., 1999a). The FRD1 bio®lm that was
grown under laminar ¯ow consisted of hemisphericalshaped cell clusters. For the low shear test the stress±
strain curve was nonlinear (Fig. 3a). Between sw of 0.04
and 0.18 N/m2 there was a linear region with a corresponding G of 6.3 N/m2 (r2 = 0.97, n = 4). Between sw
of 0.18 and 0.26 N/m2 there was a plateau region. Above
sw = 0.26 N/m2 the bio®lm cluster became stier, possibly due to polymer alignment and the extrusion of
water, which can act as a plasticizer in biological tissues
(Vincent, 1990). The hysteresis between the loading and
unloading portions of the curve demonstrated a viscous
response and the residual strain indicated that the bio®lm had ¯owed during the test. The high shear test (Fig.
3b) gave a J-shaped curve characteristic of aligned
polymer biological systems such as collagen and rubber
(Vincent, 1990). The linear low modulus region gave a G
of 71 N/m2 (r2 = 0.92, n = 8). Table II contains experimentally observed values of G for the various
Pseudomonas strains, together with the values of swg.
Although these data were compiled from experiments
using dierent strains and growth conditions, they
would appear to indicate G increases with increasing
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Figure 2. Stress±strain curves for Pseudomonas aeruginosa PAO1.
The bio®lm was grown at a ¯ow velocity of 1 m/s with a corresponding
wall shear stress of 5.1 N/m2 (horizontal line). A: Low shear test indicates a linear elastic response with no discernable hysteresis. B:
Hysteresis in high shear test demonstrates a viscoelastic lag response.
Closed symbols correspond to the loading cycle and the open symbols
to the unloading cycle. The bio®lm contracted (negative strain) when
the ¯uid shear was dropped below the growth shear, indicating that
under growth shear the bio®lm matrix had developed a stress loading.
Individual measurements were made in 10-sec intervals.

swg. Pending further data we will approximate the relation between the two quantities as linear in the model
presented below. G is predicted by theory to be linearly
proportional to the polymer number density (Bird et al.,
1987), which in the present context is in turn linearly
proportional to matrix density. Thus, a linear relationship between swg and G would imply a linear relationship between swg and matrix density.
At any given instant, bio®lm structural and mechanical response appears to be dominated by the EPS-cell
matrix. This matrix, as well as the material properties
noted above, can be well described by what has been
called an associated polymer system (Leiber et al., 1991;
Rubinstein and Dobrynin 1997)Ða polymeric material
consisting of polymers that form weak interlinking
bonds that break and reform on laboratory time-scales
(say 10's of sec, written O(101s)), for example, systems of
intermolecular bonds (e.g., hydrogen bonds), as
opposed to stronger ionic or covalent bonds. Intermolecular bonds result in an elastic polymer matrix; however, if the bonding is weak, under stress the matrix can
deform irreversibly on the time scale of bond breakage
292

Figure 3. Stress±strain curves for the mucoid strain P. aeruginosa
FRD1. The bio®lm was grown at a ¯ow velocity of 0.004 m/s, swg =
0.007 N/m2. A: Low stress test curve was sigmoidal. Loading and
unloading portions of the test are indicated by the ``up'' and ``down''
arrows, respectively. The G of the low modulus linear region ``a'' was
approximately 6 N/m2. Hysteresis between the loading and unloading
portions of the test ``b'' and the residual strain ``c'' are characteristic of
a viscoelastic ¯uid. B: High shear test on the same bio®lm showed a Jshape curve, characteristic of biological materials such as rubber or
collagen. The bio®lm became progressively stier at higher strains.

and reformation throughout the matrix. Hence, viscous
¯ow may also be observed over longer time scales. Note
that the elastic strength and also the ¯ow time scale and
resulting viscosity depend on the bonding density.
We brie¯y describe the EPS-cell matrix and its stress
response as follows: in the absence of external stress, the
Table II. The measured apparent elastic modulus (G ) of P. aeruginosa grown at dierent wall shear stresses (swg).
swg (N/m2)

G (N/m2)

Strain

Reference

0.005
0.007
0.09

0.87  0.18, n=6
2.78  0.1, n=2
26.5  6.3, n=3

JP1
FRD1
PAO1

5.1
5.3

64.67  21.03, n=6
99.60  66.10, n=6

PAO1
PAO1

This study
This study
Stoodley et al.
(2001b)
This study
Stoodley et al.
(2001b)

n refers to replicate measurements made in dierent microcolonies in
the bio®lm.
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conformation back to its isotropic tangled state, including reduction of dry density and reexpansion of
volume. We then expect bio®lm matrix elastic and viscous material properties to return to their unstressed
values on the longer time scale.
The ionic environment may also signi®cantly eect
bio®lm material properties. Crosslinking agents such as
Ca++ or Al+++ can replace week hydrogen bonds
with strong ionic crosslinks in the EPS matrix (Stoodley
et al., 2001a; Koerstgens et al., 2001). These studies indicate that the EPS-cell matrix has formed something
more like a strong gel than an associated system. The
result is a considerably stronger elastic solid without
noticeable viscous ¯ow, a con®rmation of the proposed
associated polymer model at low crosslinking agent
concentrations.
Bio®lm Model Equations

Figure 4. Stress±strain response experiment: (A) pure elastic response, (B) elastic deformation and recoil with hysteresis, i.e., irreversible viscous ¯ow.

The bio®lm evolution equations are then as follows:
de®ning u to be the bio®lm matrix velocity ®eld and q to
be the bio®lm matrix density, the standard ¯uid equations take the form:
qut  r  qu

u  r  r

qt  r  qu  g
matrix relaxes to an isotropic polymeric tangle with
density determined by a balance between attractive hydrogen bonding (and possibly entanglement forces) vs.
repulsive excluded volume and entropic forces. Consider
now applying an external stress to the bio®lm through
bulk ¯uid ¯ow (Fig. 4). The EPS matrix responds to
stress by exhibiting 1) elastic tension due to a combination of polymer entanglement, entropic, and weak
hydrogen bonding forces; 2) viscous damping due to
polymeric friction and hydrogen bond breakage; and 3)
alignment of polymers in the shear direction.
Breakage of hydrogen bonds also allows the bio®lm
to exhibit creep (Fig. 3a), although possibly very slowly
if the polymer viscosity is high. Another consequence of
polymer alignment is a reduction of exclusionary entropic forces between polymers. Coupled with hydrogen
bond interaction, we would then expect to see polymer
attraction and hence an increase in the dry EPS-cell
matrix density. Such behavior would result in a loss of
bio®lm volume through water extrusion and an increase
in bio®lm elastic modulus G due to increased EPS
concentration. In addition, a less tangled EPS matrix
allows better interlinking between EPS strands so that
the elastic relaxation time k (the characteristic time for
internal elastic stress relaxation) should increase.
Subsequent removal of external stress will result in
response to property (1) in an elastic recoil of the bio®lm
over the elastic response time and, in response to
property (3), in a relatively slow relaxation of polymer

1
2

where r is the bio®lm matrix stress tensor to be described below and g is a bio®lm matrix growth source
(or sink) term. The subscript t signi®es time dierentiation.
Frequently, we consider phenomena evolving quasistatically so that time derivatives can be neglected. On
the other hand, the time scales of interest here are much
shorter than the bio®lm growth time so that g can also
be neglected. Additionally, the inertial term can typically be neglected due to large viscosity of the bio®lm.
Altogether, then, [1] and [2] simplify to:
rr0

3

r  qu  0

4

Stress±Strain Law
The stress tensor r determines the response of the bio®lm to deformation through a stress±strain law.
Knowledge of the appropriate stress±strain relation is
essential for understanding and prediction of stress
distribution through the bio®lm and, hence, important
observed properties such as sloughing. We propose here
a stress±strain law based on the bio®lm material physics
described above. r can be broken into two pieces:
r  rP  rd ;
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the pressure stress rp and the so-called deviatoric stress
rd. For rd we utilize a linear Jereys constitutive law
(Joseph, 1990):
rd t  rd =s  G D  KDt 

6

D  1=2 ru  ruT 

7

where:

is the ¯uid rate-of-strain matrix and s and G are the
elastic relaxation time and elastic modulus, respectively.
The retardation time L is a measure of viscous delay of
elastic deformation on short time scales. In particular,
for motions on time scales short compared to k, a Jereys material acts like a viscoelastic solid (rd/k in [6] can
be neglected); for motions on time scales long compared
to k it acts like a viscous ¯uid (time derivatives in [6] can
be neglected). By choosing a linear constitutive law we
implicitly assume a slow bio®lm deformation rate, a
restriction consistent with slow bio®lm motion. For
modeling rapid deformations, nonlinear modi®cations
are necessary. For example, the Jereys stress±strain law
[6] will not exhibit J-shaped stress±strain curves. Restriction to slow deformations is, however, a useful ®rst
step and pending more material property data a reasonable one.
In fact, we do include a slow nonlinearity to account
for the bio®lm's shear thickening in response to environmental stress as follows: we suppose k = k(q) is an
increasing function of q, i.e., the denser the EPS, the
longer the viscous relaxation. We also suppose that
G = G(q) is an increasing function of q, i.e., the denser
the EPS, the stronger the elastic response. In principle,
bio®lm elastic response need not be isotropic, in which
case G should be a tensor; however, for simplicity we
will presume G to be a scalar. As previously mentioned,
standard molecular theory predicts G(q) = Cgqj1 for
some constants Cg and j1 with, in many polymeric
materials, j1 = 1 (Bird et al., 1987). We also choose
k(q) = Ckqj2 for some constants Ck and j2, again under the assumption that opportunity for hydrogen
bonding scales with EPS density. Note that in the case of
system time scales considerably longer than the elastic
relaxation time k, we can set time derivatives to zero so
that:
rd  kGD  Cqj1j2 D  2gD

8

where g is a ¯uid viscosity.
The second part of the stress tensor, the pressure
stress, is an isotropic tensor of the form rp = )pI with
assumed constitutive law:
p  c2 q

q0 rd 

9

where q0 is the preferred bio®lm matrix density at a
given deviatoric stress rd and c is a density relaxation
wave speed. The form of [9] is chosen to be essentially as
294

simple as reasonable pending more data. More generally, a power law relationship might be assumed. For
suciently slow change, we can assume q = q0. The
constitutive function q0(rd) is assumed to be of the
form:
q
q0 rd   a Tr r2d   b
10
where q0(0) = b is the unstressed preferred EPS density
and a is a proportionality constant. Here, for a given
matrix M, Tr(M) is the trace of M, i.e., the sum of the
diagonal elements of M. Tr(r2d) is the sum of squares of
the principle stresses, providing a measure of the total
local stress (squared). The linear relationship in [10] is,
as previously mentioned, a consequence of the presumed
linear relationship between swg and G.
In addition to the bio®lm matrix tension, there is also
a hydrostatic pressure. This pressure, however, can be
assumed to be constant throughout the bio®lm layer due
to the thinness of the layer, typically on the order of 102
lm.
Estimation of Parameters
Data on bio®lm material properties are limited at the
current time, although we expect this situation to be
remedied with future studies. For the moment, however,
we are restricted to order of magnitude estimates of
material parameters. However, we believe that proposing a constitutive model based on the best available
data is a useful step, ®rst to provide rough estimates of
model parameters, and second to check consistency of
available data with the proposed model. It should also
be noted that material parameters can be expected to
vary between species due to dierences in EPS.
We begin with the two parameters a and b contained
in expression [10] for the stressed equilibrium density
q0(rd). Rough estimates for these quantities can be
obtained using data of Vieira et al. (1993) of bio®lms
grown at two
p dierent Reynolds numbers. In a ¯at layer
geometry, Tr r2d  reduces to the horizontal shear
stress. Under that assumption, averaging of their density
vs. swg values ®nds a = 14, b = 7 (in mks units).
The density wave speed c2 in the constitutive law [9]
can be estimated from the approximate density relaxation time of O(103s) required for a bio®lm streamer to
relax after a change in ¯uid stress. This can be observed,
for example, in Stoodley et al. (1999a, Fig. 9), where it is
apparent that the bio®lm viscosity has changed by a
factor of about 2.5 after stressing or unstressing time
periods of order t = 60 min, plausible in response to
increased average ¯uid shear stress over the t = 30 to
t = 90 time period. Estimating a bio®lm streamer
thickness at 10)5m (see e.g., Fig. 1), we ®nd that c  d/t
 O(10)8m/s).
We can use data from ¯ow cell experiments to estimate the viscoelastic parameters G and k. Stoodley et al.
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Table III. Bio®lm viscosity (g) and relaxation time (k) estimated from the ¯ow velocity and morphology of bio®lm ripples measured at dierent
wall shear stresses (sw).
sw (N/m2)

Ripple velocity (lm/h)

0.73
1.5
2.5
3.7
5.1
6.7

480
900
290
100
32
30

Bio®lm thickness (lm)

Calculated viscosity (Ns/m2)

48
28
14
12
14
22

2.7E
1.3E
4.3E
1.6E
8.0E
1.8E

+

+
+
+
+

02
2
02
03
03
04

k (s)
15.65
4.57
9.94
26.17
97.31
169.5

Data was taken from Stoodely et al. (1999b). Viscosity was calculated from the shear rate which was estimated from the thickness of the bio®lm
and the velocity of the ripples at the bio®lm/bulk liquid interface. swg = 5.09 N/m2

(2001b) measured the elastic modulus G at a number of
dierent bulk ¯ow rates by tracking deformation of
bio®lm topography under shear stress perturbations
(Table II). Setting G = CGqj1 and using [10] with parameters set to a = 14, b = 7 to estimate q, we obtain
nonlinear least-squares ®ts of CG = 0.92 and
j1 = 1.03. Note molecular theory predicts j1 = 1.
However, the centered 95% con®dence intervals for CG
and j1 are [)1.79, 3.63] and [0.35, 1.70], respectively,
even assuming the values of a and b are exactly correct.
Thus, the data here are consistent with the proposed
model but are not conclusive.
A number of experiments have used a ¯ow cell setup
consisting of a horizontal stress of magnitude S imposed
on the top boundary of a bio®lm layer. Under this geometry the viscoelastic ¯uid equations have steady solution u(x,z) = (u(z),0) with:
q  aR  b

11

u(z)  2R=kGz

12

and q = q0(rd). Note again that the product kG takes
the form of a viscosity.
To obtain an estimated bio®lm viscosity g at varying
shear stresses, we use [12] and data from bio®lm ripple
observations (Stoodley et al., 1999b). Setting
kG = CkCGqj1+j2 with CG, j1 as above we obtain
nonlinear least-square ®ts of Ck = 0.0004, j2 = 2.82.
j2  1, as expected for polymeric systems (Bird et al.,
1986) but, again, note that the centered 95% con®dence
intervals for Ck and j2 are [)0.0015, 0.0022] and [1.74,
3.91], respectively. We ®nd a relaxation time at higher
shear stresses of k = O(102s), consistent with observations and hence providing another con®rmation of the
theory.
We roughly estimate the elastic retardation time L
using loss modulus data from dynamic testing of intact
P. aeruginosa bio®lms grown at swg = 5 N/m2 on the
place of a cone and plate Weissenberg rheometer
(Characklis 1980). Elastic modulus estimates for those
bio®lms are unavailable. However, estimating
G = O(10) as in Table II and combining with the
Characklis loss modulus data results in L º 10 s.

Final Remarks
Conceptually, one may ask the following question: How
should a bio®lm respond to external mechanical stress to
best maintain structural integrity? In the laboratory,
bio®lms apparently respond with a combination of elastic tension on short time scales and viscous ¯ow on long
time scales. The balance of elastic strength vs. viscous
relaxation and the crossover time from one to the other
depends in part on the bio®lm history. Higher stress results in stronger elasticity and longer elastic relaxation
times. All of this seems sensibleÐshort, sharp perturbations are absorbed elastically but if external stress is
maintained for too long a pure elastic response risks
material failure. Hence, the bio®lm dissipates the induced
stress through viscous ¯ow. If the external perturbation
persists over even longer times the bio®lm resists excess
¯ow displacement by both stiening elastically and
increasing viscous dissipation through contraction.

CONCLUSIONS
Based on bio®lm creep data we conclude that bio®lms
behave as viscoelastic ¯uids, demonstrating both unreversed ¯ow as well as elastic and viscoelastic recoil. Data
also point to the possibility of modeling bio®lms as associated polymer systems with an elastic relaxation time
on the order of minutes and mechanical contraction in
response to shear stress. Use of a Jereys viscoelastic
¯uid constitutive law together with shear responsive
tension qualitatively matches observed bio®lm mechanical behavior.
I.K. thanks G. Forest, University of North Carolina, for
useful conversations. From Montana State University we
thank Suzanne Wilson for help running the experiments,
Mike Franklin for providing the FRD1 strain, and Diane
Williams for text formatting.

NOMENCLATURE
c
CG

density relaxation wave velocity
elastic modulus coecient

(m/s)
(kg1)j1/m1)3j1s2)
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Ck
D
g
G
u
p
a
e
j1, j2
k
L
q
q0
b
r
rp
rd
S
sw
swg
g

elastic relaxation time coecient
rate-of-strain matrix
bio®lm growth source
elastic modulus
bio®lm matrix velocity
stress-induced pressure
stress-density coupling
modulus
strain
unitless scaling exponents
elastic relaxation time
elastic retardation time
dry bio®lm density
preferred dry bio®lm density
zero stress dry bio®lm density
bio®lm stress tensor
bio®lm pressure stress tensor
bio®lm deviatoric stress tensor
external shear stress
wall shear stress
speci®c wall shear stress during
growth
bio®lm viscosity

(m3j2 s/kgj2)
(1/s)
(kg/m3 á s)
(kg/m á s2)
(m/s)
(kg/m á s2)
s2/m3
(s)
(s)
(kg/m3)
(kg/m3)
(kg/m3)
(kg/m á s2)
(kg/m á s2)
(kg/m á s2)
(N/m2)
(N/m2)
(N/m2)
(kg/m á s)
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