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Experiments showed that bacterial biofilms are heterogeneous, for example, the density, the
diffusion coefficient, and mechanical properties of the biofilm are different along the biofilm
thickness. In this paper, we establish a multi-layer composite model to describe the biofilm
mechanical inhomogeneity based on unified multiple-component cellular automaton (UMCCA)
model. By using our model, we develop finite element simulation procedure for biofilm tension
experiment. The failure limit and biofilm extension displacement obtained from our model agree
well with experimental measurements. This method provides an alternative theory to study the
mechanical inhomogeneity in biological materials.

Keywords: Biofilm; finite element method; multi-layer composite mechanical model; UMCCA;
inhomogeneity.

1. Introduction

Biofilms are regarded as communities of tightly associated bacteria encased in an
extracellular matrix (ECM) found on almost all kinds of surfaces.' Biofilms not only
have many potential applications, but also can cause problems. For example, biofilm
can be utilized in industrial wastewater treatment for absorbing heavy metals,? it
also can be used to purify the eutrophic water by denitrification of bacterial cells,?
and likewise, biofilm is used in microbial fuel cells to provide clean energy.*’
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However, biofilm can cause many kinds of problems, such as infection of wounds,
contamination of implants and medical apparatus, and metal corrosion’; further-
more, it can induce drug resistance because of biofilm attachment to some organs in
our body.”® Accordingly, biofilm attracts researchers from multi-disciplinary fields,
such as physics, biology, material science, and mechanics.” '

Experiments showed that biofilm is inhomogeneous in density,'' the diffusion
coefficient,'? morphology,'® and phenotypes.'* Xiaoling®? shows that the B. subtilis
biofilm thickness is different along radius, with the high thickness region corre-
sponding to wrinkles. The experiment by Wilking et al.'® shows that wrinkles dis-
tributed in the biofilm can facilitate nutrient and liquid transportation. Xiaoling’s
experiment?? also shows the three phenotypes evolution during biofilm growth, and
that different phenotypes are distributed heterogeneously in biofilm. Besides bac-
terial cells, another main composition of biofilm is extracellular polymeric substances
(EPS), which are composed primarily of extracellular polysaccharides with high
molecular weight and high concentration; they together provide biofilm structure
integrity.'® Ohashi et al.'® showed that the elasticity coefficient is positive correlation
with biofilm density, which approves mechanical inhomogeneity of biofilm.

There are few theoretical models to explain the biofilm inhomogeneity. Beyenal
and Lewandowski'? suggested biofilm was composed of layers with different diffusion
coefficients. Laspidou and Rittmann'*'® and Laspidou et al.'” developed the unified
multiple-component cellular automaton (UMCCA) model, in which they assumed
biofilm was made up of three solid species and four soluble substrates; they obtained
all these components’ distributions and density distribution along the biofilm thick-
ness, which showed that the density decreases from the bottom to the top along the
biofilm thickness. The high heterogeneities of both components and the density in
biofilm can cause mechanical inhomogeneity, but the existing models remain lacking.

In our paper, we assume the biofilm is made up of three solid species, which are
inert biomass, active bacteria, and EPS. Our objective is to establish a multi-layer
composite model based on UMCCA model to describe biofilm mechanical behavior.
We determine the unknown parameters in our model from experiment measure-
ments, and from this we obtain Young’s modulus distribution along the biofilm
thickness. Our model is further used to simulate biofilm tension experiment, and the
results agree well with experimental measurements.

2. Theoretical Model
2.1. Composite mechanical model

In materials science, a composite material is made of two or more than two materials
that are mixed in physical or chemical ways. We assume biofilm is a composite
material and made up of inert biomass, active bacteria, and EPS, which play main
roles to biofilm mechanical property. Since there is a density inhomogeneity along
biofilm thickness, we divide biofilm into N layers uniformly, and each layer is as-
sumed to be a composite material, which is uniform, isotropic, and elastic. Each
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component of biofilm has its own Young’s modulus and contributes to composite
Young’s modulus of biofilm.

The composite Young’s modulus can be calculated in the view of composite
elasticity theory, which was proposed by Willis.' Let E;(i = 1,2,3) indicate the
Young’s moduli of three components, and let v;(: = 1,2,3) denote the Poisson’s
ratios of the three components. Here, i = 1 indicates the inert biomass, ¢ = 2 indi-
cates the active biomass, and ¢ = 3 indicates the EPS. We obtain shear modulus
u and bulk modulus & of each component from Eq. (1).

Ei v; - EIZ

My T A -2 N

We deduce the composite shear modulus of biofilm from Willis’'? theory:
- 5iu(3k + 4f1) s 5i(3k + 4f1)
f1(3R + 4fn f1(3R + A1)
/”’comp = Z C; ~ ~ ~ ~ ~ Z & ~ ~ ~ ~ < -
e 6 (R + 20) + (9 + 811) | 4= 6 (R + 201) + fu(9F + 8fr)
(2)
where [i and % are shear and bulk moduli of a certain component (parent phase),
which distributes more uniformly in the composite material than the other compo-
nents. In biofilm, EPS is more homogenous and has less changes along biofilm
thickness compared with the other two components. Therefore, ji = u3, s = K3; ¢; is

the mass fraction of each component among the total mass of three components and
it can be expressed as

Xres Xa XEPS 3

= s Co = s Cq = .
Xa + Xres + XEPS ? Xa + Xres + XEPS ’ Xa + Xres + XEPS

€1

where the X ., X,, and Xgpg are concentrations of inert biomass, active bacteria,
and EPS in one layer, respectively. The composite Young’s modulus of each layer can
be obtained from Eq. (4):

Ecomp = 2/’1/()01]’1]3 ( 1 + VCOIHP) : (4)

where the composite Poisson’s ratio v should be equal to 0.3 since the v values of solid
components are all equal to 0.3. The composite Young’s modulus E,,;, can show the
stress—strain properties of elastic composite material.!”-!?

2.2. Parameter determination

We determine all unknown values of our model from experimental analysis. In our
composite biofilm model, we divide the biofilm with 0.25 mm thickness into 10 layers,
the thickness of each layer is 0.025 mm. We consider that the young biofilm grows
within 24.5 days,'! and assume biofilm is homogenous in each layer; each layer has its
own density and mechanical properties.

Firstly, we calculate shear modulus u; and bulk modulus k; of each component
from Eq. (1), in which E, = 240Pa, E, = 10Pa, Egps = 60 Pa from the works of
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Fig. 1. The concentration curves of three solid components.
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We can get composite shear modulus from Eq. (2):
Jeomp = (0.403¢; + 1.7¢y + ¢5) ~L(37.2¢ + 6.54¢, + 23.007¢;). (5)

Secondly, we determine the mass fraction of each component ¢; in Eq. (5). We can

acquire them from each component concentration curve in the work of Laspidou

et al.,'” as shown in Fig. 1. Then we can obtain ¢; values from Eqgs. (3) and (6)—(8).
The concentration formulas of three solid components are as follows:

Xyes = —6.32172% + 0.18042 + 0.3730, (6)

X, = 6400x° — 4358z* + 939.7223 — 59.82222 4 1.5214x + 0.0009, (7)

Xpps = —32.4482° 4 10.3312% — 0.2408 + 0.0117, (8)

Finally, we can obtain composite shear modulus and Young’s modulus from Egs. (4)

and (5).

3. Finite Element Simulation and Discussion
3.1. Finite element model

We simulate the biofilm tension based on our composite mechanical model under
loading conditions from Ohashi et al.’s experiment.'® In the experiment, the biofilm
was cultured on the outer surface of the two non-connected but adjacent polyeth-
ylene tubes, the outer diameter of each tube is 4.76 mm. The experiment is sche-
matically shown in Fig. 2. The biofilm extension displacement between tubes, and
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the loading force on biofilm were measured. The failure stress in biofilm was obtained
from Eq. (9).
P R )
Ay (82 +do)m
where 6 is the biofilm thickness, d is the outer diameter of polyethylene tubes, and
Ay is the biofilm cross-sectional area.

Two main results from experiment are obtained: one is that the elastic failure
stress of a mature biofilm is in the range of 500-1000 Pa, and another is that the
measured extension displacements of 11-days and 29-days old biofilm are 4.5 and
2 mm, respectively, as shown in Fig. 3.

We establish a two-dimensional finite element model during biofilm extension, as
shown in Fig. 4. The two thick black lines in the bottom represent polyethylene tubes in
the experiment, the gap between these two tubes is represented by white region
between two thick black lines, and the meshed region means biofilm grows on tubes.
We consider two biofilm models in our simulation: one is a composite biofilm model
composed of different layers with different Young’s moduli, and the other is a uniform
biofilm model with an average Young’s modulus of 73.208 Pa, by first integrating and
then differentiating Young’s modulus used in composite biofilm model. Both extension
displacement and force loading conditions for two models are considered.

3.2. Displacement loading

In order to get failure stress, we assume that the extension displacement and biofilm
age (11-29 days) have a linear relationship |(Iy; —lyg)/(t11 — tag)] = |(logs —
lag)/(tass — ta9)| from Fig. 3 and estimate the extension displacement of the 24.5-
days old biofilm as 2.625 mm.

Tubes Ruler

Biofilm | -....../ I
0) ———(O

012
——

Load device

Test unit —

/_1\ ..

Fig. 2. Biofilm tension device (all units in mm).
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Fig. 3. Biofilm stretching on the 11th and 29th days.'

We set up the uniform and composite finite element biofilm models using ABAQUS.
To compare with experimental measurements, we obtain the stress values along
extension directions for both uniform and composite models, as shown in Fig. 5.

To compare with experimental measurements, we calculate the average tension
stress in biofilm. We choose stresses along Y-axis from different regions of both
models, and the six selected positions are shown in Fig. 6.

X
600

250

Slideable along Y but no dispalcement along X

Fig. 4. Boundary conditions (all units in /ﬂn),” the negative Y-axis is loading direction.
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Fig. 5. The normal stress distribution (S22) along tension direction under displacement loading for (a)
uniform and (b) composite biofilm models.

Positions: 1 2 3 4 5 6

Fig. 6. The locations of six biofilm sections (red lines) in simulation, the negative Y-axis is loading
direction.
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Fig. 7. The Y-axial stress curves in two models under displacement loading.

Table 1. The average values of tension stress (in Pa) of six paths in two models under displacement
loading.

Positions 1 2 3 4 5 6
Composite 778.1 778.6 779.5 792.7 818.2 793.3
Uniform 397.7 399.7 402.4 406.1 411.3 387.9
1000 / v .
g 750- ///
N
N
%) 1 /
Ly
o
2 500
g
8 ° ° ° ° b °
<
o)
& 250 i
[*)
5
®  Composite model | 1
® Uniform model
0 T T T T T T T T T T T
1 2 3 4 5 6
Positions

Fig. 8. The average values of normal stress (S22) along the tension direction in two models under
displacement loading. The shadow region represents the scope of the experiment measurements
(500-1000 Pa).
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Fig. 9. The values of von Mises stress, normal stress (522) along the Y-axial tension direction, and the
normal stress (S11) along the X-direction for composite biofilm model under displacement loading.

The stresses near the corner of the tubes are higher than those in the middle of the
gap between tubes for both biofilm models, while the stress distribution in composite
model is much larger than that in the uniform model. The stress in composite model
decreases dramatically along biofilm thickness from 0mm to 0.1 mm, as shown
in Fig. 7.

We further obtain the values of average tension stress along biofilm thickness in
the same regions of biofilm for both models, as shown in Table 1. The average stress
in composite biofilm model varies from 778 Pa to 818 Pa, which is in the range of
experimental measurement namely 500-1000 Pa, while the average stress in the
uniform biofilm model varies from 387 Pa to 411 Pa, which do not agree with
the experiment measurements, as shown in Fig. 8. Our simulation showed that the
composite biofilm model is more appropriate to describe the mechanical properties of
biofilms.

In addition, we also obtain von Mises stress, normal stress (S22) which is along
Y-axial tension direction, and the normal stress (S11) which is along X-direction.
We find that von Mises stress and the stress along tension direction are almost same,
while stress along the other direction is much smaller, as shown in Fig. 9.

3.3. Force loading condition

According to experimental measurements, the failure limit of mature biofilm is
between 500 Pa and 1000 Pa under tension. We choose the average stress of 800 Pa
based on the results from displacement loading, and then obtain the loading force as
F =3.148 x 103 N.16

We compare the biofilm extension displacements under force loading condition.
Here, we ignore the deformation of polyethylene material, because the Young’s
modulus of polyethylene material is infinite compared with the biofilm. For the
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Fig. 10. The uniform biofilm extension displacement (black column), the composite biofilm extension
displacement (blue column), and the experiment measurement (red column) under force loading condi-
tions. The differences between different models and the experiment are indicated in brackets.

Biofilm Extension Displacement (mm)

composite biofilm model, we take the relative displacement between two tubes given
directly by ABAQUS as the biofilm extension displacement, which is 2.884 mm,
compared to the displacement from experimental prediction, which is 2.625 mm; the
difference is o = |(2.884 — 2.625)/2.625| x 100% = 9.9%. However, in the uniform
biofilm model, the obtained extension displacement of biofilm is 5.662 mm, compared
to the displacement from experimental prediction. Here, the difference reaches
o= |(5.662 — 2.625)/2.625| x 100% = 115.7%, as shown in Fig. 10, which shows
that the difference from the uniform biofilm model is larger than the composite
biofilm model and it approves that the composite biofilm model is more appropriate
than the uniform biofilm model.

T T T T T T T
5000 von Mises| A
—— S22
—SI11
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$ 3000 4
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>
123
§ 2000 -
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Fig. 11. The values of von Mises stress, normal stress (S22) along the Y-axial tension direction, and the
normal stress (S11) along the X-direction in the composite biofilm model under force loading.

1650014-10



J. Bioinform. Comput. Biol. Downloaded from www.worldscientific.com
by NANYANG TECHNOLOGICAL UNIVERSITY on 05/09/16. For personal use only.

Multi-layer composite mechanical modeling for the inhomogeneous biofilm mechanical behavior

In addition, we can get the stress distribution of von Mises stress, normal stress
(S22) which is along the Y-axial tension direction, and the normal stress (S11) which
is along biofilm thickness direction (X-direction) perpendicular to tension direction.
We find that the von Mises stress and stress along the tension direction are almost
same, while the stress along other direction is much smaller, as shown in Fig. 11.

4. Conclusions

In this paper, we develop a multi-layer composite mechanical model for biofilm; for
comparison, we apply both uniform model and our composite model to simulate
biofilm tension by using finite element method. We get the following conclusions:

(i) The failure limit from composite mechanical biofilm model agrees well with
experimental measurements.

(ii) The force—displacement relationship obtained from composite model of biofilm
tension is in accordance with experimental measurements.

(iii) When biofilm is under tension, stress along the tension direction dominated over
equivalent stress, and the stress along the other direction is much smaller and
can be ignored.

(iv) The stress along the tension direction of composite biofilm model decreases more
dramatically than that of uniform biofilm model along biofilm thickness.

Our work provides an alternative theory and finite element simulation procedure to
describe mechanical inhomogeneity not only of biofilm but also of other biomaterials.
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