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Abstract. The formation and development of different biofilm structures is known to be
influenced by nutrients availability and flow conditions. For this reason an approach which
takes in account the effect of local structure deformation and fluid flow on mass transfer
is essential for the understanding of biofilm macro-scale dynamic. The objective of the
present work is therefore to study the fluid-structure interaction (FSI) and the substrate
transport and reaction of big growing biofilm aggregates, for which continuum models can
be applied. For this purpose we propose a novel growth model for the simulation of biofilm
structures development. It is based on a finite element approach, developed in our in-house
research code, for the numerical simulation of a sequential one-way coupling of the FSI
and the scalar transport models [1]. The biofilm growth is coupled to the other processes
through a multi-scale approach and takes in account the effects of mass transfer and shear
stresses. First numerical examples are run at the purpose to demonstrate the suitability
of the growth model to catch the main features of growing biofilm structures. This type of
approach can give an important contribution to the understanding of biofilm architectures
living in a complex environment. It allows to study the development of complex and reallife biofilm structure shapes often seen in nature and industry, to understand the influence
of operating conditions, and therefore can enable the control of biofilm behaviour.

1

INTRODUCTION

Biofilm architecture, mechanics and interaction with surrounding fluid have a profound
influence on their behaviour and potential treatments [2]. For the purpose of being able
to control their formation and development, it results then extremely important to understand the mutual interaction of all the involved mechanisms. There are, however,
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still a lot of points which need to be properly investigated, mainly because of the many
difficulties in carrying out experiments which could isolate each single mechanism.
In this context, biofilm modelling is arising as a mean of producing quantitative tools
[3] and a way to study biofilm behaviour. From the mathematical point of view, biofilm
models can be divided in three main cathegories: cellular automata, individual-based
models and continuum models [4]. Among them the last one is suitable to study bigger
biofilm aggregates. The assumptions of continuum models that the biomass concentration
can be adequately described by one or more density fields and that each density field obeys
to some conservation law [5] can be considered satisfied for big aggregates. Indeed, while
constituted of micro-scale objects, biofilm structures interact with the surrounding fluid
as macro-scale materials and can be studied as flexible structures located in a moving
liquid flow. Modelling approaches available at present however result to be limited to
fixed biofilm geometries, neglecting biofilm deformation and growth. Only few works
account for shear-induced deformation of the biofilm structure [1, 6, 7, 8, 9], but none
of them takes in account the effect of local structure deformation and fluid flow on both
mass transfer and growth.
For the purpose of understanding the influence of operating conditions on biofilm
growth and erosion and of being able to control their behaviour, we propose a novel
multi-scale computational approach, developed in our in-house research code BACI, taking in account both the fluid-structure interaction and the transport processes [1], and the
effect they have on biofilm growth. Biofilm interaction with the surrounding fluid is modelled through an Arbitrary Lagrangian-Eulerian (ALE) approach, while the mass transfer
is calculated through the solution of the dynamic convection-diffusion-reaction equation,
assuming a non-linear Monod kinetic. The growth model is coupled to the fluid-structure
interaction and substrate transport taking in account the different phenomena time-scales
and calculates the growth based on the local characteristics of the biofilm structures. In
this way it is possible to properly predict the effect of local biofilm deformation and of
fluid flow on the transport and reaction of nutrients, and the influence that transport
processes and shear stresses have on biofilm growth.
The governing equations of the fluid-structure interaction (FSI) and mass transport
subproblems are summarized in sections 2 and 3, respectively. Afterwards, the growth
model is presented in section 4, while in section 5 a description of the multi-scale algorithm
is reported. Some selected numerical examples are then presented in section 6 before
conclusions and outlook, provided in section 7.
2

FLUID-STRUCTURE INTERACTION

Biofilm interaction with the surrounding fluid is modelled through an arbitrary Lagrangian-Eulerian (ALE) approach. As a consequence, the FSI problem domain consists
of three fields: the fluid ΩF and the structure ΩS domains, sharing a common interface
Γ, and a third, non-physical mesh field produced by the ALE approach ΩG,F , on which a
different equation has to be solved.
2
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Biofilms are well-known to be viscoelastic materials, i.e. they behave elastically, when
subjected to external forces over short periods of time, and in a viscoelastic way, when
external forces are applied at longer time periods. Since the fluid-structure interaction is
considered only at very small time scales, the structural motion of the biofilm is safely
described by an elastic material model. In the biofilm domain the following non-linear
structural elastodynamic equation is solved at the purpose to obtain the displacement
field dS
ρS

d2 dS
= ∇ · (F · S) + ρS bS
2
dt

in ΩS × (0, T ),

(1)

where ρS denotes the structural density, ΩS is the undeformed domain while bS represent
the external body forces. The internal forces are expressed in terms of the second PiolaKirchhoff stress tensor S and the deformation gradient F. At boundaries Dirichelet or
Neumann conditions are imposed and the initial boundary value problem is completed by
imposing appropriate initial conditions. In case of displacement-based finite element (FE)
formulation, equation (1) is multiplied by the virtual displacements and then integrated
by parts. The resulting weak form is the starting point for the spatial discretization.
In the deforming fluid domain, the fluid flow is considered to be laminar, since biofilm
structures usually grow attached to surfaces and are considered to be in the hydrodynamic boundary layer. As a result, in the fluid domain the following incompressible
time-dependent ALE version of Navier-Stokes equations are solved for both pressure pF
and velocity uF fields
ρF



∂uF
+ ρF cF · ∇ uF − 2µ∇ · ε(uF ) + ∇pF = ρF bF
∂t
∇ · uF = 0 in ΩF × (0, T ).

in ΩF × (0, T ),

(2)
(3)

In the momentum equation (2), ε(uF ) denotes the strain rate tensor of the fluid, µ is its
dynamic viscosity, bF a prescribed body force, and cF the fluid ALE convective velocity,
representing the fluid velocity uF relative to the arbitrarily moving fluid domain
cF = uF − uG,F .

(4)

The fluid grid velocity uG,F is defined by
uG,F =

∂ϕ
∂t

in ΩF × (0, T ),

(5)

where ϕ represents a unique, arbitrary mapping for the deformation of the fluid domain
dG,F


dG,F (x, t) = ϕ dG,F
,
x,
t
for (x, t) ∈ ΩF × (0, T ),
(6)
Γ
3
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while dG,F
represents the mesh interface displacement, later related to the structure inΓ
terface displacement dSΓ . Also for the fluid domain Dirichelet and Neumann boundary
conditions are imposed together with a divergence-free initial velocity field. For the fluid
field the weak form is obtained by multiplying equations (2) and (3) with test functions
for the velocity and pressure and then integrating by parts.
In order to calculate the fluid ALE convective velocity cF appearing in equation (2),
it is necessary to define the mapping ϕ introduced in equation (6). For this purpose, the
boundary of the fluid ALE mesh is coupled to the Lagrangian mesh of the structures and
to an Eulerian mesh at the in- and outflow portions. Within the domain, it is allowed to
deform arbitrarily and, in the present study, it was chosen to treat the fluid ALE field as
a quasi-elastostatic pseudo-structure [10]. The ALE equation of motion results then to
be
∇ · σ G,F = 0 in ΩG,F × (0, T )

(7)

with σ G,F defined as in [1]. Due to the continuous position change of the fluid-structure
interaction surface, Γ, and to the ALE formulation, the mesh will be continuously deformed and this deformation is controlled by kinematic and dynamic constraints imposed
at the interface Γ. First of all, an equilibrium of forces has to be fulfilled, resulting in equal
surface tractions at the fluid and structure surface; second, the fluid grid velocity uG,F
and
Γ
the fluid velocity uFΓ have to match at the interface. In addition, the fluid velocity, uFΓ , is
imposed to be equal to the structure deformation rate, since a mass flow across Γ as well
as a relative tangential movement of fluid and structure at Γ are prohibited. For insights
in the formulation of the weak forms and of their discretizations refer to Yoshihara et al.
[1].
3

SCALAR TRANSPORT

The scalar transport has to be solved on the fluid and on the solid domain, which also
in this case share a common mass transfer interface Γ. For the calculation of the scalar
field, the water-substrate solution is considered diluted and in the fluid domain ΩF the
following convection-diffusion equation is solved for ΦF
∂ΦF
+ cF · ∇ΦF − ∇ · (DF ∇ΦF ) = 0 in ΩF × (0, T ).
(8)
∂t
In the previous equation DF is the fluid diffusion coefficient and cF is the ALE convective
velocity, which has already been introduced in equation (4).
On the other hand, in the solid domain ΩS the following diffusion-reaction equation in
the conservative form is solved
∂ΦS
+ ΦS (∇ · uS ) − ∇ · (DS ∇ΦS ) + RS = 0 in ΩS × (0, T ).
(9)
∂t
Here, DS is the solid diffusion coefficient, uS denotes the solid velocity, while RS represents
the reaction rate term. The microbial growth rates in an aqueous environment is usually
4
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related to the concentration of a limiting nutrient through the Monod kinetic and the
substrate consumption RS reads
RS = k

ΦS
,
K + ΦS

(10)

where k represents the reaction rate constant and K the half-saturation concentration of
substrate.
The convection-diffusion transport of solute in the liquid domain, solved on spatial
coordinates, is coupled to the diffusion-reaction transport equation in the biofilm domain,
solved on material coordinates, with the constraint of equal concentrations and fluxes at
the fluid-structure interface. The initial boundary value problem is completed through
the imposition of Dirichlet and Neumann conditions at the boundaries of the domain and
with appropriate initial concentration fields. Also in this case the weak form is obtained
multiplying equations (8) and (9) with the virtual concentrations and integrating by parts.
For insights in the formulation of the weak forms and of their discretizations refer also in
this case to Yoshihara et al. [1].
4

THE GROWTH MODEL

The formation and development of different biofilm structures are known to be influenced by nutrients availability and flow conditions [11]. For this reason, a reliable
modelling of biofilm growth has to take in account both variables connected to mass
transfer as well as to flow conditions. The present novel biofilm model uses stresses and
mass fluxes at the interface resulting from the FSI and mass transfer step to calculate the
local amount of growth and erosion. The growth is calculated in term of displacement
perpendicular to the interface in the following way
d˜S = K1 J S − K2 σ S

on Γ × (0, T ).

(11)

Here K1 and K2 are constants, while J S and σ S are the mass flux through the interface and
the shear stress at the interface, respectively. The latter two variables can be evaluated
at the end of the calculation of the coupled FSI and mass transfer model, if it reaches a
stationary solution, or as an average over a fixed period of time, if the problem reaches a
periodic steady state solution, as it is the case for flapping streamers [9].
In order to permit biofilm to grow and the structure mesh to be appropriately deformed,
in this step an ALE approach is applied also to the structure. For this purpose, the
interface displacement due to growth calculated from equation (11) is applied as a Dirichlet
boundary condition on the grid structure interface
dG,S = d˜S

on Γ × (0, T ),

(12)

while all the other boundaries of the structure ALE mesh are considered fixed. Within the
domain, the ALE field is treated also in this case as a quasi-elastostatic pseudo-structure
5
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[10] and an equation of motion similar to equation (7) is solved on the structure ALE
mesh
∇ · σ G,S = 0 in ΩG,S × (0, T ).
5

(13)

MULTI-SCALE COUPLED ALGORITHM

Monolithic schemes were found to be the most stable and efficient approach to model
complex biological problems involving the coupling of incompressible flows to soft structures [12, 13]. For this reason the fully coupled non-linear FSI problem is solved monolithically. Moreover, since in biofilm applications the fluid flow and the structural deformation
are not influenced by mass transport processes, a one-way coupling of fluid-structure interaction and transport models has been applied, as reported in [1]. For what concern
the growth model, since the different involved phenomena happen in different time-scales,
a multi-scale algorithm was applied, consisting of (i) an inner timeloop solving FSI and
scalar transport at fluid-dynamic time-scale, (ii) an outer timeloop solving only the biofilm
growth at biological time-scale.
Hence, in each fluid dynamic time step, at first the non-linear equations governing the
fluid flow and the structure displacement, with the mentioned boundary conditions, are
solved monolithically till when residuals meet a problem-specific tolerance. Subsequently,
the local deformations and velocities obtained from the FSI calculation are transferred to
the mass transport subproblem and the dynamic convection-diffusion-reaction equations
for the mass transport are solved on the deformed fluid and solid domains till when also in
this case residuals meet a problem-specific tolerance. These steps are repeated till when
a stationary or a periodic steady state condition for the flow and concentration fields
is reached. Afterwards, information regarding the mass flux through the interface and
the shear stresses on it are transferred to the growth and erosion subproblem. At this
point, the correct amount of growth is calculated for a longer time step and applied to
the structure domain.
6

NUMERICAL EXAMPLES

The proposed simulations are based on the implementation of the algorithm discussed
above in our in-house research code BACI [14]. The numerical solution of the field equations is obtained discretizing in space through a finite element method and in time through
implicit time integration schemes. The resulting set of non-linear algebraic equations is
then solved using a Newton-type method. A one-step-θ time integration scheme with
θ = 0.66 is used for time discretization of fluid, structure and transport equations, while
for space discretization trilinear, hexahedral finite elements are used. The presented examples are based on three-dimensional models and discretizations, although a pseudo
two-dimensional deformation and flow state is enforced by specific boundary conditions.
The presented approach for coupling FSI and mass transport has been already successfully applied to the simulation of flapping biofilm streamers [9, 1] for flow conditions
6
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Figure 1: Domains definition.

similar to those experimentally investigated by Stoodley et al. [15]. Those simulations
have demonstrated the importance and the suitability of the proposed coupling of FSI
and mass transport for simulating convective and diffusive mass transport on coupled
and deformable fluid and solid domains under real operating and material conditions. For
these reasons, the numerical examples proposed in the present study focus only on the
suitability of the multi-scale growth model to simulate simple growing biofilm structures,
and in particular on the possibility of the proposed model to catch the effect of operating
conditions on biofilm growth, giving minor importance to real material parameters.
The presented examples reproduce a section of a fluid channel, where a uniform biofilm
layer is present on the wall. The fluid domain ΩF (dimensions 10mm×8mm×0.2mm)
is bound by a biofilm structure (dimensions 10mm×2mm×0.2mm) at the bottom, as
reported in Figure 1. The interface between the biofilm and the fluid is denoted by Γ
and represents the interface for FSI, mass transfer and biofilm growth. For the purpose
of highlighting the effect of operating conditions on biofilm growth, different boundary
conditions are applied to the same domains, while material parameters are taken constant.
In all the presented cases, only the interface Γ is allowed to move in any direction, while all
the other boundaries are kept fixed. When not specified also a zero velocity field is applied
at the fluid boundaries and a zero-flux conditions at the solid and fluid boundaries. As
initial condition always a zero velocity field is prescribed. Differences between the three
presented cases are reported in the following.
(a) In the first simulation a constant unitary concentration is applied at the top of the
fluid domain and as initial condition a linear concentration gradient in the vertical
direction is prescribed on all the domain.
(b) In the second simulation, a cosine profile with a unitary maximum value at its center
is applied at the top boundary of the fluid domain
ΦF (x, y, z) = 0.5 + 0.5 cos (0.2πx)

7
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with −5mm≤ x ≤ 5mm and −0.1mm≤ z ≤ 0.1mm. While as initial condition the
following function is prescribed
ΦF (x, y, z) = [0.5 + 0.5 cos (0.2πx)] [1 + cos (0.05πy + 1.25π)]
with −5mm≤ x, y ≤ 5mm and −0.1mm≤ z ≤ 0.1mm.
(c) Finally, the third simulation is similar to the second one except for the fact that in
this case also a non-zero velocity boundary was applied at the left fluid boundary.
A linear velocity gradient in the vertical direction with maximum value of 0.1 mm
is
ms
imposed to the velocity x-component
vxF (x, y, z) = 0.0375 + 0.0125y
with −5mm≤ y ≤ 5mm and −0.1mm≤ z ≤ 0.1mm. Consequently also flow through the
right fluid boundary is allowed and a slip boundary condition is prescribed at the top
boundary.
For running these simulations a multi-scale approach is applied and 100 steps with
a time step of 1 ms are used in the inner timeloop and were found to be sufficient to
reach a steady-state solution. After that a growth step is calculated based on the last
calculated values and with a biological time step of 1000 ms. In Figure 2 the substrate
distribution in the fluid domain for the three simulations and at different biological time
steps is reported together with the biofilm structure grid. Results highlight the influence
of the boundary conditions on the final biofilm shape. As a matter of fact in simulation
(a) the structure growth is uniform, while in simulation (b) the presence of a non-uniform
nutrients source produces higher growth of the initial flat biofilm shape in the center of
the biofilm structure. Finally, in case (c) the presence of the velocity field and also its
effect on the substrate distribution produces a non-symmetric final biofilm shape.
7

CONCLUSION AND OUTLOOK

To enable the investigation of the influence of operating conditions on biofilm growth,
we have developed an advanced computational model for the multi-scale and coupled numerical simulation of fluid-structure interaction and mass transfer of moving and growing
biofilm structures. For this purpose, the one-way coupling of the fully coupled nonlinear FSI problem and nonlinear multi-field mass transport model is encapsulated in a
multi-scale approach. In this way it is possible to calculate FSI and mass transfer at hydrodynamic time scale and biofilm growth at biological time scales. The new methodology
presented in this paper enables the mutual coupling of (i) flow and solid deformation, (ii)
transport processes on deformed fluid and solid domains, (iii) as well as growth, based
on mass transport and interfacial stresses. Hence, our approach can provide insights into
how local deformations influence transport processes in both fluid and solid fields and
how both fluid dynamic and mass transfer influence biofilm growth.
8
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(a)

(b)

(c)

Figure 2: Concentration distribution for the three different simulations after 0, 30 and 60 biological time
steps.

Selected examples demonstrated the general suitability of the proposed model for modeling the fluid-structure interaction and the mass transfer of growing biofilm structures.
Ongoing work is concerned with an appropriate calibration of the proposed growth model
based on experimental data, while outlook will concern the application of the presented
coupled and multi-scale approach to reproduce experimental biofilm development at different operating conditions and the utilization of the developed approach as a prediction
tool also in conditions difficult to investigate experimentally.
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