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Mengfei Li1, Karel Matouš1, and Robert Nerenberg1

1University of Notre Dame

April 28, 2020

Abstract

Biofilms commonly develop in flowing aqueous environments, where the flow causes the biofilm to deform. Because biofilm
deformation affects the flow regime, and because biofilms behave as complex heterogeneous viscoelastic materials, few models
are able to predict biofilm deformation. In this study, a phase field continuum model coupled with the Oldroyd-B constitu-
tive equation was developed and used to simulate biofilm deformation. The accuracy of the model was evaluated using two
types of biofilms: a synthetic biofilm, made from alginate mixed with bacterial cells, and a Pseudomonas aeruginosa biofilm.
Shear rheometry was used to experimentally determine the mechanical parameters for each biofilm, as inputs for the model.
Biofilm deformation under fluid flow was monitored experimentally using optical coherence tomography. The fit between the
experimental and modeling geometries after fluid-driven deformation was very good, with relative errors of 12.8% for synthetic
biofilm and 22.2% for homogenized P. aeruginosa biofilm. This is the first demonstration of the effectiveness of a viscoelastic
phase field biofilm model. This model provides an important tool for predicting biofilm viscoelastic deformation. It also can
benefit the design and control of biofilms in engineering systems.

1. Introduction

Biofilms are complex aggregates of microorganisms embedded in a matrix of extracellular polymeric sub-
stances (EPS) (Flemming & Wingender, 2010; Hall-Stoodley et al., 2004). Biofilms are ubiquitous in the
natural environment, and have profound impacts on engineering systems and human health (Chen et al.,
2014; Hall-Stoodley et al., 2004). For example, biofilm detachment in the food industry and drinking water
systems may cause pathogen-related diseases (Shaheen et al., 2019; Shen et al., 2015; Wéry et al., 2008).
The EPS matrix, which is a major component of biofilms, protects bacteria from unfavorable environments
and chemical stresses (Desmond et al., 2018; Flemming & Wingender, 2010; Simões et al., 2009; Sutherland,
2001), and provides mechanical stability.

Most biofilms develop in flowing aqueous environments, where the flow provides a mechanical loading on the
biofilm. The hydrodynamic conditions may result in biofilm deformation, erosive detachment (small particle
loss from the biofilm exterior), or sloughing (major biofilm loss) (Blauert et al., 2015; Jafari et al., 2018;
Paul et al., 2012; J. B. Xavier et al., 2005). On the other hand, the biofilm’s physical response to mechanical
forces, such as deformation and detachment, may affect their structure, composition, porosity, mass transfer
characteristics, and fluid dynamic forces (Laspidou & Rittmann, 2004; Purevdorj et al., 2002; Stoodley et
al., 2002, 1999). The interactions of hydrodynamics and biofilms are affected by the biofilm’s mechanical
properties. Thus, in order to control biofilms effectively, it is critical to understand biofilm mechanical
properties and their impact on stress-induced deformation and detachment.

Biofilms behave as viscoelastic materials (Jones et al., 2011; Klapper et al., 2002; Towler et al., 2003), which
allows them to adapt and form versatile structures under fluid flow (Hall-Stoodley et al., 2004). This also
affects their detachment. However, biofilms are complex, both in microbial ecology, morphology, and EPS
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chemical composition. This provides them with a great spatial variability (i.e., heterogeneity) of mechanical
properties, as well as a potentially large differences between mechanical properties among different biofilms
(Böl et al., 2012; Galy et al., 2012; Pavissich et al., 2020; Shaw et al., 2004). This is further complicated by
the large variety of experimental techniques used to measure mechanical properties, and the different types
of parameters obtained. This makes it difficult to compare the results of different studies (Böl et al., 2012;
Gloag et al., 2019; Tallawi et al., 2017). Additionally, while an increasing body of researchers is reporting on
biofilm mechanical properties, it is not clear how to use them to predict biofilm deformation and detachment.
Having well characterized mechanics and suitable models could allow more effective control of engineered,
medical, and other biofilms.

In recent years, researchers have developed mathematical models that incorporate biofilm mechanical beha-
vior, allowing the prediction of biofilm deformation (e.g., Ehret & Böl, 2013; Laspidou et al., 2005; Picioreanu
et al., 2018, 2001; Stewart, 1993). Several previous studies (e.g., Picioreanu et al., 2001; Radu et al., 2010;
Stewart, 1993; Xavier et al., 2005) focused on the biofilm development considering shear-induced detach-
ment via cohesive strength, or with empirical detachment rate. These models treated biofilms as rigid bodies
without deformation (Klapper & Dockery, 2010).

Detachment is a natural process controlled by the biofilm’s mechanical properties (i.e., cohesive strength).
However, in cases where biofilm deformation is of interest, it is more accurate to include the effects of
deformation on the fluid flow regime, as with fluid-structure interaction models. In order to achieve this,
many researchers have simplified biofilms as purely elastic solids, since the short-term response of biofilms
is mostly elastic (Dupin et al., 2001; Picioreanu et al., 2018; Taherzadeh et al., 2010). However, viscous
behavior may be significant when the time scales are similar to biofilm relaxation (Alpkvist & Klapper,
2007; Liou et al., 2019). For example, Towler et al. (2007) developed a numerical model based on Burger’s
material law to describe the biofilm viscoelastic behavior under fluid flows. Alpkvist and Klapper (2007)
applied the particle-based immersed boundary method to demonstrate biofilm deformation and detachment
under fluid flows. Traditional fluid-structure interaction models can capture the physical behavior accurately,
with certain limitations.

Unfortunately, the direct coupling of the fluid domain to the solid domain creates significant computational
difficulties, especially for tracking the interface (Mokbel et al., 2018; Rubenstein et al., 2015). Configuration
changes, such as large deformations or particle breakup, are difficult to capture with these models. Thus,
alternative models are necessary to overcome these limitations.

Multi-phase models have been applied to biofilm studies by treating biofilms as fluids (Alpkvist et al., 2006;
Tierra et al., 2015; Zhang et al., 2008b). In particular, phase field (PF) models have been proposed to predict
biofilm deformation and detachment (Tierra et al., 2015; Zhang et al., 2008a, 2008b; Zhao et al., 2016). In PF
models, the phase-field variable, based on the free energy of the system, controls the morphological changes
of the interface without the consideration of boundary tracking (Gao et al., 2009; Zheng & Karniadakis,
2016). Besides, using the Eulerian PF models avoids mesh limitations for large deformations (Gao et al.,
2009; Zheng & Karniadakis, 2016). Also, by assuming the biofilm is a viscous or viscoelastic fluid, biofilm
detachment due to mechanical stresses can be achieved.

While PF models have the potential to accurately simulate biofilm large deformation and detachment, there
are few validation studies. Even with the experimental studies of PF models being reported in other fields
(Bai et al., 2017; Han et al., 2015; Nguyen et al., 2016; Pham et al., 2017; Wen et al., 2000), the experimental
validation of a PF biofilm model is lacking.

In our study, we determined biofilm mechanical properties experimentally, input them into a continuum
PF model, and showed the model can accurately predict biofilm deformation under fluid flow. For this
purpose, the Oldroyd-B constitutive equation was used to model biofilm viscoelastic behavior. A synthetic
biofilm made of microbial cells embedded in alginate was initially used for model validation, as it is more
homogeneous. Further studies were then carried out on aPseudomonas aeruginosa biofilm. This study opens
the use of PF continuum modeling for a wide range of biofilm applications.
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2. Materials and Methods

2.1 The phase field model

The PF model for two-phase flow was applied to simulate biofilm deformation under fluid flow. This two-
dimensional continuum biofilm model was implemented using COMSOL Multiphysics (COMSOL v5.4, Com-
sol Inc, Burlington, MA) with finite element method. COMSOL has computational fluid dynamics and phase
field modeling as built-in features, and we implemented the constitutive equation (i.e., Oldroyd-B viscoelastic
model) for the biofilm viscoelastic behavior using partial differential equation (PDE) module. The biofilm
was considered an incompressible viscoelastic liquid.

2.1.1 Phase field model

The phase-field model was adapted from Yue et al. (2006) and Zhang et al. (2010), and applied to biofilm-
fluid interactions. Two types of incompressible, immiscible fluids were studied as two components of a single
fluid. The fluid interface was assumed to be a thin, nonzero thickness transition region with distributed
interfacial forces (Kim, 2012).

In our model, we consider the bulk water phase (solvent) and biofilm as two immiscible fluids. The PF
variable ∈ [−1, 1] is defined as the difference between volume fractions of each component. Vb + Vs =
1, Vb = 1+φ

2 , Vs = 1−φ
2 , ρ (φ) = Vbρb + Vsρs, where Vb and Vs are the volume fractions of biofilm and

solvent. ρ is the density of fluids [kg/m3], ρb represents the density of a biofilm and ρs represents the density
of a solvent. The governing equation for the PF model is the advective Cahn-Hilliard equation, which uses
a chemical potential representing the diffuse interface of two fluids:

∂φ
∂t + u • ∇φ = ∇ • γϕε2 ∇ψ, ψ = −∇ • ε2∇φ+

(
φ2 − 1

)
φ,

where u is the fluid velocity [m/s], γ is the mobility [m3[?]s/kg], ϕ is the mixing energy density [N], and ε is
the interface thickness parameter [m]. Another dependent variable of the PF model is phase field variable ψ.
The mixing energy density is defined as: φ = 3ϑε√

8
, whereϑ is surface tension coefficient [N/m]. The mobilityγ

is defined as: γ = χε2, where χ is the mobility coefficient [m[?]s/kg].

2.1.2 Navier-Stokes equation

The incompressible Navier-Stokes equations were applied to describe the transport of momentum and mass
of both solvent liquid and biofilm liquid:

ρ∂u∂t + ρ (u • ∇) u = ∇ • σ + ϕ
ε2ψ • ∇φ, σ = −p1 + T(φ), ∇ • u = 0,

where σ is the Cauchy stress tensor, T is the deviatoric part of the stress tensor, p is the pressure [Pa], and
1 is the second-order identity tensor.

2.1.3 Constitutive equation of viscoelasticity

To study the viscoelastic fluids, we applied the Oldroyd-B model by considering the water as a Newtonian
fluid and the biofilm as a non-Newtonian fluid. The constitutive Oldroyd-B equation is given by

τ + λτ∇ = 2µbd, τ∇ = ∂τ
∂t + u • ∇τ− (∇u)

T •τ−τ•(∇u),

T (φ) = Vb(τ+2µsd) + Vs (2µsd),

where τ is the extra (i.e., viscous) stress tensor, τ∇ denotes the upper-convected time derivative (Oldroyd
derivative) of the stress tensor, λ=µb/Gb is the biofilm elastic relaxation time [s].Gb is the biofilm shear
modulus [Pa]. µb andµs are dynamic viscosities of the biofilm and solvent [Pa[?]s], respectively. Here we
defineσe = 2µsd as the elastic deviatoric component of the stress tensor. Finally, d is the symmetric part of
the velocity gradient,d = 1

2 (∇u + (∇u)
T

).

2.1.4 Boundary and initial conditions

3
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Fig. 1 shows the coordinate system for the 2-dimensional (2D) domain. For boundary conditions, we applied
constant parabolic velocity to the upstream flow and set zero pressure at the downstream. Considering the
2D domain, for velocity vector u= {u1,u2}Tupstream, we set: u1 = u0, u2 = 0. Along the wall, we consider
u = 0 and τyy = 0. The gradient of x-velocity and xx component of extra stress is 0. Thus, the boundary
conditions for stress τ would be as following:

τxx = 2µbλ(∂u∂y )
2
, τxy = µb

∂u
∂y , τyy = 0,

where τ =

[]. The initial condition for the velocity and extra stress were set as u = 0 and τ = 0 in the whole domain.

2.1.5 Numerical implementation

The average bulk flow velocity was ramped up at the beginning of the simulation (within 1 s) to reduce
the computational difficulties. The mechanical parameters of the biofilm were obtained from rheometer
tests (see Section 2.3), including the viscosity and shear modulus. All parameters are listed in Table 1. To
accommodate the incompressibility, we used traditional Lagrange mixed finite elements (Hughes, 2012). In
particular, we used the quadratic triangular elements for the velocity and extra stress components, and the
linear elements for the pressure discretization. To alleviate the numerical difficulty caused by the Oldroyd-B
equation, we implemented the Galerkin/Least squares stabilization (Craven, Rees, & Zimmerman, 2006;
Rajagopal & Das, 2016). We also performed model verification and mesh convergence tests to ensure that
the results were not affected by the mesh size (see Supplementary Information SI). Based on the results, a
maximum mesh size of 50 μm was chosen for this study.

2.2 Preparation of synthetic biofilm and growth ofPseudomonas aeruginosa biofilm

Synthetic biofilms were prepared from alginate (Acros Organics, USA) with internal release of calcium ions
using D-glucono-δ-lactone (GDL) and calcium carbonate. As a slowly hydrolyzing lactone, GDL can control
the pH and slow the release of Ca2+ ions, which crosslink the alginate gel internally (Pawar & Edgar, 2012).
This results in more homogeneous mechanical properties. The method was modified from Draget et al.
(1991). Bacterial cells were grown from using sludge from the local South Bend Wastewater Treatment
Plant, South Bend, Indiana, USA (See SI). The mixture of alginate/Ca2+/bacteria was naturally dried
at room temperature for 24 h to achieve full gelation. After full gelation, the alginate sample was tested
immediately in the rheometer or with deformation experiments. The detailed information of synthetic biofilm
preparation is provided in the SI.

P. aeruginosa PAO1 (ATCC 15692) labeled with green fluorescent protein (GFP) was used for the biofilm
experiments. The growth medium (see SI) contained 100 mg/L of acetate as an electron donor and 15 μg/mL
of gentamicin sulfate (Sigma-Aldrich, USA) to maintain axenic conditions. The P. aeruginosa biofilm was
grown in a membrane-aerated biofilm reactor (MABR), following Aybar et al. (2019). The biofilm was
collected from the membrane after two weeks of growth, at which time it was approximately 800 μm thick.
Approximately 2 g (wet) of biofilm was collected. The sample was mixed and homogenized by gently stirring
with spatula, and tested immediately with rheometry and deformation experiments.

2.3 Rheometry analysis

In order to determine the viscoelastic parameters for the alginate andP. aeruginosa biofilms, a shear rheome-
ter (Discovery HR-2 Hybrid, TA Instruments, Illinois, USA) was used. Two-step tests were performed in
this study: (1) strain sweep tests were used to determine the range of linear viscoelastic behavior; (2) stress
relaxation tests were carried out to obtain the mechanical properties of both biofilms. The methods were
adapted from Towler et al. (2003). We first performed dynamic strain sweep tests. The dynamic strain sweep
provides the information of storage (G’) and loss (G”) moduli as a function of strain. Second, a strain value
was chosen for stress relaxation tests within the range of linear viscoelastic behavior. The stress relaxation
tests can be fitted with mathematical models and mechanical properties of biofilms can be obtained. Several
mathematical models can be used to analyze the viscoelastic phenomena (Areias & Matouš, 2008), such as

4
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Maxwell model, Kelvin-Voigt model, and four-element Burgers model. An Oldroyd-B model is an extension
of the upper convected Maxwell model. Therefore, we chose the Maxwell model as the mathematical model
for fitting the rheometer data. Fitted data of shear modulus (Gb) and dynamic viscosity (µb) were obtained,
then applied to the computational model (see Sec. 2.1.3). All the rheometry analyses were performed with
MATLAB (Mathworks, Natick, Massachusetts, USA, www.mathworks.com) using nonlinear least-squares
solver. A detailed description of rheometer analysis and mathematical model fitting is provided in the SI.

2.4 Biofilm deformation experiments

The synthetic biofilm or homogenized P. aeruginosa biofilm was inserted into a cylindrical support with
a dimension of 1mm × 3mm (diameter × height) (Fig. 2). The biofilm cylinder-shaped support was glued
inside a flow cell with a dimension of 25 cm × 10 mm × 10 mm (length × width × height). The flow was
driven by gravity, and the flow rate was controlled with a valve on the influent line. The large size of the
water reservoir and the short duration of the experiment led to minimal changes in water level in the water
reservoir, therefore providing near-constant velocities. The flow rate (u1) was measured by directing the
effluent to a graduated cylinder. Biofilm morphologies were monitored and recorded using optical coherence
tomography (OCT) (Ganymede II, Thorlabs GmbH, Lübeck, Germany). The image collection software was
ThorImage OCT, Version 5.0.1. The cross-sectional images of biofilm were captured by recording a real-time
video of the OCT output (SI V1-V2).

2.5 Imaging processing and analysis

Imaging post-processing was performed using FIJI (Schindelin et al., 2012), InkScape 0.91 (https://inkscape.org),
and MATLAB Image Processing Toolbox (Mathworks, Natick, Massachusetts, USA, www.mathworks.com).
Simplified biofilm geometries were created and input into the model (see SI). The displacements of biofilms
in both experiments and modeling were obtained using digital image correlation (DIC) (see SI). The DIC
code was modified from Eberl et al. (2006). The relative error between the experimental and modeling results

was calculated asΣ(|Dm−De|)
Σ(De) ×100% by a summation of every second data for the three tracking lines (shown

in Fig. 7 and 9), where Dm is the displacement in the model and De is the displacement in the experiment.

3. Results and Discussion

3.1 Mechanical properties of synthetic and P. aeruginosabiofilms

Rheometry is commonly used to measure the mechanical properties of viscoelastic materials. It is also widely
used to measure biofilm mechanical properties, as it is suitable for viscoelastic solids and non-Newtonian
fluids. Averaged properties of a sample are measured, providing the relationship between force, deformation,
and time. Our goal was to obtain the biofilm mechanical parameters as inputs for the computational model.
As a first step, alginate with embedded microbial cells was used as a synthetic biofilm, since it is mechanically
more homogenous and it can be formed into a regular geometry. A regular geometry is desirable for both
rheometry analysis and for simulations. We also tested a homogenized P. aeruginosa biofilm.

In order to confirm the homogeneity of synthetic biofilms, G’ and G’’ from strain sweep test were discussed
(Fig. 3). The storage modulus G’, representing elasticity, and loss modulus G’’, representing viscosity, were
calculated. Averaged G’ and G’’ from synthetic biofilm were 251.3 Pa +- 7.1 Pa and 18.2 Pa +- 5.5 Pa,
respectively. A higher G’ compared to G’’ also revealed that the synthetic biofilm samples were more elastic
than viscous. Error bars in Fig. 3 show the standard deviations from three different locations of the same
sample. The small standard errors indicated a small magnitude of the bias, which demonstrated that the
alginate is mechanically homogeneous and can provide a simplified control.

The values of G’ and G’’ for the P. aeruginosa biofilm were 858 +- 36 Pa and 98 +- 12 Pa. These moduli
were in the same order of magnitude as those of the synthetic biofilm sample, which indicates that the
alginate sample was a reasonable surrogate of a real biofilm. Previous studies on different types of biofilms
also suggested a wide range G’ and G’’ from rheometry tests, ranging from 101-103 Pa for both G’ and G’’
(Bol et al., 2012). The synthetic biofilm and P. aeruginosa biofilm in this study were within the range of
reported data, with a relatively small standard deviation.
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Stress relaxation tests were performed with both synthetic and P. aeruginosa biofilm samples (Fig. 4).
The stress relaxation curve (black-square markers) demonstrates that after an initial stress response (elastic
response), the viscous response recovers the stress over time when constant strain was applied on the sample.
The shape of both curves indicated that both samples behaved as typical viscoelastic materials.

The fitted Maxwell model was also plotted as a green line in Fig. 4. The residual sum of squares (RSS) were
compared from both samples in nonlinear least-square fitting. The RSS of synthetic biofilm was 45.4 while
the RSS of homogenized P. aeruginosa biofilm was 152. The alginate sample had a better fit than the real
biofilm. For a more accurate fitting, more elements (springs and dashpots) can be added to the Maxwell
model (Peterson et al., 2013).

3.2 Comparison of experimental and simulated deformation for synthetic biofilm

In order to validate the computational biofilm model, the experimental deformation under fluid flow was
determined for synthetic biofilm and homogenized P. aeruginosa biofilm, then compared to the model (SI
V3-V4). After the rheometry tests, a portion of the same synthetic biofilm was inserted into a cylindrical
mount and fixed in a flow cell for the deformation test. The position of a central cross-sectional area of
synthetic biofilm was monitored in real time when a constant flow was applied. The non-deformed biofilm
boundary was used as the approximate model geometry (Fig. 5) (i.e., we neglected small imperfections and
fissures in the real boundary data). This approximate geometry is used to simplify the mesh generation and
limit the number of elements.

With the mechanical parameters from the rheometer tests, and non-deformed synthetic biofilm geometry as
the input, the simulated deformation of the synthetic biofilm in the computational model was compared to
the measured deformed geometry. Based on the effluent flow rate, the averaged inflow velocity was calculated
and included in the computational model. The fully developed laminar flow with a Reynolds number (Re) of
Re = 6 was created for the inlet boundary condition. The time-dependent simulation was performed over 20
seconds, as the experimental flow was observed for the same time duration. The synthetic biofilm boundaries
from simulation and experiment were superimposed with the non-deformed one (Fig. 6). The steady-state
deformation in both experiment and modeling was similar, with a relative averaged error of 12.8%.

The deformation over time was also compared (Fig. 7). Three tracking points along the synthetic biofilm
boundary were selected at different depths (Fig. 7a). Specifically, three parallel lines were drawn along the
sample to track the horizontal displacement. The results show that the deformations in the computational
model were consistent with the experimental data, with an averaged error of 24 μm (line 1), 25 μm (line 2)
and 13 μm (line 3). Besides, both the model and experiment show a gradually increased displacement over
the first 4-10 seconds. Then the biofilm displacement stabilized. This was due to the small velocity near
the boundary compared to the velocity required for the steady-state deformation. As expected for this flow
configuration, both the model and experiments show that the displacement gradually increases from base of
the specimen to its tip.

The simulated velocity profile is shown in Fig. 8a and b. From the model, the x-direction velocity near
synthetic biofilm geometry was around 7×10-5 m/s, which was around one order of magnitude smaller than
the averaged velocity. The fluid flow near top and bottom boundaries travels slower than the fluid in the
middle. The velocity profile of the fully developed flow was parabolic with an almost-zero velocity near the
biofilm boundary. Therefore, flow with a small velocity pushed the biofilm gradually and then reached an
apparent steady-state deformation. This is consistent with data from Fig. 7. Comparing the deformation
at different biofilm depths, we found that the top biofilm suffered a larger displacement in the horizontal
direction due to its cantilever like shape (Fig. 8). The bottom biofilm had a smaller deformation since it was
anchored and closer to the stagnant zone of the velocity.

Elastic and viscous components of the deviatoric stress tensor were also plotted on the synthetic biofilm
domain (Fig. 8c and d, SI V5-V6). Both elastic and viscous stresses were in the same order of magnitude,
which indicated that both elasticity and viscosity contributed to biofilm deformation, according to the
Oldroyd-B equation. This shows that the viscous behavior of the biofilm is not negligible, even for short time
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periods.

Based on the results, it appears that the computational model can capture biofilm deformation with good
accuracy. Rheometry tests in the previous section could provide a general idea on the averaged mechanical
parameters for the biofilm. However, biofilm deformations are usually controlled by multiple factors, such as
hydrodynamic conditions and biofilm morphologies. Thus, the study of biofilm mechanical parameters may
not be enough. The simulation with hydrodynamics and biofilm morphology is necessary to predict biofilm
behavior.

3.3 Comparison of experimental and simulated deformation forP. aeruginosa biofilm

In order to further validate the computational model, an experiment similar to the above was carried out
for the P. aeruginosabiofilm. In this case, the Reynolds number was Re=48. The biofilm depth was greater
than the depth of field of OCT, so only upper part was imaged.

The experimental and model-predicted deformations over time was compared for three locations on the
boundary of the P. aeruginosa biofilm (Fig. 9). The relative average error between model-predicated displa-
cement and experimentally measured displacement for the three points was 22.2%. The averaged error was
2.28 μm for the tracked point on line 1, 3.05 μm for line 2, and 1.73 μm for line 3. The relative averaged error
was larger (22%) compared to the alginate biofilm data (13%). This is expected, because the P. aeruginosa
biofilm geometry was more complex than that of the alginate biofilm.

The steady-state displacement was in good agreement with the experiment, with consistent values among all
the tracking positions. On the other hand, the simulated deformation took longer time to reach a plateau
compared to the experimental data. This difference may due to the simplified geometry used in the model.
The more dendritic and porous morphology of the real biofilm may introduce more water content, affecting
the biofilm mechanical properties and physical behavior. Also, the simplification from irregular 3D structure
to the 2D morphology could also lead to deviations. In all, it was concluded that the computational model
is consistent with the experimental deformation.

3.4 Implications

Our results show that the computational model can predict the deformation of biofilms under fluid flow.
Biofilms often are spatially heterogeneous in morphology and mechanical properties, which makes the pre-
diction of their mechanical behavior more complex. Moreover, the biofilm boundary is also complex and
influences the response. In our research, we studied a synthetic biofilm and a real (homogenized) biofilm.
Future studies should address real biofilms with greater mechanical heterogeneity, and more complex ge-
ometries. Such studies could help clarify when the average mechanical properties are suitable for predicting
deformation, and when variable properties are needed. Moreover, effects of complex boundaries should be
addressed.

The PF model’s ability to simulate large deformations, and its versatility with respect to the type of consti-
tutive equations and mechanical properties, makes it useful for a wide range of problems. It also could be
expanded to include biofilm growth, allowing the assessment of deformation under timescales where growth
could be significant. It also could include multiple phases within the biofilm matrix, such as voids or solid
precipitates, or spatially variable mechanical properties. The model would be ideal to study the effect of
biofilm disruptors, which diffuse into the biofilm and weaken the EPS matrix, on biofilm removal.

A weakness of the model is that the numerical instability of Oldroyd-B constitutive equation could limit its
use for higher velocity ranges and a larger relaxation time scales. However, some of these computational
problems could be reduced using sharp interface and extra stabilization methods. Finally, detailed 3D
simulations under complex flow regimes would require large computational recourses.

4. Conclusions

This study for the first time validates a PF computational model with the Oldroyd-B constitutive equation
for biofilms, using independently determined biofilm mechanical properties. Shear rheometer results indi-
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cated the mixture of alginate and bacteria cells as a reasonable surrogate for biofilm. The developed PF
model captured deformations of biofilms in a real fluid environment. The results of homogenous synthetic
biofilm showed a 12.8% error distance between modeling and experimental geometries after the fluid driven
deformation. Homogenized real biofilm had a larger error (22.2%), possibly caused by the greater spatial
heterogeneity in mechanical properties as well as complex biofilm geometry. Our study provides a promising
way to capture and to predict biofilm viscoelastic behavior.
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Name Value Units Description Source

u1 6×10-4 m/s Average flow velocity for synthetic biofilm test Experiment
4.8×10-3 Average flow velocity for homogenized biofilm test

χ 1×10-9 m[?]s/kg Mobility parameter from Zhang et al. (2008b)
ϑ 1×10-2 N/m Surface tension coefficient from Koza et al. (2009)
ρs 1000 kg/m3 Solvent density Value at 20oC
µs 0.001 Pa[?]s Viscosity of solvent Value at 20oC
ρb 1000 kg/m3 Biofilm density Assumed
µb 30494 Pa[?]s Viscosity of synthetic biofilm Experiment

78705 Viscosity of homogenized biofilm
Gb 69736 Pa Shear modulus of synthetic biofilm Experiment

46851 Shear modulus of homogenized biofilm

Figure Legends

Fig. 1. Schematic indicating the coordinate system and modeling dimensions in the flow cell. The schematic
is not to scale.

Fig. 2. Schematic of experimental set up, including biofilm flow cell and OCT unit. The flow was driven
by gravity.

Fig. 3. Averaged viscoelastic moduli for synthetic biofilm and homogenized P. aeruginosa biofilm. The
error bars show standard deviations from 3 replicates.

Fig. 4. Rheometer data and fitted Maxwell model for (a) synthetic biofilm, and (b) homogenized biofilm.
The synthetic biofilm was tested under a constant strain of 0.01% and the homogenized biofilm was under
0.1% of strain. The black square markers indicate the averaged measured shear stress over time. The error
bars indicate one standard deviation, based on the 10 replicates. The green line shows the fitted Maxwell
model.

Fig. 5. Biofilm geometries in the experiment and model. (a) Cross-sectional OCT image of synthetic
biofilm; (b) modeling geometry based on the OCT image.

Fig. 6. The comparison of synthetic biofilm boundaries. Flow was from left to right. Green line: biofilm
contour at t=0 (in experiment and computational model); black line: biofilm contour at t=20 s (in experi-
ment); black dashed line: biofilm contour at t=20 s (in computational model). Unrelated data were filtered
out.

Fig. 7. (a) Locations of measurement (lines 1-3) for DIC analysis. (b)-(d) Experimental and modeling
displacement of synthetic biofilm along lines 1-3.

Fig. 8. Simulated velocity u and stress distribution for synthetic biofilm at t=2 s. (a) Velocity field of
solvent domain (colored surface and black arrows); (b) velocity field of synthetic biofilm domain (colored
arrows); (c) the magnitude of viscous stress tensor ||τ || on synthetic biofilm domain; (d) the magnitude of
elastic components of the deviatoric stress tensor ||σe|| on synthetic biofilm domain.

Fig. 9. (a) Locations of measurement (lines 1-3) for DIC analysis. (b)-(d) Experimental and modeling
displacement ofP.aeruginosa biofilm along lines 1-3.

Hosted file

Figures_BB.pdf available at https://authorea.com/users/312181/articles/442784-predicting-biofilm-
deformation-with-a-viscoelastic-phase-field-model-modeling-and-experimental-studies
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Figure 1 

 

Fig. 1. Schematic indicating the coordinate system and modeling dimensions in the flow cell. The 

schematic is not to scale. 
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