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 Membrane aerated biofilm reactors (MABR) have emerged as a promising 
alternative for wastewater treatment, yet their performance is often limited 
by an incomplete understanding of the fluid structure interactions (FSI) that 
influence biofilm behaviour and mass transfer. This knowledge gap hampers 
the optimisation of MABR design for efficient pollutant and nitrogen 
removal. The main purpose of this study is to investigate the impact of the 
hydrodynamic factors on the biofilm deformation to achieve better 
performance of the MABR during the wastewater treatment process. The 
experimental setup has a limitation towards the investigation of the 
hydrodynamics factors, by applying the FSI of COMSOL® Multiphysics 5.3 
software for data analysis, focusing on the hydrodynamic factors. It was 
found that at a lower inlet velocity (8.33 	𝜇𝑚/s), the formation of biofilm 
thickness was greater (32 µm) in the rough surface as compared to the flat 
surface, which was 22	𝜇𝑚. This study also found that the shear stress 
generated was proportional to the inlet velocity and had an opposite effect 
on biofilm formations. The COMSOL simulations indicated that a decrease in 
Young’s modulus (70 Pa) had increased the rate of biofilm deformation to 6 
µm for the rough surface and 2 µm for the flat surface. This work has 
successfully justified the hydrodynamic factors pose a significant impact on 
the formation and deformation of the biofilm. 
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INTRODUCTION 
 
Bacteria are single-celled organisms that belong to the 
prokaryotes. Recent characterisation research has shed 
light on the intricate nature of microbial biofilm formation 
(Dsouza et al., 2024). Microorganisms can appear or live in 
two forms: the free-floating form, as in the planktonic 
state, or in a consortium. The microorganisms can live in a 
consortium either within the same species or different 
species. This phenomenon is known as biofilm (Rather et 
al., 2021). Biofilm has been present on earth for around 3.4 
billion years (Guzmán-Soto et al., 2021). The movement of 
bacteria to form a community attached to a surface is 
because of the physical forces such as Brownian diffusion, 
gravitational settling, and hydrodynamic forces (Ammar et 
al., 2015). Bacterial biofilms are enclosed or embedded in a 
self-secreted matrix of extracellular polymeric substances 
(EPS) (Maric, S., and Vranes, J., 2007). Biofilm formation is a 
complex process that involves a multi-step process to 
transform the free-floating bacteria in the planktonic form 
into a biofilm-making sessile form. The whole biofilm 
formation process can be divided into five main stages, 
such as initial reversible attachment, irreversible 
attachment, biofilm architecture development, maturation, 
and escape (Rather et al., 2021, Alotaibi, 2021 & Brading, 
1995). The complex structure of the bacterial community 
has impacted various sectors and raised concerns in public 
health, medicine and industries (Dsouza et al., 2024). In 
contrast to causing shortfalls, there are also potential 
applications of the biofilm. For instance, bioremediation, 
fermentation, wastewater treatment and agriculture 
(Werkneh, 2022, Coenye & Nelis, 2010). 

As reported, the problem with the MABR is 
uncontrolled biofilm thickness formations, as it plays a 
crucial role in the MABR effectiveness during wastewater 
treatment (Li, X., et. al., 2023, Siddiqui et al., 2022 & He et 
al., 2021). The biofilm formation had stimulus the substrate 
diffusion rate from the bulk liquid to the biofilm, 
simultaneous nitrification and denitrification rates, 
chemical oxygen demand (COD) removal rates and 
microbial interactions within the biofilm (Li et. al., 2023 & 
Sanchez-Huerta et al., 2022), resulting in concerns for 
increased mass transfer resistance and membrane clogging 
issue (He et al., 2021). 

Hydrodynamic factors play a crucial role in affecting the 
biofilm formation and deformation. Hydrodynamic factors 
can be included, such as the shear stress generated and the 
velocity of fluid flow in a reactor (Chang, et, al., 2020 & 
Plascencia-Jatomea et. al., 2015) Additionally, the reactor 
membrane's surface roughness is considered one of the 
hydrodynamic factors that can affect the biofilm thickness 
on the reactor membrane. Therefore, understanding the 
influence of hydrodynamic factors can help optimise 
biofilm growth in the reactor, thereby improving overall 
wastewater system performance. To achieve this, fluid 
structuree interaction (FSI) is well known as a mathematical 
simulation which can provide relevant data for biofilm 
formation. FSI performs the interaction between the fluid 
flow and the structural mechanics, which in the project is 
the interaction of the wastewater flow with the biofilm 
structure. Therefore, it can provide a better understanding 
of the effect of hydrodynamic factors on the biofilm 
deformation. Besides, FSI can provide flexibility for 
simulating changes in design and operational parameters 
to predict system response (Casey, 2007). 

MATERIALS AND METHODOLOGY 
 
Simulation Materials and Software 
In this study, SOLIDWORK® software (Version 2022) was 
implemented to develop the membrane aerated biofilm 
reactor (MABR). The selected boundary conditions were 
accurate and reliable for performing the computational 
fluid flow behaviour. Fluid structure interaction (FSI) was 
performed using COMSOL® Multiphysics 5.3 software to 
investigate and simulate the hydrodynamic flow conditions 
in the MABR. 
 
Modelling Approach and Simulation Setup 
The overall workflow of this project began with data 
validation, followed by two-dimensional (2D) and three-
dimensional (3D) modelling and model construction using 
COMSOL® Multiphysics 5.3 software. For data validation 
of the model, the fluid and solid mechanics materials 
selection was wastewater and biofilm deformation, 
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set in the COMSOL® Multiphysics 5.3 software for the 
simulation study. The inlet and outlet conditions, such as 
pressure and inlet velocity, were defined. For the inlet 
stream, the inlet velocity was defined, whereas for the 
outlet stream, the pressure is described. The pressure of 
the outlet stream was assumed to be zero due to the 
laminar flow. For the development of the mesh element, a 
mesh convergent test was conducted for the selection of 
meshing type. A test needed to be undertaken by the trial-
and-error method. Each mesh size was applied to the 
model and allowed for the simulation until a constant 
result was obtained (Musfirah, 2019). 
 
Table 1 Parameters set in COMSOL for the simulation 
study. 

No Parameters Values Applied to 
1 Inlet Velocity 

μm	
(  )	
s	

8.3335, 
180.6635, 
352.9935, 
525.3335 

Inlet surface 

2 Pressure 0 Outlet 
surface 

3 Young’s Modulus 700 - 70 Solid 
mechanic 

4 Poission Ratio 0.4 Solid 
mechanic 

 
Once validated, the MABR structural model was 

developed in SOLIDWORK® software (Version 2022), as 
shown in Figure 1. However, the material selection for both 
fluid and solid mechanics for the MABR is wastewater and 
biofilm, respectively. A mesh convergence test was then 
conducted in COMSOL to optimise the mesh size, ensuring 
a balance between simulation accuracy and computational 
efficiency (Musfirah, 2019). The test was repeated until the 
mesh size was validated, then the simulation was run in 
COMSOL® Multiphysics 5.3. 
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Figure 1 3D MABR model constructed using 
SOLIDWORK® software (Version 2022). 
 
RESULTS AND DISCUSSION 
 
The simplified MABR model was developed in 
SOLIDWORK® software (Version 2022), while the 
interaction between fluid mechanics and solid mechanics, 
referred to as the biofilm, was analysed using COMSOL® 
Multiphysics 5.3 software. In this study, the impact of 
various hydrodynamic factors on biofilm deformation in the 
MABR was analysed. 
 
Model Validation  
In this project, the simulation in COMSOL Multiphysics 5.3 
was validated against the journal articles by Wei & Yang 
(2023) and Picioreanu et al. (2018). The validation was 
done by constructing a similar experimental setup in 
COMSOL® Multiphysics 5.3 software using the references 
from the journal (Wei & Yang, 2023; Picioreanu et al., 
2018). Data validations were performed on 2D and 3D 
models to obtain more accurate results. For good data 
validation results, the percentage differences between the 
established data and the COMSOL® Multiphysics 5.3 
software simulation should not exceed 15 % using the 
equation below: 
 

 
 
Effect of Surface Roughness on Biofilm Deformation 
Figure 2 illustrates the relationship between biofilm 
thickness and shear stress for circular and flat surfaces, as 
determined from COMSOL® Multiphysics 5.3 software 
simulations that align with previously studied results, as 
shown in Figure 3 (Wei & Yang, 2023). Figure 2 and Figure 
3 show similar trends whereby biofilm thickness decreased 
as the shear stress increased. Both figures also indicated 
that the circular surface has higher biofilm thickness 
formations as compared to the flat surface. 

At the same shear stress, the average biofilm thickness 
developed was consistently higher for the circular surface 
as compared to the flat surface. The effect of surface 
roughness on bacterial adhesion and biofilm formation has 
been extensively investigated. The increase in the 
development of the biofilm at the circular surface was 
likely caused by the increase in the surface area availability 
for bacterial attachment by providing a scaffold for 
adhesion (Yoda., et. al., 2014). Besides, the surface 
roughness provides a low velocity and shear stress region 
for the bacteria to grow (Bollen., et. al., 1996), thereby 

resisting the detachment of the attached bacteria. The 
presence of surface roughness provided sheltered regions, 
which increased the area with lower velocity and shear 
stress. 
 

Figure 2 The comparison between biofilm thickness and 
shear stress for circular and flat surfaces obtained from the 
COMSOL® Multiphysics 5.3 software simulation. 

 
Figure 3 The comparison between biofilm thickness and 
shear stress for circular and flat surfaces (Wei, G., et al. 
2023). 
 
Comparison Between 2D and 3D Simulation Models 
Figure 4 presents the 3D flat surface model generated 
using COMSOL® Multiphysics, which visualises the velocity 
field distribution within the MABR. The highest velocity is 
observed at the flow centre, whereas velocities near the 
wall approach zero due to the no-slip boundary condition. 
This parabolic velocity profile confirms that the system 
operates under laminar flow (Sharma et. al., 2011), a 
condition crucial for analysing shear stress and its impact 
on biofilm stability. 

Figure 5 compares the results obtained from the 2D 
and 3D simulations on a flat surface. To validate the 
computational approach, identical simulation settings were 
used in the 3D model. At the same time, the inlet velocity 
was increased from 8.33 µm/s to 525.33 µm/s, resulting in 
an increase in the generated shear stress from 0.0021 Pa to 
0.1300 Pa. Figure 5 also shows a similar pattern of shear 
stress between the 2D and 3D simulations, demonstrating 
strong agreement between the two models. This 
correlation confirms the reliability of the simulation setup 
and indicates that the 2D model can adequately represent 
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hydrodynamic behaviour with minimal inaccuracy when 
dealing with the deformations of biofilm. 

 

 
Figure 4 3D flat surface model 

 

Figure 5 Comparison of the shear stress and biofilm 
thickness obtained from 2D and 3D simulations on a flat 
surface 
 
MABR Velocity and Flow Characteristics 
The 3D MABR model was constructed using 
SOLIDWORK® software (Version 2022) as shown in 
Figure 1. A mesh convergent test was conducted, shown in 
Table 2 for the 2D MABR model, starting from extremely 
coarse to extremely fine. As the results, the meshing 
started to converge at the mesh type of extra fine as 
reported previously (Musfirah, 2019). The shear stress 
obtained increased significantly from extremely coarse to 
fine. Then, the shear stress increased less significantly from 
0.065 at finer meshing to 0.068 at extra fine and eventually 
reached a constant shear stress value at 0.068 at extremely 
fine. This mesh convergent test indicates that the 
simulation results began to converge at the extra fine 
meshing. The further increase in the meshing did not affect 
the simulation results. 

Figure 6 below shows the velocity profile in the MABR. 
The outer tube of the reactor was filled with a wastewater 
stream that fed from the bottom, whereas the inner tube 
was filled with an oxygen supply from the top. The biofilm 
was growing on the surface of the inner tube due to the 
different velocity profile and shear stress. The inner tube 
was porous, semi-permeable to the diffusion of oxygen to 
the biofilm layer. The presence or supply of oxygen to 
biofilm encourages the development of the biofilm (Casey, 
et. al. 2020). The wastewater stream that is being fed into 

the outer tube space comes into contact with the biofilm to 
be treated and is released as clean water from the top of 
the MABR. 
 

Table 2 Mesh convergent test 
Type of Meshing Shear Stress (Pa) 

Extremely Coarse 0.0042 

Extra Coarse 0.0044 

Coarser 0.0045 

Coarse 0.0046 

Normal 0.0056 

Fine 0.0059 

Finer 0.0065 

Extra Fine 0.0068 

Extremely Fine 0.0068 
 

Figure 6 Velocity profile obtained from a simulation study 
using the MABR model 
 
Influence of Biofilm Stiffness (Young’s Modulus) 
Stiffness is another critical factor that affects bacterial 
adhesion and biofilm formation. Young’s modulus, which is 
defined by the ratio of stress to strain, is a common 
parameter used to represent stiffness. A low Young’s 
modulus indicates that the material is softer and more 
elastic. Picioreanu et.al. (2018) have conducted an 
assessment of the elastic Young’s Modulus value. The 
assessment was conducted to investigate the deformation 
of biofilm with different Young’s Modulus values applied, 
as shown in Figure 7. The evaluation was done by 
performing a parametric sweep over a range of Young’s 
modulus values to find the best fit for the computed 
deformation to the measured deformed biofilm geometry. 
Young’s modulus is a measure of material stiffness. As a 
result, large deformations occur at a smaller value of the 
Young’s modulus. The study also showed that the 
compression occurs at the biofilm frontal zone, and 
traction takes place on the upper biofilm sections. A 
smaller Young’s modulus value can lead to a rapid 
degradation and deformation of the structure. This is 
because a smaller Young’s modulus indicates softer and 
more deformable biofilm materials. COMSOL simulations 
had shown a similar trend. As the Young’s modulus values 
decreased from 700 Pa to 350 Pa followed by 70 Pa, the 
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deformation of the biofilm increased within the range 32 - 
2 µm. 
 
Effect of Inlet Velocity on Shear Stress and Deformation 
The microstructure of biofilm that developed under a 
slower velocity environment was found to be thicker and 
had larger surface sinuosity and higher areal densities as 
compared to the biofilm that was exposed to higher 
velocity flow (Lecuyer, et. al., 2011). Surface sinuosity and 
biofilm fragmentation increase with the biofilm thickness. 
Hence, a larger surface sinuosity of a biofilm refers to the 
increased complexity or irregularity in the surface structure 
of the biofilm. At the high velocity flow rate, the Reynolds 
number (Re) shows turbulent flow in the streamside 
flumes. Turbulent conditions eventually lead to an increase 
in shear stress. As a result, the fast velocity flow shows a 
higher shear stress value as compared to the slow velocity 
flow. With the presence of high shear stress, the biofilm’s 
deformation rate increases. As mentioned, the increase in 
biofilm thickness increases surface sinuosity, biofilm 
fragmentation, and areal density. Hence, all these 
parameters show a higher value in the slow flow velocity 
than in the fast flow velocity. 

Figure 7 Deformation of biofilm 
 

CONCLUSION 
 

The outcomes of the simulation using COMSOL® 
Multiphysics 5.3 were successfully validated. The run 
simulation clearly shows that the hydrodynamic factors 
have a significant impact on the deformation of biofilm. 
The biofilm thickness is greater on a rough surface than on 
a flat surface, as it provides a surface area with lower shear 
stress for the bacteria. In addition, through simulation, it 
has justified that the shear stress generated is proportional 
to the inlet velocity. As the inlet velocity increases, the 
shear stress generated by acting on the biofilm layer also 
increases. The higher the amount of shear stress 
generated, the greater the rate of biofilm deformation. The 
relationship between the Young’s modulus value and the 
rate of biofilm deformation is also justified. COMSOL® 
Multiphysics 5.3 software simulations indicate that a 
decrease in Young’s modulus values from 700 Pa to 350 Pa 
followed by 70 Pa increases the rate of biofilm’s 
deformation. The work has successfully justified that the 
hydrodynamic factors, such as inlet velocity, surface 

roughness, shear stress and Young’s modulus values, pose 
a significant impact on the deformation of the biofilm layer. 
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