
  

 

 

 

Discrete element method to study biofilm  

deformation in fluid flow 

 
  

A thesis submitted to the Faculty of Science, Agriculture and  

Engineering for the Degree of 

Doctor of Philosophy 

by 

Yuqing Xia 

 

    

School of Engineering, Newcastle University 

2021 



 

 

2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

3 

 

 

 

 

 

 

 

 

To my dear family and beloved friends who always support me 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

i 

Abstract 
Biofilms are the assemblage of one or more types of microorganisms, which are usually found 

attached and grew on surfaces, embedded in their extracellular polymeric substances (EPS). 

They could form diverse morphologies to adapt to different environments, especially in a flow 

system such as water filtration. Hydrodynamic conditions have a significant impact on the 

deformation and detachment of biofilm, which has been primarily investigated by the 

experiments. However, relevant modelling research is lacking. Therefore, the individual based 

model (IbM) is adopted to study the biofilm-fluid interaction in present work. 

In the first part of this work, the discrete element method was utilized to simulate the biofilm 

growth, deformation and detachment, where the fluid was mimicked by applying a simple shear 

force. Due to the fact that the biofilms would also affect the flow pattern in return, the simply 

one-way approach was then extended to a two-way coupled computational fluid dynamic – 

discrete element method (CFD-DEM) model. Biofilm deformation and detachment was 

investigated at varied inlet flow velocity. We have also studied the effect of the EPS content on 

the deformation and detachment of biofilms. Furthermore, the strain-stress curves during 

biofilm deformation have been captured by loading and unloading the fluid shear stress. 

Biofilm streamer (filamentous structure of biofilm) motion under different flow conditions is 

important for a wide range of industries as well. The flow-induced oscillations and cohesive 

failure of single and multiple biofilm streamers have been investigated based on the CFD-DEM 

model. In this section, we have studied the effect of streamer length on the oscillation at varied 

flow rates. The predicted single biofilm streamer oscillations in various flow rates agreed well 

with experimental measurements. We have also investigated the effect of the spatial 

arrangement of streamers on interactions between two oscillating streamers in parallel and 

tandem arrangements. Besides, cohesive failure of streamers was studied in an accelerating 

fluid flow, which is important for slowing down biofilm induced clogging. 
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1 Introduction 

Biofilms usually form in aqueous environments when planktonic microbials attach to the 

surface (e.g. metal, plastic or tissue) and enclose in the extracellular polymeric substances (EPS) 

which are produced by themselves [1, 2]. EPS production and biofilm formation confers many 

advantages to the microorganisms. For instance, EPS could provide a sufficient physical 

resistance when biofilm experience external force, such as the shear force in the hydrodynamic 

environments [3]. Comparing with planktonic counterparts, it was also found that bacteria in 

biofilms have a higher resistant (10-1000 times) to antibiotics [1, 4].  

Biofilms have advantageous application in several fields. The biosorption capacity of biofilm 

allows them to remove heavy metals from wastewater [5]. Biofilms also play an important role 

on bioremediation since the toxic pollutants could be converted to less toxic or harmless 

productions by the enzymatic activity of microbes [6, 7]. However, biofilms also have 

numerous harmful impacts. In the nature setting, most biofilm contain multi-species which 

might be quite harmful for human health. It was reported by National Institutes of Health that 

over 80 % of infections in the body are caused by biofilms [8]. For example, biofilm formation 

on the surface of medical devices, such as heart valves, intravascular catheters and orthopaedic 

implants, is becoming the major pathogenesis of implant infection and can rapidly spread to 

patients [9, 10]. In addition, biofilms can form quickly in food industry environment and create 

a persistent source of contamination, the pathogenic species within biofilm would lead to a 

serious impact on human health and economy [11, 12]. Therefore, a deep insight into how 

biofilm interact with the mechanical force in its surroundings may contribute to biofilm control 

and removal.  

By considering biofilms as biomaterials, many experiments have been performed to measure 

the mechanical properties of biofilms and shown their viscoelastic behaviours when exposed to 

external stress [13-16]. However, it is hard to test and analyse biofilms mechanically since they 

are microscopically small and nonuniform [17], thus the mechanical properties of biofilm are 

still not entirely known. As such, computational modelling of biofilms could be a powerful 

assistance in studying how biofilm response to the external force. Recently, individual based 

model (IbM) seems to be appealing to biofilm researchers because this approach allows 

individual variability, it was widely used to mimic biofilm formation since it can provide a high 

resolution of biofilm structure [18, 19]. However, IbM is rarely used to simulate fluid induced 

biofilm deformation and detachment.  



 

 

2 

As biofilms are always subjected to a range of fluid flow conditions, biofilm deformation and 

detachment are very important behaviors to help them to resist to the fluid shear force. In this 

case, the biofilm deformation and detachment are affected by the morphology of biofilm, fluid 

shear force and their living matrix (EPS). The effect of EPS on biofilm structure have been 

investigated by using IbM in [20], however, little is known about its effect on biofilm 

deformation and detachment when expose to fluid shear force. Moreover, the filamentous 

structure of biofilm, which is so-called biofilm streamer, comes from the deformation of biofilm, 

and highly relevant to a wide range of critical biomedical situations and industrial applications 

including clogging of catheters, heart stents, and water filtration systems [21, 22]. The existing 

experimental work has also shown that the biofilm streamer could be found under both turbulent 

and laminar fluids [23, 24]. However, there was lack of micro-scale models to describe the 

biofilm deformation, detachment and biofilm streamer motion in the fluid flow, this project 

tends to tackle this issue. In this project, IbM approach was firstly adopted to study biofilm 

deformation and detachment by applying a simple shear flow, then the two-way coupled CFD-

DEM (Computational Fluid Dynamics – Discrete Element Method) approach was utilized to 

study biofilm streamer oscillation and biofilm deformation and detachment under different 

hydrodynamic conditions. 

1.1 Aim and objective  

The aim of this project is to investigate biofilm deformation and detachment under different 

flow conditions and how EPS production affects biofilm deformation and detachment. The 

specific objectives are to: 

• adopt one-way model to investigate the biofilm deformation and detachment by varying 

EPS amount and shear rate. 

• adopt two-way coupled CFD-DEM model to study biofilm streamer/flow interaction in 

different hydrodynamic conditions. In addition, the cohesive failure of biofilm streamer 

in fluid flow has been predicted as well. 

• adopt two-way coupled CFD-DEM model to study biofilm deformation and detachment 

in hydrodynamic conditions. 

• adopt two-way coupled CFD-DEM model to express the relationship between the stress 

and strain during biofilm deformation-recovery test. 
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1.2 Thesis structure  

The thesis is divided into 7 chapters including this chapter 1 which gives an introduction, scope 

and objectives of this project.  

Chapter 2 presents a review on the literature relevant to this project which consists of four main 

sections: (1) the details of biofilm development; (2) experimental investigation of flow induced 

biofilm deformation; (3) evolution of biofilm models including continuum models and discrete 

models. (4) viscoelastic properties of biofilm. 

Chapter 3 provides a detailed methodology of the models employed in this thesis. Firstly, the 

sub-models in the IbM (NUFEB), such as biological processes and mechanical interactions, 

were explained with great details. Following that, the two-way coupled biofilm model with 

computational fluid dynamics (DEM-CFD model) was elaborated. 

Chapter 4 presents IbM simulation of biofilm deformation and detachment by applying a simple 

shear flow which could be controlled by the input shear rate. The effect of EPS production and 

flow shear rate on biofilm deformation and detachment have been investigated. Biofilm 

detachment coefficient rate has been calculated to describe the detachment events in each case. 

Chapter 5 presents CFD-DEM simulations of biofilm streamer oscillation in different 

hydrodynamic conditions. The amplitude and frequency of single biofilm oscillation have been 

studies. In addition, the oscillation of two biofilms in parallel and tandem arrangement have 

been studied by change the spacing distance between them. The fluid induced biofilm streamer 

failure has been predicted by using the two-way coupled approach.  

Chapter 6 presents CFD-DEM simulation of biofilm deformation and detachment in various 

hydrodynamic conditions. Biofilm was pre-grown by using IbM described in chapter 1. The 

effect of fluid velocity and EPS production have been investigated. In addition, the 

deformation-recovery test was carried out to obtain the stress-strain curve thus to illustrate the 

mechanical properties of biofilm. 

Chapter 7 concludes the research work in this thesis and provides an outlook of future work. 

 

 

 

 



 

 

4 

Publication based on this thesis: 

Xia, Y., Jayathilake, P. G., Li, B., Zuliani, P., & Chen, J. (2021). CFD–DEM modelling of 

biofilm streamer oscillations and their cohesive failure in fluid flow. Biotechnology and 

bioengineering, 118(2), 918-929. 

Xia, Y., Jayathilake, P. G., Li, B., Zuliani, P., & Chen, J. Modelling fluid induced biofilm 

deformation and detachmen by CFD-DEM approach. (In preparation) 

Other publications: 

Xia, Y., Duan, P., & Chen, J. (2018). Modelling the nanomechanical responses of biofilms 

grown on the indenter probe. Processes, 6(7), 84 

Kandemir, N., Xia, Y., Duan, P., Yang, W., & Chen, J. (2018). Rheological characterization of 

Agarose and Poloxamer 407 (P407) based hydrogels. MRS Advances, 3(30), 1719-1724 

Duan, P., Xia, Y., Bull, S., & Chen, J. (2018). Finite element modeling of nanoindentation 

response of elastic fiber-matrix composites. Journal of Materials Research, 33(17), 2494-2503. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

5 

2 Literature review 

2.1 Biofilm development 

The conception of “biofilm” was proposed by an extraordinary medical scientist named John 

William Costerton (1934-2012), but it had been disregarded at that time, however, this notion 

was gradually becoming very important in bacteriology and related research fields [25]. So, 

what is a biofilm? As early as 1977, Costerton’s group found the rumen bacteria were 

surrounded and protected by extracellular structures [26] which was later introduced as 

glycocalyx [27]. Thereafter, they observed that the biofilm could be developed by the bacteria 

and their exopolysaccharide product on the latex surface within 8 hours, these embedded 

bacteria have high antimicrobial resistance compared with the planktonic bacteria [28, 29]. 

Furthermore, it has been reported that the bacteria can survive easier and exist for a longer time 

in the biofilms [25]. When the components inside the extracellular structure were fully 

discovered, the term was altered to extracellular polymeric substance (EPS) [30]. Overall, the 

biofilm is a result of microorganisms accumulation with the EPS produced at interfaces [2].  

The schematic for typical stages of biofilm development has been displayed in figure 2.1. The 

planktonic bacteria are suspended in the bulk liquid, which can approach the solid surface by 

passive or active movement [31]. When the condition is suitable for growth, the cells could 

permanently adhere to the surface and start to grow. The extracellular polymeric substance 

could be extracted during bacteria growth and embeds the cells to form the initial biofilm. 

Subsequently, bacteria proliferate in biofilm and evolve into mature biofilm. Finally, biofilm 

dispersal occurs. Some bacteria leave from the mature system, dispersing into the aqueous, 

which may land on the surface and start biofilm recolonization [32]. More details about biofilm 

development will be explained below.  

Figure 2.1. The stages of biofilm development [33]. 
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2.1.1 Reversible-irreversible adhesion of bacteria 

The initial step of biofilm formation is the adhesion of planktonic bacterial cells to the surface. 

This process could be influenced by both biological, chemical and physical properties of the 

surrounding environment [31]. The liquid environment could be divided into three regions: (1) 

the bulk liquid where the cells are not affected by the surface and could move freely; (2) near-

surface fluid layer where the cells are subjected to fluid shear force; (3) the surface where cells 

are experiencing both hydrodynamic and physicochemical effects, such as van der Waals 

interaction which is generally attractive, and electrostatic interaction which is attraction or 

repulsion determined by ionic strength and pH [34, 35]. Furthermore, the surface 

hydrophobicity of bacteria and the materials surface can also affect the initial bacterial 

attachment. Therefore, the total energy between a cell and the surface is the sum of  Lifshitz-

Van der Waals interaction (LW), electrostatic interaction (EL) energies and acid-base (AB) 

interaction energies (due to surface hydrophobicity) [36, 37]. Non-motile bacteria could be 

transported to the surface by passive movement is usually driven by the gravity and Brownian 

motion in the liquid environment [25, 38], while the motile bacteria approaches the surface by 

a self-propelled active movement. At the reversible attachment stage, the bacterial loosely 

adhere to surface and could also quickly detach [39], and those bacteria reach irreversible 

adhesion when they overcome the physical repulsive force [40]. The transition from reversible 

to irreversible adhesion takes several hours. EPS can immobilize bacterial cells to the surface 

to facilitate this process. Besides, the organelles in the bacteria surface, such as flagella, pili can 

help the bacteria to achieve the irreversible attachment [34, 41]. As shown in figure 2.2, when 

the repulsive force is high, the bacteria will be prevented from approaching the surface by an 

energy barrier. In this case, the nanofibers on bacteria surface are utilized to pierce the energy 

Figure 2.2. Bacteria adhere to the surface with nanofiber [25]. 
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barrier, hence behave as a bridge between the bacterium and the surface [25]. Then the bacteria 

will reposition their body to a longitudinal position to obtain the maximum contact area to reach 

irreversible adhesion [42]. 

2.1.2 Bacterial growth 

Bacterial cell growth is the next step following the irreversible attachment. To investigate and 

understand the bacterial growth, cells are often cultivated in the aqueous solution with supply 

of nutrients. The growth curves of bacteria could be obtained. As shown in figure 2.3, the whole 

growth process often consists of four distinct growth phases: the lag phase, the exponential 

phases, the stationary phase and the death phase. 

Figure 2.3. Four phases of bacteria growth [43]. 

According to experimental observation, lag phase is the first stage of the bacterial growth cycle, 

and it is defined as the duration from the bacteria are inoculated into the medium to the 

beginning of division [44], the growth rate is 0 on this phase. Bacteria sense the new living 

environment and adapt the new environment during this phase, hence, prepared for the 

exponential growth. During the exponentail phase, one cell divided into two cells, the number 

of cells increases exponentially, growth rate in this period is greatest and could be affected by 

environment factors like temperature and nutrient supply. However, the exponential growth in 

a batch culture is limited, after that cell growth reaches a plateau which is called stationary 

phase. In this phase, cells continue to divide and grow, but the number of increasing cells is 

equal to the number of dead cells, consquently, no net gowth was observed [44]. One common 

reason for the stationary phase is that the nutreint was consumed by the exponentially growing 
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cells [45]. Death phase is the final stage of bacterial growth, the number of organisms decreased 

exponentially during this phase and the death rate is less than the growth rate on the exponential 

phase.  

2.1.3 Biofilm dispersal and detachment 

Biofilm dispersal and detachment is used to describe the final stage of biofilm development, 

the bacterial cells will departure from the mature biofilm system and return to planktonic state 

to start recolonization. Dispersion of biofilm could be divided into two part: passive dispersal 

and active dispersal [46]. The passive dispersal refers to biofilm detachment due to external 

force, such as shear stress. Individual cells or cell flocs release from the mature biofilm during 

detachment [47]. There are three major mechanisms that cause biofilm detachment (1) 

sloughing: removal of the large section from the whole biofilm architecture; (2) erosion: 

physical force like shear stress and cell-mediated type events induced continuous loss of single 

particles. (3) abrasion: the detachment caused by the collision of agents from the solution with 

the biofilm [25]. Traditionally, the shear force used to be identified as the dominate mechanisms 

for biofilm detachment, however, more mechanisms have been discovered which contribute to 

the dispersal of biofilm as well. These include quorum sensing and increased expression of 

flagella [48]. These kinds of dispersal are termed active dispersal since the induced mechanisms 

are initiated by the bacteria. Other examples include the depletion of oxygen, and dead cells in 

the biofilm all could induce the biofilm dispersal. Overall, biofilm detachment is a pressing 

subject required further investigation as it is highly relevant to the biomaterials-related 

infections [49, 50], bacteria induced corrosions [51, 52] , and the increased drag for marine 

industries [53].  

2.2 Flow induced biofilm deformation 

2.2.1 Biofilm deformation and detachment in the hydrodynamic conditions 

The external shear force from the hydrodynamic environment could cause the deformation and 

detachment of the biofilm. The behaviour of biofilm varies with the fluid conditions. For 

example, the fluctuate fluid was applied to investigate the biofilm deformation, the experiment 

demonstrated that the biofilm may behave like viscoelastic fluids [16, 54]. Biofilm grown in 

different flow conditions may have different mechanical resilience. For example, after growing 

biofilm (mixed various P.aeruginosa strains) at fluid velocity of 0.03 m/s and 1 m/s for 6 days, 

it was found that biofilm grown under high shear rate appears to be stronger and more resistant 

to the fluid shear force. For biofilms grown on both low and high shear rates, the detachment 
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rate coefficient increased with the fluid velocity [54]. Later, biofilm rolling migration controlled 

by viscoelastic tethers was captured in [15]. The mechanical deformation and failure of biofilms 

can be characterized by utilizing capillary flow cell methods [55]. In this case, Staphylococcus 

epidermidis biofilm was grown in a capillary flow cell at a flow rate of 1 mL/min, then a shear 

test was performed for 15 seconds with increasing flow velocity. Figure 2.4 displays the biofilm 

deformation along the downstream direction. Biofilm recovery could be monitored by high-

speed camera when the flow was stopped. In this experiment, 5 cases were carried out by 

treating the biofilms with chemical or enzymatic agents. The results shown that the biofilms 

treated with urea or DispersinB appear to be weaker and they deform more when subjected to 

the fluid flow.  

Figure 2.4. Biofilm deformation during a capillary flow test [55]. 

Recently, optical coherence tomography (OCT) has been employed for the study of biofilm 

structure and fluid-structure interaction [56]. The structure of biofilms grown in different flow 

conditions has been visualized successfully by using OCT [57]. As a result, heterogeneous 

structure of biofilm was captured when biofilm was subjected to a laminar flow or transient 

flow. However, when a turbulent flow was applied, the biofilm structure became more 

homogeneous. Later, time-resolved deformation of biofilm has been measured by using optical 

coherence tomography during the flow tests [58]. In the first time-lapsed experiment, the 

biofilm was subjected to a shear stress of 1.64 Pa for 30 minutes, followed by a 20-minute 

relaxation wherein no shear stress was applied. Figure 2.5 displays the deformation and 

recovery of biofilm in 50 minutes, the biofilm returned to its original shape after 50 minutes 

due to the elastic response. Additional stress-strain experiments were carried out to investigate 

the viscoelastic properties of biofilm by incrementally increasing and decreasing the shear stress 

in the range of 0-3.6 Pa. The results illustrated that the shear stress have a linear correlation to 
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the resulting strain in the loading cycle, the Young’s modulus was estimated to equal to 36.0 

± 2.6 Pa [58]. 

Figure 2.5. Biofilm deformation in a creep-recover test. The biofilm was exposed to a shear stress for 

30 minutes followed by a relaxation of 20 min. Scale-bar equals 250 μm [58]. 

2.2.2 Biofilm streamers formation in flow 

Klapper et al. found that extracellular matrix can hold the cells together to develop the thread-

like biofilm structure and suspended freely with fluid flow [59]. This filamentous structures of 

biofilms is so-called biofilm streamer and may cause emergent clogging of medical stents and 

industrial filters [60].  

In order to investigate the characteristics and formation of biofilm streamers, Stoodley et al. 

cultivated the mixed biofilm (Pseudomonas aeruginosa, P. fluorescens and Klebsiella 

pneumonia) under turbulent flow which is more related to the industrial environments [23]. The 

reactor was established by a flow cell integrated with a mixing chamber, and a differential 

pressure sensor is utilized to measure the pressure drop across the flow cell. The velocity of the 

water flow is 18 cm/s, and after 7 days growth, the biofilm streamers were observed and 

oscillated in the fluid, as shown in figure 2.6. The length of the streamer is up to 3mm. The 

average flow velocity was increased from 0 to 50.5 cm/s, as a result, the amplitude of the 

streamer became larger with the increase in average flow velocity. In addition, the pressure 

drops across flow cell significantly raised after biofilm growth and streamer formation. This is 

consistent with the hypothesis of Picologlou et al. [61]. In addition, Stoodley et al. [54] 

performed another experiment in 2002, the Pseudomonas aeruginosa PAN067 were cultivated 
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under both turbulent and laminar conditions, the average flow velocity is 1 m/s (Reynold 

number 𝑅𝑅 𝑒𝑒 = 3636) and 0.033 m/s (𝑅𝑅 𝑒𝑒 = 120), respectively. The biofilm grew under laminar 

flow was much smaller than those grew in turbulent condition, and the filamentous streamers 

could be observed in the high-velocity fluids. 

Figure 2.6. Biofilm streamer and streamer oscillation. Scale-bar equals 500 μm [23]. 

Nevertheless, the biofilm streamers can also form in low Reynolds number flow as well. As 

shown in figure 2.7(a), the microfluidic curved channel, which consist of sharp and round 

corners, had been used to capture the filamentous biofilm structure [24]. In this experiment, the 

bacterial solution was infused into the channel continually, after a few hours, biofilm streamer 

could be observed in a plane at half the channel height. Figure 2.7(b) and (c) showed biofilm 

streamer formation produced by two different bacterial concentrations (i.e. OD600 = 0.4 and 

OD600 = 0.17). It is clear that the streamer grew fast when the concentration of bacteria is higher 

(figure 2.7(b)). In addition, they found that the shape of corner did not affect the streamer 

formation.  

Figure 2.7. (a) The layout of the microfluidic channels. (b) and (c) streamer formed with time from two 

different experiment sets. t0  is equal to 6 h in (b) and 7 h in (c). Scale-bars are 100 μm [24]. 
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In principle, biofilm streamer would fully develop and grow stably on porous materials due to 

their greater exposed area. Thereby, a few studies have also investigated the biofilm streamer 

formation in porous media. For example, Valiei et al. [62] utilized microchannel with a number 

of embedded microposts as the porous media to grow the biofilm, with fluid flow  controlled 

by a microfluidic device. In this study, the wild type Pseudomonas fluorescens CHA0 was 

injected into the microfluidic instrument at flow rate of 0.8 μL h-1, no biofilm streamer formed 

after 24 hours, and this phenomenon has not changed with the increase in flow rate. 

Nevertheless, after infusing culture medium to biofilms, streamers were observed in few hours. 

In addition, the results also show that the streamers grew faster with increased flow rate, but 

they were non-persistent at high flow rate.  

Meanwhile, Drescher et al. [60] used a model fluidic system consisting of an array of  corners,  

P. aeruginosa cells were loaded into a reservoir in this experiment and then swimming into the 

microfluidic channel with a flow driven by a constant pressure. As a result, they found a rapid 

clogging induced by the biofilm streamers in this experimental system. However, it is worth 

noting that the biofilm grew on the chamber walls initially and slightly decreased the flow rate 

in 50 hours (T). While the biofilm streamer formed at the corner make a sharply decrease in the 

flow rate and cause clogging at a short timescales t = 30 mins, as illustrated in figure 2.8. In 

addition, they establish a transparent porous material which is similar to fine sand layers. 

Consequently, it was found that the biofilm streamers developed rapidly and cause clogging in 

this soil-like environment.  

Figure 2.8. The flow rate measurement over time, T = 50 h and t = 30 mins [60]. 
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Recently, a new flow-induced bacterial streamer from pre-formed bacterial flocs at low 

Reynold number (𝑅𝑅𝑅𝑅 = 0.001) has been discovered by Hassanpourfard and Nikakhtari [63]. 

In this experiment, the bacterial flocs are formed by growing the wild type (WT) strain of 

Pseudomonas fluorescens in a solution at 30 ℃ overnight. The microfluidic system they used 

was a grid pattern with an array of polydimethylsiloxane micropillars, and the flow in the 

channel was in the creeping flow regime. It was found that the biofilm flocs got attached to the 

micropillars initially when imposed the fluid flow, subsequently the filamentous streamers 

formed in few minutes due to the flocs deformation which was caused by the hydrodynamic 

shear forces (Figure 2.9). Finally, it was shown that the formation of streamers could block the 

microfluidic devices. 

Figure 2.9.  The streamer formed in a short time scale and the location of this event was marked by the 

dashed ellipse. The arrows demarcate the advancing fluid meniscus. Scale-bars are 50 μm [63]. 

2.3 Computational models for biofilm 

Biofilms are everywhere and have a significant impact in both nature and industry. Extensive 

experimental research has been performed to have a better understanding of the biofilms, such 

as biofilm formation and their behaviours in the different environments [55, 58, 64]. However, 

the experimental work alone may not be able to reveal all the physical insights of microbial 

system. Biofilm features can be described by using mathematical models. These models can be 

implemented in computational models and play a significant role to complement the 

experiments [65]. A wide variety of experimental results could be used to calibrate 
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mathematical models, meanwhile, those models could be validated via appropriate experiments 

as well. Hence, the mathematical models have the potential to investigate the more complex 

behaviours of the biofilm. Over the years, the computational models have been developed from 

simple one-dimensional to multidimensional models, most features of biofilm could be 

simulated by using those models. Overall, there are two main categories: continuum model and 

discrete model. In the continuum model, the biofilm is characterized by a continuous biomass, 

and the biomass spreading was solved by using differential equations. Therefore, the 

quantitative results for substrate transport could be obtained by the model. However, biomass 

spreading in discrete element model is a stochastic process, therefore, the heterogenetic 

structures represented by discrete model often have better agreement with the experimental 

observation [66].   

In this section, the typical biofilm models have been described. The continuum biofilm models 

have been classified in one-dimensional and multidimensional models. The discrete models are 

introduced from Cellular Automaton (CA) model, hybrid differential-discrete Cellular 

Automaton models to Individual-based models (IbMs). 

2.3.1 One-dimensional continuum biofilm models 

At early stage, one-dimensional continuum models were initially developed for mathematical 

description of biofilm. Most of these models were able to investigate a steady-state biofilm 

which has no net growth nor decay [67]. In 1976, a conceptual model which includes the main 

parameters such as the maximum utilization rate coefficient, half-velocity coefficient and the 

substrate diffusion coefficients, has been established to investigate the substrate utilization 

within biofilms [68]. In this study, the biofilm adhered to a flat surface with infinite length and 

width. The biofilm was characterized by the depth 𝐿𝐿𝑓𝑓 and density 𝑋𝑋𝑓𝑓. In addition, the reaction 

rate was assumed to be limited by a single substrate, the concentration of the substrate varies 

along z direction (normal to the biofilm surface). The utilization of substrate in the biofilm was 

assumed to follow the Monod relation, based on the Fick’s second law, the differential equation 

for substrate concentration within the biofilm could be expressed as [68]: 

𝐷𝐷𝑓𝑓
𝑑𝑑2𝑆𝑆𝑓𝑓

𝑑𝑑𝑧𝑧2 =  𝑘𝑘𝑆𝑆𝑓𝑓 𝑋𝑋𝑓𝑓 

(𝑆𝑆𝑓𝑓 +𝐾𝐾𝑠𝑠)
                                                         (2.1) 

𝑆𝑆𝑓𝑓 is the concentration of substrate at any point in the biofilm matrix (mg/l), 𝑘𝑘 is the maximum 

utilization rate of the substrate, refers to substrate mass consumed per unit mass of organisms 

per day (day-1),  𝐷𝐷𝑓𝑓 is the diffusion coefficient in biofilms (cm2/day) and 𝐾𝐾𝑠𝑠 is the half-velocity 
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coefficient (mg/l). Although the substrate utilization in a biofilm could be illustrated by using 

this simple model, it didn’t take biofilm growth and decay into considerations. Therefore, this 

fundamental model has been refined by applying bacterial growth kinetic to the steady-state 

biofilm, the net growth rate of bacterial mass could be expressed by the following formula [69]:  

𝜕𝜕𝜕𝜕𝑋𝑋𝑓𝑓𝑑𝑑𝑑𝑑
𝜕𝜕𝜕𝜕

= 𝑌𝑌 𝑘𝑘𝑆𝑆𝑓𝑓

𝐾𝐾𝑠𝑠+𝑆𝑆𝑓𝑓
 𝐴𝐴𝑋𝑋𝑓𝑓𝑑𝑑𝑑𝑑 − 𝑏𝑏𝑏𝑏𝑋𝑋𝑓𝑓𝑑𝑑𝑑𝑑                                    (2.2) 

𝐴𝐴 and 𝑑𝑑𝑑𝑑 are the cross-section area and thickness of a biofilm section, 𝑌𝑌 is the yield of bacterial 

mass per unit of substrate utilized (𝑀𝑀𝑥𝑥𝑀𝑀𝑠𝑠
−1), 𝑀𝑀𝑥𝑥 and 𝑀𝑀𝑠𝑠 are the mass of bacteria and substrate,  

𝑏𝑏 is the decay coefficient (𝑇𝑇−1). According to energy conservation and mass balance, the net 

thickness of biofilm could be kept as constant. However, in addition to the bacteria decay, the 

external force could also cause the decrease in bacterial mass, therefore, the biomass might be 

overestimated when using this model [69]. In [70], Rittman has improved the mathematical 

formula for biofilm loss by incorporating the bacteria decay and shear stress induced biomass 

loss, the biomass loss rate due to shear stress was obtained from experimental work. 

With the continuous development of biofilm research, a general 1D multispecies model has 

been established and allows the description of a dynamic biofilm and the investigation of the 

interactions among different microbial species [71]. The model was derived in z direction by 

assuming the biomass to be treated as continuum, which means the biomass was characterized 

by the average quantities such as the concentration of microorganisms. As shown in figure 2.10, 

there are 𝑛𝑛𝑛𝑛 microbial species in a differential volume element 𝐴𝐴 𝑑𝑑𝑑𝑑, for the microbial species 

𝑖𝑖, the mass balance could be expressed as [71]:  

𝜕𝜕[𝐴𝐴 𝑑𝑑𝑑𝑑 𝜌𝜌𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡,𝑧𝑧)]
𝜕𝜕𝜕𝜕

= 𝐴𝐴 𝑑𝑑𝑑𝑑 𝜇𝜇𝑖𝑖(𝑡𝑡, 𝑧𝑧)𝜌𝜌𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡, 𝑧𝑧) + 𝐴𝐴𝑔𝑔𝑖𝑖(𝑡𝑡, 𝑧𝑧) − 𝐴𝐴 �𝑔𝑔𝑖𝑖(𝑡𝑡, 𝑧𝑧) +  𝜕𝜕𝑔𝑔𝑖𝑖(𝑡𝑡,𝑧𝑧)
𝜕𝜕𝜕𝜕

 𝑑𝑑𝑑𝑑�         (2.3) 

𝜌𝜌𝑖𝑖 is the density of the individual microbial species 𝑖𝑖, which is assumed to be a constant in the 

model. 𝜇𝜇𝑖𝑖 is the observed specific growth rate. 𝑓𝑓𝑖𝑖 is the volume fraction of the 𝑖𝑖-th species, the 

summation of volume fraction over all 𝑛𝑛𝑛𝑛 species equals to 1( ∑ 𝑓𝑓𝑖𝑖 = 1𝑛𝑛𝑛𝑛
𝑖𝑖=1 ). 𝑔𝑔𝑖𝑖 is the biomass 

flux, that is, the amount of mass of species 𝑖𝑖 displaced per unit time across a unit area which is 

perpendicular to the z-direction [72]. 𝑔𝑔𝑖𝑖  could be further expressed as 𝑔𝑔𝑖𝑖(𝑡𝑡, 𝑧𝑧) =

𝑢𝑢(𝑡𝑡, 𝑧𝑧)𝜌𝜌𝑖𝑖𝑓𝑓𝑖𝑖(𝑡𝑡, 𝑧𝑧) , where 𝑢𝑢(𝑡𝑡, 𝑧𝑧)  denotes the velocity of microbial mass flowing. Therefore, 

equation (2.1) could be written as:  

𝜕𝜕𝑓𝑓𝑖𝑖
𝜕𝜕𝜕𝜕

= �𝜇𝜇𝑖𝑖 − 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

� 𝑓𝑓𝑖𝑖 − 𝑢𝑢 𝜕𝜕𝑓𝑓𝑖𝑖
𝜕𝜕𝜕𝜕

                                                (2.4) 
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Summing equation (2.4) over all species, the mean observed specific growth rate could be 

expressed as: 

𝜇̅𝜇(𝑡𝑡, 𝑧𝑧) =  𝜕𝜕𝜕𝜕(𝑡𝑡,𝑧𝑧)
𝜕𝜕𝜕𝜕

                                                             (2.5) 

Substituting equation (2.5) into equation (2.4), the mass balance could then be described by the 

following equation: 

𝜕𝜕𝑓𝑓𝑖𝑖(𝑡𝑡,𝑧𝑧)
𝜕𝜕𝜕𝜕

= [𝜇𝜇𝑖𝑖(𝑡𝑡, 𝑧𝑧) − 𝜇̅𝜇(𝑡𝑡, 𝑧𝑧)]𝑓𝑓𝑖𝑖(𝑡𝑡, 𝑧𝑧) − 𝑢𝑢(𝑡𝑡, 𝑧𝑧) 𝜕𝜕𝑓𝑓𝑖𝑖(𝑡𝑡,𝑧𝑧)
𝜕𝜕𝜕𝜕

]                    (2.6) 

The mass balance for any substrate 𝑖𝑖 could be derived in the same way: 

𝜕𝜕𝑆𝑆𝑖𝑖(𝑡𝑡,𝑧𝑧)
𝜕𝜕𝜕𝜕

= 𝑟𝑟𝑖𝑖(𝑡𝑡, 𝑧𝑧) + 𝜕𝜕
𝜕𝜕𝜕𝜕

( 𝐷𝐷𝑖𝑖
𝜕𝜕𝑆𝑆𝑖𝑖(𝑡𝑡,𝑧𝑧)

𝜕𝜕𝜕𝜕
)                                    (2.7) 

𝑆𝑆𝑖𝑖 , 𝑟𝑟𝑖𝑖  and 𝐷𝐷𝑖𝑖  are the concentration, observed conversion rate and diffusion coefficient of 

substrate 𝑖𝑖.  

Figure 2.10. Flux of biomass through a differential volume element of an expanding idealized biofilm 

[71]. 

The model was used to investigate the competition in the mixed biofilm which consists of 

heterotrophic and autotrophic species. The biofilm growth under the following five different 

conditions has been studied: (1). Unrestricted biofilm growth with constant substrate 

concentration. In this case, the thickness of biofilm exponentially increases in the first three 

days, after several days, biofilm thickness increases continuously at a low constant rate due to 

the carbon limited heterotrophs growth and oxygen limited autotrophs growth. (2). Biofilm 

growth with changed substrate concentration. The oxygen flux dropped immediately after the 
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organics have been removed, thus, the autotrophs become dominant in the biofilm. (3). Biofilm 

growth with shear stress induced biomass loss which was described as 𝜎𝜎 = −𝜆𝜆𝐿𝐿2, where 𝜆𝜆 is 

the coefficient and 𝐿𝐿 is the biofilm thickness. The fast-growing heterotrophs could be removed 

from the biofilm surface by shear, further lead to an increase in the abundance of nearby 

autotrophs. Thus, the performance of autotrophs improved overtime. (4). Biomass sloughing 

(∆𝐿𝐿 = 𝜎𝜎∆𝑡𝑡) has been included during biofilm growth, which cause two species take turns to 

dominate the biofilm. (5). Biofilm growth in the mixed reactor with external mass transfer 

resistance. In this case, the competition within the biofilm is unobvious. This mixed-culture 

biofilms (MCBs) model has been extended by using a mathematical software-AQUASIM [73]. 

Additional processes, such as the variable biofilm liquid phase volume fraction, simultaneous 

attachment and detachment at the interface between biofilm and bulk liquid, have been included 

in the refined MCBs model. Furthermore, the geometry of the biofilm could be defined as a 

plane, cylinder or sphere. This detailed model has demonstrated to be a powerful tool to 

reproduce and analyse the new experimental data during 1986-1996. However, there are a large 

number of differential equations have been implemented into the model which makes it 

relatively inefficient. To reduce the computational cost, a simplified MCBs model has been 

established in [74]. In which case, the modelling of diffusion process and spatial distribution of 

microorganic species for biokinetic reactions has been decoupled to decrease the model 

complexity. As illustrated in figure 2.11, there are two compartments in this model: bulk liquid 

and biofilm. The biofilm is treated with two parts: liquid phase and solid matrix. The dissolved 

substances are transport in the liquid phase, meanwhile, different microorganic species, inert 

material and particulate substrate are included in the solid matrix. The particulate elements 

could attach to or detach from biofilm surface.  

Figure 2.11. Ideal biofilm system in the simplified mixed-culture biofilm model [74]. 
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This approach provided a quick estimation of competition within the biofilm. Besides, a 

transition-state model has been released to study the biofilm with mixed species, by including 

backwashing induced periodic detachment, it allows biofilm undergoes changeable conditions. 

Another feature is that all the bacteria can excrete soluble microbial products which could be 

utilized by heterotrophs [75]. This model almost contains the important characteristics of all 

previous models. The biofilm can reach a global steady state and biomass species distribution 

within the biofilm could be illustrated by this approach.  

2.3.2 Multidimensional continuum biofilm models 

One-dimension continuum models are simple but could be widely used to investigate biofilms 

when emphasis is put more on biofilm growth and related biochemical processes. However, 

biofilms are not one-dimension matters and their mechanism understanding is lacking. 

Therefore, multidimensional biofilm models have been established to capture the heterogenous 

structure of biofilm and expend research scope to include mechanical properties. Similar to 

previous work, some of the research continues to investigate the single- or multi-species biofilm 

growth, meanwhile, few studies focus more on the deformation of biofilm. 

A three-dimension model for biofilm formation has been introduced by Eberl et al. in 2001 and 

the decoupled calculation in [74] was used for this system. Therefore, the bulk liquid region Ω1 

(without biomass) and solid biofilm region Ω2 (with biomass) should be distinguished in this 

system. The nutrients transport by diffusion and convection in the bulk liquid region and would 

be consumed in the solid region. However, a density-dependent diffusion coefficient was 

adopted to calculate the nutrients transport in solid region to avoid instantaneous spreading of 

biomass. Numerical experiments for single species biofilm formation were performed by using 

this new spatio-temporal model, the results show that the irregular and rough biofilm 

morphology forms when the system is nutrient limited [76]. Later, the model has been applied 

to describe the antibiotic disinfection of biofilms in which the active and inert biomass were 

included [77]. Furthermore, the model was extended to illustrate a mixed-culture biofilm system 

consists of pathogenic and probiotic species [78]. In this case, the mixed biofilm grew in a 

laminar flowing channel and the probiotic biofilm could control the pathogens by changing the 

growth condition, such as local pH. Besides, the heterogenous biofilm structure such as finger-

like and mushroom like biofilm have been modelled by Klapper et al. by defining the biofilm 

as a viscoelastic fluid material [59, 79, 80]. 
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A finite element modelling of biofilm growth and deformation based on a material mechanics 

has been introduced by Hubert et al. [81]. In this case, the biomass grown in the form of 

aggregates. The biomass was modelled as an isotropic incompressible hyperelastic material, 

thus the density of the biomass body kept constant. Therefore, the expansion and deformation 

of the aggregate were driven by the material stress-strain relations. Besides, based on finite 

element method, a 2D fluid-structure interaction model for investigating the oscillation of 

biofilm streamer has been developed by Taherzadeh et al. [82]. As displayed in figure 2.12, the 

biofilm streamer consists of a circular biofilm base and oscillating tail with the measured 

dimensions from experimental work [23]. The connecting boundary between them is fixed and 

the tail is allowed to move freely with moving boundaries. The streamer tail is described by an  

Figure 2.12. The description of the two-dimensional biofilm streamer model and its motion in the flow 

[82].  

elastic materials model combined with a nonlinear elastodynamics model. Therefore, biofilm 

density, Young’s modulus and Poisson’s ratio are implemented as the input parameters to 
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calculate the deformation of the biofilm streamer. A uniform fluid flow is applied along the x-

direction and solved by the incompressible Navier-Stokes’ equations. The predicted oscillation 

amplitude of biofilm streamer under elevated fluid velocity agreed with the experiment 

measurement in the range of Reynolds number of 80-160. Furthermore, the oscillation of 

streamers with different lengths have been investigated as well. The results indicated the drag 

force increased with the length of biofilm streamer. The fluid-structure interaction between 

biofilm and moving fluid have also been investigated by using phase field method [83]. 

According to the first and second thermodynamics law, the energetics variational approach is 

adopted to model the fluid. The conservative and dissipative force are determined by the system 

energy. The bacterium is treated as a Newtonian fluid and the EPS is assumed to be a 

viscoelastic substance. The deformation and detachment of biofilm have been simulated, the 

results indicate the lower viscosity of EPS in the biofilm can cause the biofilm to bend and form 

biofilm streamer. Besides, biofilm with higher viscous ESP have greater resistance to 

deformation and detachment by the flow (figure 2.13).  

Figure 2.13. Biofilm deformation over time at flow velocity of 0.001 m/s. (a) EPS viscosity is 1 kg m-

1 s-1. (b) EPS viscosity is 10 kg m-1 s-1. (c) EPS viscosity is 100 kg m-1 s-1 [83]. 
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2.3.3 Discrete models of biofilm 

Biofilm research based on discrete models started from 1990s [66]. As early as 1981, a metal-

particle aggregation process was simulated by the diffusion-limited aggregation (DLA) 

approach [84]. Later, Fujikawa and Matsushita found that when the Bacillus subtilis spices grew 

at a low initial nutrient concentration, as show in figure 2.14A, the morphology of the biofilm 

was similar to the dendritic pattern in DLA model [85]. Inspired by these interesting 

experimental observations, the DLA model has been used to produce the dendritic biofilm 

growth pattern [86]. The key principle of this model is displayed in figure 2.14B: a seed particle 

was set as the origin of a square lattice on the plane, the biofilm growth was modelled by 

releasing another particle, this new particle is far from the origin and could move randomly. 

When it reaches the site adjacent to origin, it could be frozen in this site. Consequently, the 

branched structure of biofilm could be obtained by repeating this procedure as shown in figure 

2.14C. The biofilm patterns predicted by this model appeared to be similar to the experimental 

observation; however, this graphic model did not include the biological processes since the 

bacteria grow through division. 

Figure 2.14. (A) A typical DLA-like colony patterns: Bacillus subtilis biofilm grew at initial nutrient 

concentration of 1 g/l for three weeks [85]. (B) 2D diffusion-limited aggregation growth model. (C) 

Computer simulation of a randomly branched structure which consists of 100000 particles [86]. 

Thereby, a simpler version of cellular automata (CA) model was introduced by Wimpenny and 

Colasanti [87] in which the bacteria division was taken into account. Different from the DLA 

model, the microbial cells replaced the seed particles in the CA model. Each cell could occupy 

a square lattice and reproduce itself to occupy the neighbouring square lattice. The growth of 

biofilm is controlled by the resource units which diffused with the same algorithm as the seed 

particles in DLA model. The microbial cell could search its neighbouring unoccupied squares 

and accumulate the resource units. When the resource units exceed the yield coefficient, a new 
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microbial cell could be produced. This model has been adopted to illustrate the specific 

biological issue, such as the biofilm growth at different nutrient concentration. However, there 

has no growth inside the biofilm since the substrate particles did not diffuse into the biofilm in 

this model. Therefore, this CA model has been further improved by considering more realistic 

bacteria growth [88]. In which case, the bacteria are modelled as walkers with location and 

internal energy, then internal energy decrease at a constant rate. The diffusion equation is 

adopted to solve nutrient diffusion in a triangular lattice. Walker can consume nutrient to 

increase internal energy, when the internal energy exceeds a threshold value, the walker would 

divide into two walkers. On the contrary, if the surrounding nutrient was not sufficient, the 

walker will be frozen there. The biofilm growth patterns driven by increased peptone level and 

agar concentration were shown in in figure 2.15.  

Figure 2.15. Generic modelling of biofilm growth patterns are organized as function of peptone level 

(P) and agar concentration (𝑁𝑁𝑐𝑐) [88]. 

Later, a combined differential-discrete cellular automaton model was established by Picioreanu 

et al. to simulate the growth of biofilm [89]. Compare with other pioneer CA models, the main 

contribution of this model is the biological parameters, which commonly used in traditional 

biofilm models, such as growth rate and nutrient concentration, have been implemented in this 

hybrid model. Biomass density and substrate concentration were two main parameters to 

determine the state of this microbial system. The substrate concentration field is solved by using 

differential equations, whereas the biofilm growth is simulated by CA model [90]. As shown 
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in figure 2.16, the physical space (bacteria, polymers and carrier) has been divided into small 

compartments. An assumption for this model is the consumption of substrate will merely lead 

to the growth of biomass. When the biomass exceeds the maximum value, it will divide into 

two parts. One of them will stay at the same lattice, and the other one is treated as a new element 

and put in a randomly selected neighbouring lattice space. If there has no free site in adjacent 

space, the new cell will replace one of their neighbours, then the replaced neighbour needs to 

look for a free site in the same way. This model was applied to simulate biofilm growth attached 

on a solid surface, the biofilm morphology, density and porosity are automatically generated 

by the model as the output results [90]. 

Figure 2.16. Construction of the hybrid cellular automata model, cells filled with biomass [91]. 

Afterwards, the model has been further extended by considering the fluid flow [92]. This fully 

quantitative multidimensional model (2D and 3D) can be utilized to describe the dynamic 

biofilm development and their highly heterogenous structures. The fluid field was firstly 

calculated by solving the Navier-Stokes equations to obtain the fluid velocity and pressure: 

∇ ∙ 𝐮𝐮 = 0                                                               (2.8) 

𝜕𝜕𝐮𝐮
𝜕𝜕𝜕𝜕

+ 𝐮𝐮 ∙ ∇𝐮𝐮 =  − 1
𝜌𝜌

 ∇𝑃𝑃 + 𝜐𝜐∇2𝐮𝐮                                            (2.9) 

where 𝐮𝐮 is the vector fluid velocity, 𝜌𝜌 and 𝜐𝜐 are fluid density and kinematic viscosity. Secondly, 

the captured velocity is used to resolve the substrate diffusion: 

𝜕𝜕𝐶𝐶𝑠𝑠
𝜕𝜕𝜕𝜕

+ 𝐮𝐮 ∙ ∇𝐶𝐶𝑠𝑠 = −𝑅𝑅𝑠𝑠(𝐶𝐶𝑠𝑠, 𝐶𝐶𝑥𝑥) + 𝐷𝐷∇2𝐶𝐶𝑠𝑠                                  (2.10) 
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where 𝐶𝐶𝑠𝑠  is the substrate concentration, 𝐶𝐶𝑥𝑥  is the concentration of biomass, 𝑅𝑅𝑠𝑠  is the 

consumption rate of substrate and D is the nutrient diffusion coefficient. Afterwards, the 

biomass growth was calculated by a kinetic model:  

𝜕𝜕𝐶𝐶𝑥𝑥
𝜕𝜕𝜕𝜕

= 𝑅𝑅𝑥𝑥(𝐶𝐶𝑠𝑠, 𝐶𝐶𝑥𝑥)                                                       (2.11) 

where 𝑅𝑅𝑥𝑥  is the biomass formation rate. Then biomass spreading is solved by the cellular 

automata approach which has been introduced in [89]. Before biomass redistribution, the 

biofilm deformation energy, which induced by the shear stress acting on the biofilm surface, 

was calculated to determine the break point. It should be noted that there is a significant 

separation of time scales during biofilm development. The time scale of biological processes 

including biofilm growth and biofilm decay ranges from hours to days, the substrate could 

transport in the scale of minutes, while the hydrodynamic process happens in seconds [92]. 

Therefore, to reduce the computational time, each process is solved by assuming the others are 

at steady state [66]. In addition, an extension of this hybrid model has been presented by 

Picioreanu et al. to study the fluid shear induced biofilm erosion and sloughing, in which 

biofilm is modelled as an isotropic elastic material [93]. In this model, the laminar flow should 

be analysed by incompressible Navier-Stoke equations before biofilm breakup. Then the 

normal and tangential fluid shear stresses could be provided to calculate the equivalent stress, 

biofilm detachment occurs when the calculated equivalent stress is greater than the cohesion 

strength, which is defined as internal stress to resist the tensile stress. An assumption for biofilm 

detachment process is the detached biomass disappear from the system immediately, that is, the 

grid cells which comprise detached biomass will only have liquid inside after detachment. 

Therefore, the model didn’t allow the illustration of biofilm reattachment and the secondary 

detachment of detached biofilm flocs.  

2.3.4 Individual based biofilm models 

Individual based model (IbM, also known as agent-based model) is widely used to simulate a 

complex system of populations, such as the modelling of forest succession and animal 

populations [94]. Broadly speaking, IbM is also a type of discrete element modelling. Since the 

independent individuals in the model are allowed to have their own behaviour and can interact 

with each other, this modelling approach has been addressed to describe the microbial system-

biofilm. BacSim is the first two-dimensional agent-based model to simulate the growth of 

biofilm [95, 96].  Bacteria are represented as circles in the model and more realistic biological 

processes, such as cell division, death, metabolism, maintenance and substrate uptake were 
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included. Later, BacSim was updated to version 2 and introduced in [18]. The improved model 

is a quasi-3D model since the depth of the simulation domain is kept at a small value equals to 

twice the bacteria diameter. Therefore, the bacteria are represented as spheric particles (3D) 

while the 2D lattice is used to solve the diffusion-reaction of substrates. Similar to the biomass-

based model (BbM) in [89], biofilm growth is assumed to be the result of diffusion, reaction, 

bacteria growth, division and spreading. Bacteria cells grow by consuming the nutrient and 

divide when the volume reaches the maximum value. A minimum distance is set among the 

cells to shove the growing bacteria cells to obtain the new morphology of biofilm. In order to 

have a comparison, the same input parameters are adopted into IbM. In principle, the results 

agree with the outputs of BbM, but the details of biofilm morphology and the growth of 

minority species are different [18]. Therefore, the IbM may be better for investigating the 

biofilm system within multispecies or biofilm growth in small scale since it allows individual 

variability and requires high computational effort [66]. In order to overcome this drawback, a 

scaled-up model termed particle-based model has been established to describe the biofilm 

system with large-scale heterogeneity [19]. Then basic idea of this model is to replace the small 

size bacteria agents with super-particles, the diameter of those large particles is around 10-20 

μm and the principle of biomass spreading is inherited from the previous model of Kreft et al. 

[18, 95, 96]. This model could present the biofilm with multispecies by using different type of 

active biomass in the system, and only one type of inert biomass is taken into account. Thus, 

each particle consists of one type of active biomass and a fraction of inert biomass. The density 

of particle is constant in this particle-based model. Therefore, the particle size increases with 

the growing biomass. When the mass reaches the maximum value, the particle will divide into 

to daughter particles and the biomass is transferred unevenly. Besides, similar to one-

dimensional modelling [71], a simple biomass detachment is implemented in some cases: the 

thickness of the biofilm could be set as constant, then the particles which move out of this 

limitation will be removed from the simulation domain [19]. Effectively, the particle-based 

model is the scaled-up version of traditional individual based model, therefore, it allows to 

model the heterogeneity of biofilm at large-scale. 

In addition, to investigate how the biofilm structure is affected by the EPS, the BacSim is 

extended to allow the production of EPS. EPS are initially generated as a shell around the 

bacterial particles and then excrete as cell-sized particle into the system [20]. The numerical 

simulation found that the production of EPS reduced the growth of producers but accelerated 

the growth of non-producers. Later, an individual model which combines all those approaches 
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have been introduced to explain the structure of multispecies biofilms [97]. In this model, the 

changes in cells are not only due to biomass growth but also the biomass decay, where the 

biomass decay will reduce the size of the biomass cells. Thus, the division happens when the 

radius of cells exceeds a threshold value. This framework is extended to describe biofilm 

erosion and sloughing by using an empirical detachment speed function without the 

requirement of mechanistic model. Compared with the detachment model in [93], this 

simplified detachment model could save the computational time and cost with numerical 

efficient [98]. Furthermore, EPS have been also modelled as a continuum field in [99]. 

Meanwhile, the microbial cells are simulated by using discrete element method and can interact 

with the continuum entities. That is, bacteria are embedded in their EPS matrix. The EPS is 

treated as a viscous fluid, and EPS region could expand by releasing the pressure which is 

produced by the biomass growth. On the contrary, the EPS region will shrink when biomass 

decay occurs. Cell spreading here is caused by the global advection (Darcy’s law) and particle 

shoving. This model was applied to describe the consolidation of biofilm and the microbial 

colonies growth in EPS matrix. However, the model could be refined because of the lack of 

experimental data, such as the kinetics parameters of EPS formation and the mechanical 

properties of EPS matrix [99].  

Later, an open-source software named ‘individual-based Dynamics of Microbial Communities 

Simulator’(iDynoMiCS) has been introduced by Lardon et al. [100]. Most features of previous 

work have been merged in iDynoMiCS and was used to simulate the growth of microbial 

system by using individual microbes. This advanced model allows to study the interaction 

among new types of agents, such as archaea, protozoa, algae and fungi. In addition, EPS 

excretion process has been improved. The produced EPS is continuously transported into 

environment and distributed to the neighbouring EPS particles which have a radius smaller than 

the certain radius. If there are no EPS particles nearby, then a new EPS particle will be created. 

Besides, based on the smoothed particle hydrodynamic methods [101], the small size EPS 

particles are used to recreate a viscous fluidic biofilm matrix, which is an alternative to the 

continuum treatment in [99]. Recently, a mechanistic individual-based model developed at 

Newcastle University (NUFEB) has been introduced by Jayathilake et al. [102]. This model 

was developed based on the open-source software: Large-scale Atomic/Molecular Massively 

Parallel Simulator (LAMMPS). The biological processes such as bacteria growth, division, 

decay and the diffusion and reaction of nutrient are established and implemented as a package 

of LAMMPS. Besides, the model allows physical interaction among the individual particles. 



 

 

27 

Therefore, the EPS adhesion force, contact force and shear induced biofilm detachment could 

be described. Additional thermodynamic principles are applied to simulate biofilm growth and 

the growth yield is estimated by the chemical energy [103].  

The NUFEB modelling framework is presented in figure 2.17. A representative volume element 

was chosen from the large system which need to be studied. Then the partial differential 

equations were used to discretize the environment of the volume element, spherical individual 

cells were represented in this space. Three functional group of microorganisms including 

heterotrophic bacteria, ammonia oxidizing bacteria and nitrite oxidizing bacteria have been 

considered in the model.  Each agent in different group has species-dependent rules and kinetics. 

Bacteria grow and divide by consuming nutrient from the environment, the extracellular 

polymeric substance is produced by heterotrophic bacteria. Physical interactions among the 

particles are adopted by using Hertzian or spring models [102]. The details of biological process 

and mechanical interactions in this model would be introduced in chapter 3. The individual-

based models have the capacity to predict dynamics in complex systems since the 

microorganism system is heterogeneous and stochastic [104]. However, there are still some 

limitations about IbM. For example, it is very computationally expensive when simulate large-

scale microbial systems. It is tricky to get accurate modelling parameters for individual cells 

from experimental measurements [104]. 

Figure 2.17. Summary of individual-based modelling (NUFEB) [102].  
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2.4 Mechanical properties of biofilms 

Knowing the mechanical properties of biofilm, such as elastic modulus, shear modulus and 

cohesive strength, allow better understanding of biofilm system. Biofilm structure and the 

mechanical stability could be determined by those physical properties. A lot of work has been 

done to measure these mechanical properties; however, there is big variation of the results 

which depends on the microbial species and experimental approaches. Mechanical properties 

of biofilms are dominant factors for the biofilm deformation and detachment in the fluid flow.   

2.4.1 Viscoelasticity of biofilms  

A number of studies suggested that biofilms often behave as viscoelastic material [13, 54, 105, 

106]. These experiments demonstrated that biofilms exhibit an instantaneous elastic response 

and a time-dependent viscous deformation. In addition, results from flow cell experiments show 

a residual strain which is completely irrecoverable during biofilm relaxation [15, 54, 107]. 

Viscoelasticity is time-dependent mechanical property of a material, which contains both elastic 

(solid) and viscous (fluid) characteristics [108]. Figure 2.18 displays the typical stress-strain 

curves of elastic and viscoelasticity. For an elastic material, when a stress is applied, it deforms 

immediately and would return to its original shape once the stress is removed (Figure 2.18A). 

Thus, the loading and unloading curves are superimposed. However, in case of viscoelastic 

material, these two curves are not coincident due to the energy loss which dissipates in the form 

of heat [109]. Hence a hysteresis loop is formed during loading and unloading (shaded in Figure 

2.18B). The area of the loop is equal to the amount of energy loss [110]. 

Figure 2.18. Typical stress-strain curves of elasticity and viscoelasticity. 



 

 

29 

The creep-recovery and stress relaxation tests are especially useful to test the viscoelastic 

characteristics. In the creep-recovery test, a constants stress is applied and maintained for a 

period of time and then remove the stress. As shown in figure 2.19, the viscoelastic material is 

subjected to a constant stress during the time from t0 to t1, which causes a time-dependent 

increase in strain (creep). After the force is removed, the material will recover the deformation 

continuously (recovery). For the viscoelastic solid materials, a complete recovery could be 

achieved overtime (Figure 2.18A and 2.19A), this kind of materials have been widely used as 

vibration isolation and noise damping. However, in case of viscoelastic fluid materials, the 

recovery would not be complete due to the irreversible viscous deformation (Figure 2.18B and 

2.19B) [111]. In the stress relaxation test, the material was strained initially, by holding this 

constant strain, a decrease in stress could be observed overtime.  

 

Figure 2.19. (A) and (B) show the strain ε response to an applied constant stress σ of the viscoelastic 

solid material and viscoelastic fluid material. The stress is applied at time t0 then removed at time t1. 

(C) and (D) shows the stress relaxation test of the viscoelastic solid material and viscoelastic fluid 

material [112]. 

A wide range of techniques has been adopted to measure the viscoelastic properties of biofilm. 

For example, the uniaxial compression (figure 2.20(a)) has been carried out to measure bulk 

properties of biofilm [14, 113]. In these experiments, the force required for biofilm compression 

is measured, and the apparent Young’s modulus could be determined from the slope of the 

force-displacement curve. In addition, the compression test could also be performed by using 

microindentation method (figure 2.20(e)), in which the mechanical properties of biofilm could 

be measured at microscale [55, 114]. In the microindentation experiment, a known force is 
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applied at the biofilm surface with an indenter, the indenter compresses the biofilm gradually 

and locally to obtain the stress-strain curve [115]. However, the main drawback of the 

compression test is that the normal compressive force is not the most relevant loading which 

biofilms undergo in nature environment [111]. In nature, most biofilms expose to various 

degrees of hydrodynamic conditions [116]. Therefore, the shear stress seems to be the relevant 

loading which a biofilm is most likely to undergo. Rheometer has been commonly used to 

investigate viscoelastic properties of biofilm (figure 2.20(b)) [117, 118]. Creep test could be 

conducted by applying a shear stress and monitoring the resulting strain, relaxation test could 

performed by applying a strain and measuring the shear stress [111]. The flow cell (figure 

2.20(c)) has also been employed to deform biofilm with controlled flow with the biofilm 

deformation captured by microscope or OCT [16, 55, 58, 59]. In the flow shear stress 

experiment, the biofilm grown under steady flow and then experience a fluctuational shear 

stress by changing the flow velocity. The flow cell is simple and cheap to operate and could be 

used to capture the simple stress-strain curve [111]. Atomic force microscopy (figure 2.20(d)) 

is also a well-known technique which could be applied to quantify the adhesion force between 

cells, cells and surface [119]. The adhesion and cohesion energy of biofilm have been measured 

by using AFM [120, 121].   

 

 

Figure 2.20. The method of measuring the mechanical properties of biofilm. (a) Uniaxial compression 

test, (b) shear stress in a rheometer test, (c) flow-cell method, (d) atomic force microscopy-

nanoindentation test, (e) microindentation test [115]. 
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The main results of biofilm mechanical properties using different methods are displayed in 

Table 2.1. Different viscoelastic models could be adopted to extract the viscoelastic parameters 

of biofilms. Some commonly used viscoelastic models have been explained as follows.  

Table 2.1 Summary of reported biofilm mechanical properties with different measurements [111, 122]. 

 Measurement method  Range of the value Reference 

Young’s modulus Uniaxial compression 6000-50000 Pa [14, 113] 

 Fluid cell 0.69-353 Pa [16, 54, 59, 123, 124] 

Shear modulus  Fluid cell 1.1-280 Pa [15, 16, 54] 

 Rheometer 0.6-1600 Pa [117, 118] 

Viscosity Fluid cell 3500-190000 Pa∙s [15, 16] 

 Rheometer 10-500000000 Pa∙s [105, 125, 126] 

Cohesive energy Atomic force microscopy 0.0001-0.0021 Pa [120] 

Adhesive force Atomic force microscopy 0.39-8.12 nN [121] 

 

2.4.2 Models of viscoelasticity 

For a linear elastic material, stress 𝜎𝜎 is proportional to strain 𝜀𝜀: 

𝜎𝜎 = 𝐸𝐸𝐸𝐸                                                           (2.12) 

where 𝐸𝐸 is the elastic modulus. However, for fluids, stress is a function of strain rate which can 

be expressed as: 

𝜎𝜎 = 𝜂𝜂 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

                                                          (2.13) 

where 𝜂𝜂 is the viscosity of the material which defined as the resistance to flow [127]. Therefore, 

the liquid with higher viscosity is more difficult to deform. Since the viscoelastic material has 

both elastic and viscous properties, thus it could be described by the model which combines 

spring and dashpot.  

Kelvin-Voigt and Maxwell model are commonly used simplest constitutive models for 

viscoelastic materials. A spring connected in parallel with a dashpot in the Kelvin-Voigt model, 

therefore, the strain experienced by the spring is the same with the strain experienced by the 

dashpot (Figure 2.21A): 

𝜀𝜀 = 𝜀𝜀𝐸𝐸 = 𝜀𝜀𝜂𝜂                                                    (2.14) 



 

 

32 

while the total stress is the sum of the stresses applied on spring and dashpot: 

𝜎𝜎 = 𝜎𝜎𝐸𝐸 + 𝜎𝜎𝜂𝜂                                                   (2.15) 

Substituting equation (2.12) and (2.13) into equation (2.15), the stress in Kelvin-Voigt model 

could be expressed as: 

𝜎𝜎 = 𝐸𝐸𝐸𝐸 + 𝜂𝜂 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

                                                (2.16) 

For the simplest Maxwell model, a spring connected in series with a dashpot, both spring and 

dashpot are subjected to the same stress with independent strain (Figure 2.21B):  

𝜀𝜀 = 𝜀𝜀𝐸𝐸 + 𝜀𝜀𝜂𝜂                                                  (2.17) 

𝜎𝜎 = 𝜎𝜎𝐸𝐸 = 𝜎𝜎𝜂𝜂                                                (2.18) 

Therefore, the strain rate in Maxwell model could be expressed as: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 1
𝐸𝐸

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

+ 𝜎𝜎
𝜂𝜂

                                             (2.19) 

Figure 2.21. The schematic diagram for (A) Kelvin-Voigt model and (B) Maxwell model [128]. 

When a stress is applied, the spring and dashpot in Kelvin-Voigt model cannot deform 

independently since the spring is restricted by the dashpot. Therefore, the spring would not 

return to its original position immediately during relaxation [128]. However, in the Maxwell 

model the spring extends immediately since the two elements have independent strain. 

Therefore, the model has an unlimited deformation as time increase when a stress is applied, it 
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is not real for the viscoelastic material [128]. Theoretically, the complex model, which 

combines Kelvin-Voigt and Maxwell model such as generalized Kelvin-Voigt, Maxwell model 

and Burgers model, could potentially describe the viscoelasticity more accurately. But it will 

require a number of fitting parameters [129]. 
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3 The development of individual based modelling  

3.1 Introduction 

In this chapter, the details of individual based models have been illustrated. The biofilm 

modelling was initially developed as one-way individual-based biofilm modelling (NUFEB 

model), then extended to two-way coupled model. The difference between those two models is 

the treatment of fluid flow. In the one-way modelling, the fluid flow is described by a simplified 

drag model which is based on Stokes flow passing a sphere. In other words, the agents can be 

moved by the fluid shear force but not affecting the flow pattern. This modelling is 

computational efficient and is still useful to understand the flow induced biofilm deformation 

and detachment when the detailed flow patterns are not of concerns. When the flow patterns 

around the biofilm are becoming important, the individual-based biofilm modelling (NUFEB 

model) has been improved by coupling it with a computational fluid dynamic model. This will 

then enable studying the interactions between the flow and biofilms. 

3.2 Individual-based modelling of biofilm 

The NUFEB model presented here is the first step towards the development of a comprehensive 

IbM which integrates biology, chemistry and physics to enable the prediction of the emergent 

properties of a wide range of bacterial communities [102]. This model combines biological 

processes with mechanical interactions between individual bacteria, bacteria-EPS and EPS-EPS. 

This IbM model has been implemented in the mechanically sophisticated Large-scale 

Atomic/Molecular Massively Parallel Simulator (LAMMPS), which is an open-source C++ 

molecular dynamics (MD) code developed by Sandia National Laboratories 

(http://lammps.sandia.gov/). LAMMPS has been widely adopted to simulate atoms or, more 

generally, as a parallel particle simulator at different length scales for a wide range of non-

living materials (e.g. metals, semiconductors, polymers) [130-132] due to its parallel, modular 

and extensible nature. However, it has never been employed to simulate microbial communities 

until the presence of NUFEB model. 

The IbM model implemented in LAMMPS consists of two types of sub-model: the biological 

sub-models which deals with biological processes (growth, division, decay, death), and the 

physical sub-models which handle physical processes (adhesion, contact, detachment) [102]. 

This 3D model allows the simulations of both single- and multi- species biofilm growth and 

their response to a given fluid shear force. In the individual based model, a micro-scale 
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Cartesian box could be defined as the simulation domain with length, width and depth. The 

simulation box is divided into Cartesian grid elements (Δ𝑥𝑥 × Δ𝑦𝑦 × Δ𝑧𝑧), each element has the 

local nutrient concentration and fluid flow velocity. In this model, both EPS producers and non-

EPS producer bacteria were considered. For example, three typical types of bacteria in 

wastewater were modelled: Heterotrophic bacteria (HET), Ammonia Oxidizing Bacteria (AOB) 

and Nitrite Oxidizing Bacteria (NOB). Besides, EPS which produced by heterotrophic bacteria 

and dead cells (I) are also considered in this model. The bacterial cells are represented as 

spherical particles, each individual contains their own mass, radius, type and location [102].  

The bacteria are placed in the simulation box randomly with a set of initial nutrient 

concentrations. Then the growth and division of bacterial cells are calculated, and the nutrient 

concentration is updated due to nutrient consumed by bacteria. Overlap among particles will be 

generated after bacteria growth and division. In the previous modelling work [18], a minimum 

distance was applied between neighbouring cells to minimize the overlap during growth. While, 

in NUFEB model the shoving of the cells is resolved in a mechanical way. Residual stress 

within the biofilm generates with the emergence of overlaps, then the location of the particles 

will be updated to release the stress to achieve the new mechanical equilibriums in the system. 

As explained in literatures [93, 133], the time scales of biological process, substrate transport 

and hydrodynamic processes are totally different. Therefore, in this model, each process is 

executed sequentially by assuming the other processes are at the steady stage. The pseudocode 

is shown below: 

Set initial condition for bacterial cells: number of the particles with ID, type, density, location 

and radius. 

Set the initial nutrient concentration in the simulation box. 

1. Biomass growth and decay, the growth rates are determined from the local substrate 

concentration. 

2. The local nutrient concentration is calculated by using diffusion-reaction equation. 

3. EPS production and bacterial cells division. 

4. Biomass spreading by mechanical relaxation, the positions of the cells are updated 

when the system reaches the new mechanical equilibrium. 

5. Go back to step 1 and reiterate the steps above. 

Those sub-models and related equations described in detail below.  



 

 

36 

3.2.1 Growth and decay of bacterial cells  

The growth of the bacterial cells is calculated by following equation: 

𝑑𝑑𝑚𝑚𝑖𝑖
𝑑𝑑𝑡𝑡

=  𝜇𝜇𝑖𝑖𝑚𝑚𝑖𝑖                                                           (3.1) 

where 𝑚𝑚𝑖𝑖 is the mass (kg) of the bacterial cell and 𝜇𝜇𝑖𝑖 is the growth rate (s-1). Then the growth 

formula is further described with the Monod kinetic equation which is a mathematical model 

for the microorganisms’ growth [134]: 

𝜇𝜇𝑖𝑖 = 𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚
𝑆𝑆

𝑆𝑆+𝐾𝐾𝑆𝑆
                                                        (3.2) 

where 𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum specific growth rate, S is the concentration of available substrate 

(kg m-3), the substrate affinity 𝐾𝐾𝑆𝑆 (kg m-3) refers to the substrate concentration at 𝜇𝜇𝑖𝑖 =  1
2

𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚. 

𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚 and 𝐾𝐾𝑆𝑆 are empirical constants which are determined by the microbial species and growth 

conditions. Substitute the equation (3.2) into equation (3.1), the bacterial growth equation is 

given by:  

𝑑𝑑𝑚𝑚𝑖𝑖
𝑑𝑑𝑡𝑡

=  𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚
𝑆𝑆

𝑆𝑆+𝐾𝐾𝑆𝑆
𝑚𝑚𝑖𝑖                                                (3.3) 

In this model, biofilm decay is assumed to be the first order kinetics (constants) and includes 

the maintenance rate. The growth and decay rates for different functional groups are listed in 

table 1. For the functional biomass group 𝑖𝑖 ( 𝑖𝑖 = HET, AOB, NOB, EPS and I), 𝜇𝜇𝑚𝑚,𝑖𝑖  is the 

maximum specific growth rate and  𝑏𝑏𝑖𝑖 is the decay rate.  𝑆𝑆𝑗𝑗 is the nutrient concentration for 

soluble component 𝑗𝑗 ( 𝑗𝑗 = S, NH4, NO2, NO3, O2). 𝜂𝜂𝐻𝐻 is the reduction factor for heterotrophs 

during anoxic growth. 𝐾𝐾𝑗𝑗,𝑖𝑖 is the affinity constant between the nutrient 𝑗𝑗 and biomass group 𝑖𝑖.  



 

 

37 

Table 3.1 Growth and decay rates for Heterotrophic bacteria, Ammonia Oxidizing Bacteria, Nitrite 

Oxidizing Bacteria, Extracellular Polymeric Substance and Dead cells. 

 

The nutrient concentrations, which used to calculate the growth rate in table 1, are the local 

nutrient concentration in the Cartesian grid element where the bacterial cell occupies. Therefore, 

the total growth/decay for each particulate component could be expressed as [102]: 

𝑑𝑑𝑚𝑚𝐻𝐻𝐻𝐻𝐻𝐻
𝑑𝑑𝑑𝑑

= [(𝑅𝑅1 + 𝑅𝑅4+𝑅𝑅5) − (𝑅𝑅6)]𝑚𝑚𝐻𝐻𝐻𝐻𝐻𝐻                                 (3.4a) 

𝑑𝑑𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴
𝑑𝑑𝑑𝑑

= [(𝑅𝑅2) − (𝑅𝑅7)]𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴                                       (3.4b) 
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𝑑𝑑𝑚𝑚𝑁𝑁𝑁𝑁𝑁𝑁
𝑑𝑑𝑑𝑑

= [(𝑅𝑅3) − (𝑅𝑅8)]𝑚𝑚𝑁𝑁𝑁𝑁𝑁𝑁                                       (3.4c) 

𝑑𝑑𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒_𝐻𝐻

𝑑𝑑𝑑𝑑
= 𝑌𝑌𝑒𝑒𝑒𝑒𝑒𝑒

𝑌𝑌𝐻𝐻𝐻𝐻𝐻𝐻
(𝑅𝑅1 + 𝑅𝑅4+𝑅𝑅5)𝑚𝑚𝐻𝐻𝐻𝐻𝐻𝐻                                     (3.4d) 

𝑑𝑑𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒

𝑑𝑑𝑑𝑑
= −𝑅𝑅9𝑚𝑚𝐸𝐸𝐸𝐸𝐸𝐸                                                    (3.4e) 

𝑑𝑑𝑚𝑚𝐼𝐼
𝑑𝑑𝑑𝑑

= −𝑅𝑅10𝑚𝑚𝐼𝐼                                                       (3.4f) 

𝑚𝑚𝐸𝐸𝐸𝐸𝐸𝐸_𝐻𝐻 is EPS bound to HET bacteria, 𝑌𝑌𝑒𝑒𝑒𝑒𝑒𝑒 and 𝑌𝑌𝐻𝐻𝐻𝐻𝐻𝐻 are EPS formation coefficient and yield 

coefficient for HET growth. The Bacterial cells shrink when the system is nutrient-limited. 

Those shrinking cells will become dead agents with the diameter of the cell reduce to a user-

specified minimum diameter. Their type will be changed to the dead type (I) and their biomass 

will convert to substrate to feed other agents.  

3.2.2 Nutrient mass balance 

The nutrient is treated as a continuous medium in our individual based modelling. For each 

soluble component (S, NH4, NO2, NO3, O2) in the simulation box, the mass balance of nutrient 

is solved by using the advection-diffusion-reaction equation:  

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑈𝑈��⃗ ∙ ∇𝑆𝑆 = 𝐷𝐷∇2𝑆𝑆 + 𝑅𝑅                                                      (3.5) 

     𝐷𝐷∇2𝑆𝑆 = 𝐷𝐷 𝜕𝜕2𝑆𝑆
∆𝑥𝑥2 + 𝐷𝐷 𝜕𝜕2𝑆𝑆

∆𝑦𝑦2 + 𝐷𝐷 𝜕𝜕2𝑆𝑆
∆𝑧𝑧2                                                 (3.6) 

where t is the time (s-1), D is the effective diffusion coefficient (m2 s-1), 𝑅𝑅 is the nutrient uptake 

rate (kg m-3 s-1). 

As shown in figure 3.1A, the substrate concentration in the bulk liquid layer is constants, it was 

separated from the biofilm with the boundary layer, and the nutrient will be transported into 

biofilm by diffusion [18], according to the initial value of the nutrient concentration which can 

be set by the operator, the concentration level in next time step can be obtained by discretising 

the diffusion-reaction equation. As illustrated in figure 3.1B, equation (3.5) has been discretized 

on a Marker-And-Cell (MAC) uniform grid, the dimension of the grid (Δ𝑥𝑥 × Δ𝑦𝑦 × Δ𝑧𝑧) in the 

simulation box could be defined by the user. The nutrient concentration at the centre of the grid 

is S, based on the Forward Euler method and Central finite difference method, discretized 

equations could be expressed as: 
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𝑆𝑆𝑖𝑖,𝑗𝑗,𝑘𝑘
𝑛𝑛+1−𝑆𝑆𝑖𝑖,𝑗𝑗,𝑘𝑘

𝑛𝑛

∆𝑡𝑡
+ 

𝑈𝑈𝑥𝑥
𝑖𝑖+1

2,𝑗𝑗,𝑘𝑘
+𝑈𝑈𝑥𝑥

𝑖𝑖−1
2,𝑗𝑗,𝑘𝑘

2
∙

𝑆𝑆
𝑖𝑖+1

2,𝑗𝑗,𝑘𝑘
𝑛𝑛 −𝑆𝑆

𝑖𝑖−1
2,𝑗𝑗,𝑘𝑘

𝑛𝑛

∆𝑥𝑥
+

𝑈𝑈𝑦𝑦
𝑖𝑖,𝑗𝑗+1

2,𝑘𝑘
+𝑈𝑈𝑦𝑦

𝑖𝑖,𝑗𝑗−1
2,𝑘𝑘

2
∙

𝑆𝑆
𝑖𝑖,𝑗𝑗+1

2,𝑘𝑘
𝑛𝑛 −𝑆𝑆

𝑖𝑖,𝑗𝑗−1
2,𝑘𝑘

𝑛𝑛

∆𝑦𝑦
+

𝑈𝑈𝑧𝑧
𝑖𝑖,𝑗𝑗,𝑘𝑘+1

2
+𝑈𝑈𝑧𝑧

𝑖𝑖,𝑗𝑗,𝑘𝑘−1
2

2
∙

𝑆𝑆
𝑖𝑖,𝑗𝑗,𝑘𝑘+1

2

𝑛𝑛 −𝑆𝑆
𝑖𝑖,𝑗𝑗,𝑘𝑘−1

2

𝑛𝑛

∆𝑧𝑧
= 𝐷𝐷𝑖𝑖+1

2,𝑗𝑗,𝑘𝑘 ∙
𝑆𝑆

𝑖𝑖+1
2,𝑗𝑗,𝑘𝑘

𝑛𝑛 −2𝑆𝑆𝑖𝑖,𝑗𝑗,𝑘𝑘
𝑛𝑛 −𝑆𝑆

𝑖𝑖−1
2,𝑗𝑗,𝑘𝑘

𝑛𝑛

∆𝑥𝑥2 + 𝐷𝐷𝑖𝑖,𝑗𝑗+1
2,𝑘𝑘 ∙

𝑆𝑆
𝑖𝑖,𝑗𝑗+1

2,𝑘𝑘
𝑛𝑛 −2𝑆𝑆𝑖𝑖,𝑗𝑗,𝑘𝑘

𝑛𝑛 −𝑆𝑆
𝑖𝑖,𝑗𝑗−1

2,𝑘𝑘
𝑛𝑛

∆𝑦𝑦2 + 𝐷𝐷𝑖𝑖,𝑗𝑗,𝑘𝑘+1
2

∙
𝑆𝑆

𝑖𝑖,𝑗𝑗,𝑘𝑘+1
2

𝑛𝑛 −2𝑆𝑆𝑖𝑖,𝑗𝑗,𝑘𝑘
𝑛𝑛 −𝑆𝑆

𝑖𝑖,𝑗𝑗,𝑘𝑘−1
2

𝑛𝑛

∆𝑧𝑧2  +R                                                           (3.7)              

The time of diffusive substrate transfer is much faster than the bacterial growth, therefore, the 

transported concentration becomes steady soon, then this value could be used in equation (3.3) 

to calculate biofilm growth rate. 

Figure 3.1. (A) Schematic of the nutrient diffusion [18] and (B) Marker-And-Cell (MAC) scheme [102]. 

When solve nutrient concentration transport equation, the effective diffusion coefficient 𝐷𝐷 is 

changed with the local biomass, for a location of (𝑥𝑥, 𝑦𝑦, 𝑧𝑧), the effective diffusion coefficient of 

nutrient 𝑆𝑆𝑗𝑗 could be expressed as [135]: 

𝐷𝐷(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = [1 − 0.43𝑋𝑋0.92(𝑥𝑥,𝑦𝑦,𝑧𝑧)
11.19+0.27𝑋𝑋0.99(𝑥𝑥,𝑦𝑦,𝑧𝑧)

]𝐷𝐷𝑠𝑠                                    (3.8) 

where 𝑋𝑋(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) is the biomass concentration and 𝐷𝐷𝑠𝑠 is the diffusion coefficient of nutrient 𝑆𝑆𝑗𝑗 

in water. 

The nutrient uptake rate of each soluble component in the grid element occupied by the biomass 

could be determined by the growth rates in table 1, biomass growth yield Yi and average biomass 

density Xi. The physical description of the yield coefficient is the ratio of the increase in biomass 

and the consumption of related nutrients (kg biomass/ kg substrate). The biomass density in a 

grid element (𝑖𝑖, 𝑗𝑗, 𝑘𝑘) is calculated as below: 
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𝑋𝑋𝑖𝑖(𝑖𝑖, 𝑗𝑗, 𝑘𝑘) = 1
Δ𝑥𝑥Δ𝑦𝑦Δ𝑧𝑧

∑ 𝑚𝑚𝑖𝑖,𝑝𝑝
𝑁𝑁𝑖𝑖
𝑃𝑃=1                                           (3.9) 

𝑁𝑁𝑖𝑖 is the number of the cells in biomass group 𝑖𝑖 within the grid element. Therefore, the nutrient 

uptake rates could be obtained by resolve the following equations: 

𝑅𝑅𝑠𝑠 = �−
1

𝑌𝑌𝐻𝐻𝐻𝐻𝐻𝐻
� 𝑅𝑅1𝑋𝑋𝐻𝐻𝐻𝐻𝐻𝐻 + �−

1
𝑌𝑌𝐻𝐻𝐻𝐻𝐻𝐻

� 𝑅𝑅4𝑋𝑋𝐻𝐻𝐻𝐻𝐻𝐻 + �−
1

𝑌𝑌𝐻𝐻𝐻𝐻𝐻𝐻
� 𝑅𝑅5𝑋𝑋𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑅𝑅6𝑋𝑋𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑅𝑅7𝑋𝑋𝐴𝐴𝐴𝐴𝐴𝐴

+ 𝑅𝑅8𝑋𝑋𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑅𝑅9𝑋𝑋𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑅𝑅10𝑋𝑋𝐼𝐼 

𝑅𝑅𝑂𝑂2 = �−
1 − 𝑌𝑌𝐻𝐻𝐻𝐻𝐻𝐻 − 𝑌𝑌𝐸𝐸𝐸𝐸𝐸𝐸

𝑌𝑌𝐻𝐻𝐻𝐻𝐻𝐻
� 𝑅𝑅1𝑋𝑋𝐻𝐻𝐻𝐻𝐻𝐻 + �−

3.42 − 𝑌𝑌𝐴𝐴𝐴𝐴𝐴𝐴

𝑌𝑌𝐴𝐴𝐴𝐴𝐴𝐴
� 𝑅𝑅2𝑋𝑋𝐴𝐴𝐴𝐴𝐴𝐴 + �−

1.15 − 𝑌𝑌𝑁𝑁𝑁𝑁𝑁𝑁

𝑌𝑌𝑁𝑁𝑁𝑁𝑁𝑁
� 𝑅𝑅3𝑋𝑋𝑁𝑁𝑁𝑁𝑁𝑁 

𝑅𝑅𝑁𝑁𝑁𝑁4 = �−
1

𝑌𝑌𝐴𝐴𝐴𝐴𝐴𝐴
� 𝑅𝑅2𝑋𝑋𝐴𝐴𝐴𝐴𝐴𝐴 

𝑅𝑅𝑁𝑁𝑁𝑁2 = �
1

𝑌𝑌𝐴𝐴𝐴𝐴𝐴𝐴
� 𝑅𝑅2𝑋𝑋𝐴𝐴𝐴𝐴𝐴𝐴 + �−

1
𝑌𝑌𝑁𝑁𝑁𝑁𝑁𝑁

� 𝑅𝑅3𝑋𝑋𝑁𝑁𝑁𝑁𝑁𝑁 + �−
1 − 𝑌𝑌𝐻𝐻𝐻𝐻𝐻𝐻 − 𝑌𝑌𝐸𝐸𝐸𝐸𝐸𝐸

1.17𝑌𝑌𝐻𝐻𝐻𝐻𝐻𝐻
� 𝑅𝑅5𝑋𝑋𝐻𝐻𝐻𝐻𝐻𝐻 

𝑅𝑅𝑁𝑁𝑁𝑁3 = �
1

𝑌𝑌𝑁𝑁𝑁𝑁𝑁𝑁
� 𝑅𝑅3𝑋𝑋𝑁𝑁𝑁𝑁𝑁𝑁 + �−

1 − 𝑌𝑌𝐻𝐻𝐻𝐻𝐻𝐻 − 𝑌𝑌𝐸𝐸𝐸𝐸𝐸𝐸

2.86𝑌𝑌𝐻𝐻𝐻𝐻𝐻𝐻
� 𝑅𝑅4𝑋𝑋𝐻𝐻𝐻𝐻𝐻𝐻 

3.2.3 Division of bacterial cells 

Bacteria cannot grow continually, as mentioned in literature [44], they will divide in the 

exponential phase. In the modelling, this behaviour is implemented by sensing the mass of the 

cells: if the mass of the single bacterium increases exceeds the user-specified value which is 

normally set as twice the mass of the initial input, the mother cell will divide into two daughter 

cells, as shown in figure 3.2. An unequal splitting ratio is used for redistribution of biomass to  

Figure 3.2. Division of the bacterial cells. 

break the synchrony growth: 40 %-60 % of the biomass of mother cell could be randomly 

redistributed to one of the daughter agents while the other one inherits the remaining mass hence 
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to keep the mass balance. Considering isotropic biomass spreading, one of the daughter agents 

occupies the location of mother agent and the other one is placed next to it in a random direction. 

3.2.4 EPS production  

The previous modelling work basing on the common view that EPS can be excreted by HETs 

rather than AOB and NOB microorganisms. After being released outside of the microbes, EPS 

will help biofilm to form a complete structure. It has been demonstrated that the heterotrophic 

bacteria have a faster biofilm formation rate than other bacteria because of the higher growth 

rate and the ability to produce EPS [136].  

As shown in figure 3.3, EPS production is treated in following way: at first stage, EPS is 

accumulated as an extra shell around HET particles; secondly, when the ratio of the outer radius 

(EPS) to internal radius (heterotrophic bacteria) exceeds a certain threshold value (usually equal 

to 1.25), then the EPS will be separated from the HET cells to form a pure EPS particle. The 

new EPS cell is placed around HET agent randomly which is similar to cell division. 

Figure 3.3. Schematic of production of EPS in NUFEB model. 

3.2.5  Mechanical sub-models 

The mechanical interactions between particles are calculated by using the discrete element 

method, which was proposed by Peter A. Cundall in 1971 to measure the acceleration in rock 

slopes [137]. Later, such a method has been further developed to study other materials 

consisting of discrete particles [138]. This has also been adopted for NUFEB model. In our 

modelling, the Newtonian equations of motion for particles are solved in a Lagrangian 

framework. The equation of translational movement of particle 𝑖𝑖 is expressed as: 

𝑚𝑚𝑖𝑖
𝑑𝑑𝑣𝑣𝚤𝚤���⃗
𝑑𝑑𝑡𝑡

= 𝐹𝐹𝚤𝚤��⃗ = 𝐹⃗𝐹𝑎𝑎,𝑖𝑖 + 𝐹⃗𝐹𝑐𝑐,𝑖𝑖 + 𝐹⃗𝐹𝑑𝑑,𝑖𝑖                                         (3.10) 

Where 𝐹⃗𝐹𝑎𝑎,𝑖𝑖 is adhesion force,  𝐹⃗𝐹𝑐𝑐,𝑖𝑖 is contact force, 𝐹⃗𝐹𝑑𝑑,𝑖𝑖 is drag force. 
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3.2.6 EPS adhesive force  

The released EPS mass from the HET particles is utilized to calculate the adhesion force 

between the particles, adhesion force generates with the existence of EPS mass. As illustrated 

in figure 3.4, the EPS link behaves as a spring to implement adhesion forces among the particles, 

it should be noted that if the particles do not have the EPS mass, there is no adhesive force 

between the two particles (e.g., the green particles in figure 3.4). The stiffness of the spring 

(𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒) is defined per unit mass, and the effective EPS mass (𝑚𝑚𝑖𝑖𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒 ) could be calculated between 

the agents. Therefore, the effective spring stiffness is 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒𝑚𝑚𝑖𝑖𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒. The distance between the two 

particles 𝑖𝑖, 𝑗𝑗 is determined by solving the equation below: 

𝛿𝛿 = (𝑑𝑑𝑖𝑖𝑖𝑖 − 𝑑𝑑𝑐𝑐) 𝑑𝑑𝚤𝚤𝚤𝚤������⃗

𝑑𝑑𝑖𝑖𝑖𝑖
                                                        (3.11) 

where 𝑑𝑑𝑖𝑖𝑖𝑖 is the distance between the centres of two interacting particles, 𝑑𝑑𝑐𝑐 is the sum of the 

two radii. Hence, the adhesion force can be expressed as: 

𝐹⃗𝐹𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖 = 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒𝑚𝑚𝑖𝑖𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒 𝛿𝛿                                                   (3.12) 

𝐹⃗𝐹𝑎𝑎,𝑖𝑖 = ∑ 𝐹⃗𝐹𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖
𝑁𝑁
𝑗𝑗=1                                                       (3.13) 

The adhesive model applies when the distance between the particles is less than two times of 

the radii sum (𝑑𝑑𝑖𝑖𝑖𝑖 < 2𝑑𝑑𝑐𝑐). Adhesive force will become zero when the distance exceeds 2𝑑𝑑𝑐𝑐 as 

the bond between particles is assumed to be broken. 

 Figure 3.4. Adhesion force among agents [102]. 
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3.2.7 Contact model 

For the two particles 𝑖𝑖, 𝑗𝑗 with mass 𝑚𝑚𝑖𝑖 , 𝑚𝑚𝑗𝑗  and radii 𝑟𝑟𝑖𝑖 , 𝑟𝑟𝑗𝑗, when the distance between them 

𝑑𝑑𝑖𝑖𝑖𝑖  is greater than their contact distance 𝑑𝑑𝑐𝑐 =  𝑟𝑟𝑖𝑖 + 𝑟𝑟𝑗𝑗 , there is no contact force among the 

particles. Contact force between the particles occurs when 𝑑𝑑𝑖𝑖𝑖𝑖 < 𝑑𝑑𝑐𝑐. As illustrated in figure 3.5, 

the normal force consists of a contact force and a damping force, while the tangential force 

comprises a shear force and a damping force. Normal and tangential force acting on the particle 

𝑖𝑖 could be expressed as [139]: 

𝐹⃗𝐹𝑛𝑛𝑛𝑛𝑗𝑗 = 𝑓𝑓 � 𝛿𝛿
𝑑𝑑𝑐𝑐

� (𝑘𝑘𝑛𝑛𝛿𝛿𝑛𝑛�⃗ 𝑖𝑖𝑖𝑖 − 𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝛾𝛾𝑛𝑛𝑣⃗𝑣𝑛𝑛)                           (3.14) 

𝐹⃗𝐹𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑓𝑓 � 𝛿𝛿
𝑑𝑑𝑐𝑐

� (−𝑘𝑘𝑡𝑡𝑆𝑆𝑡𝑡���⃗ − 𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝛾𝛾𝑡𝑡𝑣⃗𝑣𝑡𝑡)                           (3.15) 

𝐹⃗𝐹𝑐𝑐,𝑖𝑖 = ∑ (𝑛𝑛
𝑗𝑗  𝐹⃗𝐹𝑛𝑛𝑛𝑛𝑛𝑛 + 𝐹⃗𝐹𝑡𝑡𝑡𝑡𝑡𝑡)                                   (3.16) 

where 𝛿𝛿  is the normal overlap between the two particles, 𝑟𝑟𝑖𝑖  and 𝑟𝑟𝑗𝑗  are the diameter of two 

particles in the vicinity,  𝑘𝑘𝑛𝑛 and 𝑘𝑘𝑡𝑡 are the elastic constants for normal contact and tangential 

contact, 𝛾𝛾𝑛𝑛  and 𝛾𝛾𝑡𝑡  are respectively the normal damping coefficient and tangential damping 

coefficient, 𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑚𝑚𝑖𝑖𝑚𝑚𝑗𝑗/(𝑚𝑚𝑖𝑖 + 𝑚𝑚𝑗𝑗) is the effective mass among the two particles, 𝑆𝑆𝑡𝑡���⃗  is the 

vector of tangential displacement between the two agents, 𝑛𝑛𝑖𝑖𝑖𝑖 is the normal vector between the 

two particles, 𝑣⃗𝑣𝑛𝑛 and 𝑣⃗𝑣𝑡𝑡 are the normal component and tangential component of the relative 

velocity vector between the two particles. In LAMMPS, the linear spring-dash model is adopted 

when 𝑓𝑓 � 𝛿𝛿
𝑑𝑑𝑐𝑐

� = 1, in which the normal force is a linear function of the overlap distance. The 

Hertzian contact model,  𝑓𝑓 � 𝛿𝛿
𝑑𝑑𝑐𝑐

� = √𝛿𝛿�
𝑟𝑟𝑖𝑖𝑟𝑟𝑗𝑗

𝑟𝑟𝑖𝑖+𝑟𝑟𝑗𝑗
 is used where the normal force is a function of the 

overlap area. Therefore, the contact force between the two collided DEM particles i, j could be 

rewritten in Hookean style and Hertzian style (LAMMPS Manual): 

𝐹⃗𝐹𝑖𝑖𝑖𝑖 = � 𝑘𝑘𝑛𝑛𝛿𝛿𝑛𝑛�⃗ 𝑖𝑖𝑖𝑖 − 𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝛾𝛾𝑛𝑛𝑣⃗𝑣𝑛𝑛� − �𝑘𝑘𝑡𝑡𝑆𝑆𝑡𝑡���⃗ + 𝑚𝑚𝑒𝑒𝑓𝑓𝑓𝑓𝛾𝛾𝑡𝑡𝑣⃗𝑣𝑡𝑡�                        (3.17) 

𝐹⃗𝐹𝑖𝑖𝑖𝑖 = √𝛿𝛿�
𝑟𝑟𝑖𝑖𝑟𝑟𝑗𝑗

𝑟𝑟𝑖𝑖+𝑟𝑟𝑗𝑗
 [� 𝑘𝑘𝑛𝑛𝛿𝛿𝑛𝑛�⃗ 𝑖𝑖𝑖𝑖 − 𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝛾𝛾𝑛𝑛𝑣⃗𝑣𝑛𝑛� − �𝑘𝑘𝑡𝑡𝑆𝑆𝑡𝑡���⃗ + 𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝛾𝛾𝑡𝑡𝑣⃗𝑣𝑡𝑡�]                (3.18) 

https://lammps.sandia.gov/doc/pair_gran.html
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Figure 3.5. (A) Normal displacement 𝛿𝛿  and tangential displacement 𝑆𝑆𝑡𝑡  [140]. (B) Collision model 

between two particles. 

3.2.8 Drag model 

The Stocks’ law could be applied to study the motion of spherical particles in the laminar flow 

[141]. In this individual-based modelling, drag force is calculated as the force due to Stokes 

flow around a sphere:  

𝐹⃗𝐹𝑑𝑑,𝑖𝑖 = 3𝜋𝜋𝑑𝑑𝑖𝑖𝜂𝜂𝑣𝑣𝑟𝑟���⃗                                                      (3.19) 

where 𝑑𝑑𝑖𝑖  is the diameter of the particles, 𝜂𝜂  is the dynamic viscosity of the fluid, 𝑣𝑣𝑟𝑟���⃗  is the 

velocity vector between the particles and the fluid. 

3.3 Two-way coupling fluid-structure interaction biofilm model 

The two-way coupling model is established by extending the CFD-DEM solver SediFoam with 

microbial cells. SediFoam is coupling OpenFOAM (Open-source Field Operation and 

Manipulation) and LAMMPS [142]. CFD-DEM approach has been widely used for particle-

laden flows such as sediment transport and gas-solid fluidization [143, 144]. In this two-way 

coupled model, CFD is utilized to solve the fluid field while the particle motion is tracked by 

DEM on a Lagrangian framework. Figure 3.6 displays the flowchart of CFD-DEM approach. 

The equations of fluid and particle motion are calculated independently at each simulation time 
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step. In CFD module, an averaging algorithm based on diffusion is developed to achieve the 

mapping from particle-scale quantities to macroscopic quantities [145]. The averaging 

procedure is carried out based on the updated particle state from DEM, then the fluid equations 

are solved based on finite volume method [142]. The equations of fluid motion, particle motion 

and fluid-particle interaction force are introduced in detail below. 

Figure 3.6. The flowchart of the CFD-DEM approach. 

3.3.1 Discrete element method for particle motion 

In the CFD-DEM approach, motion of particle 𝑖𝑖 is calculated based on Newton’s second law as 

the following equations: 

𝑚𝑚𝑖𝑖
𝑑𝑑𝑣𝑣�⃗ 𝑖𝑖
𝑑𝑑𝑡𝑡

= 𝐹⃗𝐹 = 𝐹⃗𝐹𝑐𝑐,𝑖𝑖 + 𝐹⃗𝐹𝑐𝑐𝑐𝑐ℎ,𝑖𝑖 + 𝐹⃗𝐹𝑓𝑓𝑓𝑓,𝑖𝑖                                           (3.20) 

where 𝑣⃗𝑣𝑖𝑖 is the velocity of the particle; 𝑚𝑚𝑖𝑖 is the particle mass; 𝐹⃗𝐹𝑐𝑐,𝑖𝑖 is the contact force among 

collided particles, 𝐹⃗𝐹𝑐𝑐𝑐𝑐ℎ,𝑖𝑖 is inter-particle cohesive force, 𝐹⃗𝐹𝑓𝑓𝑓𝑓,𝑖𝑖 is the fluid-particles interaction 

force. The details of contact model are introduced in section 3.2.7. The fluid-particle interaction 
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force 𝐹⃗𝐹𝑓𝑓𝑓𝑓,𝑖𝑖 is calculated by OpenFOAM and then substitute to DEM model to update the particle 

information.  

3.3.2 Cohesive model 

The cohesive force among the biofilm particles is represented by the following formula [146, 

147] : 

𝐹⃗𝐹𝑐𝑐𝑐𝑐ℎ,𝑖𝑖 = − 𝐴𝐴
6 64𝑟𝑟𝑖𝑖

3𝑟𝑟𝑗𝑗
3(𝑠𝑠+𝑟𝑟𝑖𝑖+𝑟𝑟𝑗𝑗)

(𝑠𝑠2+2𝑟𝑟𝑖𝑖𝑠𝑠+2𝑟𝑟𝑗𝑗𝑠𝑠)
2

(𝑠𝑠2+2𝑟𝑟𝑖𝑖𝑠𝑠+2𝑟𝑟𝑗𝑗𝑠𝑠+4𝑟𝑟𝑖𝑖𝑟𝑟𝑗𝑗)
2 𝑛𝑛���⃗ 𝑖𝑖𝑖𝑖                 (3.21) 

where A is the cohesive strength, s is the separation distance between the particle surface. A 

minimum separation distance 𝑠𝑠𝑚𝑚𝑚𝑚𝑚𝑚 is implemented when the separation distance between the 

two particles equals to zero (𝑠𝑠 = 0). 

3.3.3 Locally-Averaged Navier-Strokes equations for fluids 

The fluid flow is described by locally-averaged incompressible Navier-Stokes equations. 

Assuming constant fluid density 𝜌𝜌𝑓𝑓, the governing equations for the fluid are [142]: 

∇ ∙ �𝜖𝜖𝑠𝑠𝑈𝑈��⃗ 𝑠𝑠 + 𝜖𝜖𝑓𝑓𝑈𝑈��⃗ 𝑓𝑓 � = 0,                                                        (3.22a) 

𝜕𝜕(𝜖𝜖𝑓𝑓𝑈𝑈��⃗ 𝑓𝑓 )
𝜕𝜕𝜕𝜕

+ ∇ ∙ �𝜖𝜖𝑓𝑓𝑈𝑈��⃗ 𝑓𝑓 𝑈𝑈��⃗ 𝑓𝑓 � =  1
𝜌𝜌𝑓𝑓

(−∇𝑝𝑝 +  𝜖𝜖𝑓𝑓∇ ∙ 𝑅𝑅�⃗ + 𝜖𝜖𝑓𝑓𝜌𝜌𝑓𝑓𝑔⃗𝑔 + 𝐹⃗𝐹𝑓𝑓𝑓𝑓 )                        (3.22b) 

𝜖𝜖𝑠𝑠 is solid volume fraction while 𝜖𝜖𝑓𝑓 is fluid volume fraction which equals to (1-𝜖𝜖𝑠𝑠). 𝑈𝑈��⃗ 𝑠𝑠  and 

𝑈𝑈��⃗ 𝑓𝑓 are particle velocity and fluid velocity, respectively. 𝐹⃗𝐹𝑓𝑓𝑓𝑓 is the fluid-particle interaction force. 

∇𝑝𝑝 is the pressure gradient, 𝑔⃗𝑔 is gravity and 𝑅𝑅�⃗  is the stress tensor consisting of viscous stress 

and Reynolds stress.  

Equation (3.21) and (3.22) are discretized by the collocated volume grids. The solid volume 

fraction and fluid volume fraction 𝜖𝜖𝑠𝑠, 𝜖𝜖𝑓𝑓 are spatial dependent in the simulation. The microbial 

particles are immersed in the fluid. For each grid  element (g) in the simulation, the solid volume 

fraction is the ratio of the total particle volume within the grid element over the volume of the 

grid element 𝑉𝑉𝑔𝑔 [145]: 

𝜖𝜖𝑠𝑠,𝑐𝑐 =
� 𝑉𝑉𝑝𝑝,𝑖𝑖

𝑛𝑛𝑝𝑝,𝑔𝑔

𝑖𝑖=1
𝑉𝑉𝑔𝑔

                                                         (3.23) 

Where 𝑛𝑛𝑝𝑝,𝑔𝑔 is the number of particles in the grid element,  𝑉𝑉𝑝𝑝,𝑖𝑖 is the volume of particle i, 𝑉𝑉𝑔𝑔 is 

the total volume of the grid. In addition, the continuum Eulerian field of 𝜖𝜖𝑠𝑠, 𝑈𝑈��⃗ 𝑠𝑠 and 𝐹⃗𝐹𝑓𝑓𝑓𝑓 should 

be computed by using the coarse graining algorithm to solve the equation. The details of this 

averaging procedure are described in [145, 148]. Therefore, only the averaged flow feature 
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could be captured by the locally-averaged Navier-Stokes equations. That is, the detailed flow 

features at small scales, such as boundary layer at the particle surface, could not be resolved by 

the CFD-DEM approach[147]. 

3.3.4 Fluid-particle interaction 

The fluid-particle interaction force 𝐹⃗𝐹𝑓𝑓𝑓𝑓,𝑖𝑖 consists the drag force and lift force. For the particle 𝑖𝑖, 

the drag force model is expressed as [147]:  

𝐹⃗𝐹𝑓𝑓𝑓𝑓,𝑖𝑖
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑉𝑉𝑝𝑝,𝑖𝑖

𝜖𝜖𝑓𝑓,𝑖𝑖𝜖𝜖𝑠𝑠,𝑖𝑖
 𝛽𝛽𝑖𝑖�𝑈𝑈��⃗ 𝑓𝑓,𝑖𝑖 − 𝑢𝑢�⃗ 𝑝𝑝,𝑖𝑖 �                                            (3.24)                                        

where 𝑉𝑉𝑝𝑝,𝑖𝑖  is the volume of the particle i, 𝑈𝑈��⃗ 𝑓𝑓,𝑖𝑖  and 𝑢𝑢�⃗ 𝑝𝑝,𝑖𝑖  are the fluid velocity and particle 

velocity, respectively. 𝜖𝜖𝑓𝑓,𝑖𝑖 is fluid volume fraction while 𝜖𝜖𝑠𝑠,𝑖𝑖 is solid volume fraction, 𝛽𝛽𝑖𝑖 is the 

drag correlation coefficient which is used to convert terminal velocity correlation to drag 

correlation [149]: 

 

𝛽𝛽𝑖𝑖 = 3
4

𝐶𝐶𝑑𝑑,𝑖𝑖
𝑉𝑉𝑟𝑟,𝑖𝑖

2
𝜌𝜌𝑓𝑓�𝑈𝑈��⃗ 𝑓𝑓,𝑖𝑖−𝑢𝑢��⃗ 𝑝𝑝,𝑖𝑖 �

𝑑𝑑𝑝𝑝,𝑖𝑖
 𝜖𝜖𝑓𝑓,𝑖𝑖𝜖𝜖𝑠𝑠,𝑖𝑖                                       (3.25) 

where 𝐶𝐶𝑑𝑑,𝑖𝑖 = � 0.63 + 4.8�
𝑉𝑉𝑟𝑟

𝑅𝑅𝑒𝑒𝑝𝑝,𝑖𝑖
 �

2

 is the drag coefficient, 𝑑𝑑𝑝𝑝,𝑖𝑖 is the diameter of particle 𝑖𝑖, 𝑅𝑅𝑒𝑒𝑝𝑝,𝑖𝑖 

is the particle Reynolds number expressed as: 

𝑅𝑅𝑒𝑒𝑝𝑝,𝑖𝑖 = 𝜌𝜌𝑠𝑠𝑑𝑑𝑝𝑝,𝑖𝑖�𝑈𝑈��⃗ 𝑓𝑓,𝑖𝑖 − 𝑢𝑢�⃗ 𝑝𝑝,𝑖𝑖 �/𝜇𝜇                                    (3.26) 

Where 𝜌𝜌𝑠𝑠 is the density of particle, 𝜇𝜇 is the dynamic viscosity of fluid flow, 𝑉𝑉𝑟𝑟,𝑖𝑖 is the terminal 

velocity correction for particle 𝑖𝑖 [150]: 

𝑉𝑉𝑟𝑟,𝑖𝑖 = 0.5 �𝐴𝐴 − 0.06𝑅𝑅𝑒𝑒𝑝𝑝,𝑖𝑖 + �(0.06𝑅𝑅𝑒𝑒𝑝𝑝,𝑖𝑖)2 + 0.12𝑅𝑅𝑒𝑒𝑝𝑝,𝑖𝑖
(2𝐵𝐵 − 𝐴𝐴) + 𝐴𝐴2�      (3.27) 

The function of void fraction A and B are defined as:  

𝐴𝐴 = 𝜖𝜖𝑓𝑓,𝑖𝑖
4.14                                                  (3.28a) 

𝐵𝐵 = �
0.8𝜖𝜖𝑓𝑓,𝑖𝑖

1.28          if 𝜖𝜖𝑓𝑓,𝑖𝑖  ≤ 0.85
   𝜖𝜖𝑓𝑓,𝑖𝑖

2.65              if 𝜖𝜖𝑓𝑓,𝑖𝑖  ≤ 0.85
                              (3.28b) 

In addition, the lift force on the particle 𝑖𝑖 is calculated by the following formular [147, 151, 

152]:  
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𝐹⃗𝐹𝑓𝑓𝑓𝑓,𝑖𝑖
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝐶𝐶𝑙𝑙(𝜌𝜌𝑓𝑓𝜇𝜇)0.5𝑑𝑑𝑝𝑝,𝑖𝑖

2 �𝑈𝑈��⃗ 𝑓𝑓,𝑖𝑖 − 𝑢𝑢�⃗ 𝑝𝑝,𝑖𝑖 � × 𝜔𝜔𝑖𝑖
|𝜔𝜔𝑖𝑖|0.5                     (3.29) 

where 𝐶𝐶𝑙𝑙  is the lift coefficient equals to 1.6, 𝜔𝜔𝑖𝑖 = ∇ × 𝑈𝑈��⃗ 𝑓𝑓,𝑖𝑖  is the curl of flow velocity 

interpolated to the center of particle 𝑖𝑖. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

49 

4 Biofilm formation and detachment due to the simple shear 

flow 

4.1 Introduction 

Bacterial biofilms are microbial communities attached to the wet surface and encased within a 

self-produced matrix which terms extracellular polymeric substance [153]. Biofilm is the 

typical mode of bacterial survival in nature since the formation of biofilm helps the bacteria to 

live in adverse environments [154]. In addition, it was found that the bacteria, which embedded 

in the biofilm, have an extremely high resistant to antibiotics than when they are in planktonic 

state [8]. Biofilm formation is the result of a series of biological, chemical and physical events, 

mainly including bacterial cell transport to the surface, initial reversible and irreversible 

attachment, biofilm growth and EPS extraction, biofilm maturation, dispersion and detachment 

of biofilm [25]. The emergence of biofilms poses various threats to human health since they are 

responsible for nearly 65 % of all hospital infections [155]. For example, biofilm on in-dwelling 

medical devices would cause biofilm-related infection [156]. Apart from these, the formation 

of biofilm on the metallic materials surface may accelerate the corrosion rate of metals [157, 

158]. This kind of biocorrosion was widely found in marine environments and cooling tower 

system [159, 160]. Therefore, it is desirable to investigate and predict the development of 

biofilm and their mechanical characteristics. In this case, mechanistic biofilm models could be 

used as a powerful research tool and an assistant of engineering practice.  

Biofilm modelling could include all these major processes during biofilm development. Besides, 

specified biofilm behaviour could be described by using the mathematical models. A lot of 

modelling work focused on biofilm detachment since it is an essential process in biofilm life 

cycle. In the one-dimensional biofilm model, different empirical numerical models were 

applied to describe the biofilm detachment rate. For example, a commonly used detachment 

model assumed the detachment rate to be proportional to the biofilm mass and thickness [70]. 

In addition, a detachment velocity, which was defined as a second-order function of biofilm 

thickness, was adopted to describe the detachment of biofilm [71]. This detachment model was 

further extended to multidimension, the velocity was defined in the normal direction to the 

surface of the biofilm/liquid interface [98]. Besides, the probability of detachment, which 

depends on the square of biofilm height above the substratum, was applied to simulate the shear 
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detachment [161]. However, the mechanisms of biofilm detachment, such as erosion and 

sloughing, were not well understood. 

In this study, the individual based model of microbials was implemented into LAMMPS which 

is an open-source molecular dynamics simulator. IbM is a bottom-up approach which could be 

used to model a macroscopic system by describing the actions and properties of the individuals 

comprising the system [20]. Therefore, the agents in the individual based model are defined as 

independent entities with their own state and behaviour [96]. The present model could combine 

the biological processes (e.g. bacteria growth and division, EPS extraction) with mechanical 

interactions (e.g. contact force, EPS adhesion force and drag force) among individual agent 

within the biofilm system.  

The deformation and detachment of biofilm were investigated by using the IbM, the processes 

of biofilm growth and biofilm deformation were decoupled in this work. Therefore, the 

deformation and detachment of biofilm is a result of mechanical interactions between EPS and 

bacterial cells when biofilm exposed to the shear flow. Since the motion of bacteria in the 

hydrodynamic environments is primarily dominated by the viscous force [162], we assume 

overdamped dynamics of biofilm formation and detachment in this study. This is different with 

the simulations in [102] where the motion of particles is governed by Newton’s Law. The shear 

flow was controlled by the inlet shear rate, thus the detachment of biofilm has been studied by 

increasing shear rate. The extracellular polymeric substances are of critical importance as they 

function as a house to keep bacterial cells in close proximity [2]. They also help biofilm 

adhering to another surface, which contributes to the mechanical stability of biofilm. EPS are 

distributed between cells in a nonhomogeneous pattern in the biofilm [163]. Therefore, the EPS 

production and distribution within the biofilm may further affect the detachment of biofilm. 

The analysis of EPS volume is nontrivial which requires using expensive dyes. In this chapter, 

we also aim to study how the EPS amounts affect the biofilm detachment by using IbM. 

4.2 Methodology 

4.2.1 Biofilm growth 

In the present work, the single-species (heterotrophs) biofilms are considered. The assumptions 

of the model are as follows. The growth of heterotrophic bacteria will not be limited by the 

oxygen thus only the carbonic substrate (𝑆𝑆𝑠𝑠) was consumed. In addition, the decay and death of 

bacteria are negligible in this study, therefore, the advection-diffusion-reaction equation (3.5) 

could be simplified as: 



 

 

51 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑈𝑈��⃗ ∙ ∇𝑆𝑆𝑆𝑆 = 𝐷𝐷∇2𝑆𝑆𝑆𝑆 −  𝜇𝜇𝑚𝑚,𝐻𝐻𝐻𝐻𝐻𝐻
𝑌𝑌𝐻𝐻𝐻𝐻𝐻𝐻

 𝑆𝑆𝑆𝑆
𝐾𝐾𝑆𝑆+𝑆𝑆𝑆𝑆

 𝑋𝑋𝐻𝐻𝐻𝐻𝐻𝐻                                    (4.1) 

The manner of bacteria division and EPS production was introduced in section 3.2.3, the 

main kinetic parameters for biofilm growth are given in Table 4.1.  

Table 4.1 Kinetic parameters for biofilm growth. 

 

4.2.2 Simulation domain  

Initially, there were four heterotrophic bacterial cells with diameter of 1 μm at the bottom left 

corner of the microchannel. The biofilm was cultured for 4.63 days as shown figure 4.1. Then 

the biofilm deformation and detachment have been modelled by applying a simple shear flow 

along the x direction. The growth of biofilm is assumed to be frozen during the detachment 

process. Therefore, the processes of biofilm growth and biofilm detachment were decoupled in 

this study, the simulation timesteps for biofilm growth and detachment were set as 10 s and 2.5 

s, respectively. In this model, the shear rate ζ is one of the input parameters which could be 

specified in the model. Therefore, the flow velocity in the simulation box could be calculated 

as: 

𝑢𝑢𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = ζℎ                                                            (4.2) 

where ℎ is the height in the z direction. Thereby, the flow velocity increases linearly from 0 at 

the bottom wall to ζ𝐿𝐿𝑧𝑧 (m/s) at the top wall. The Reynolds 𝑅𝑅𝑒𝑒 number could be calculated as 

follows [23, 165]: 

𝑅𝑅𝑒𝑒 = 𝑢𝑢𝑎𝑎𝑎𝑎𝑎𝑎𝐷𝐷ℎ

𝜈𝜈
                                                     (4.3) 

Parameter Symbol Value Unit Reference 

Simulation domains dimension  𝐿𝐿𝑥𝑥, 𝐿𝐿𝑦𝑦, 𝐿𝐿𝑧𝑧 300, 40, 100 μm Chosen 

Grid dimensions 𝑁𝑁𝑥𝑥, 𝑁𝑁𝑦𝑦, 𝑁𝑁𝑧𝑧 90, 12, 30 - Chosen 

Diffusion coefficient for substrate 𝐷𝐷𝑠𝑠 1.6E-9 m2 s-1 [102] 

Nutrient concentrations 𝑆𝑆𝑆𝑆 1.0E-4 kg m-3 Chosen 

Kinetics and yields  

Maximum specific growth rate 𝜇𝜇𝑚𝑚,𝐻𝐻𝐻𝐻𝐻𝐻 2.8E-4 s-1 [102] 

Substrate affinity 𝐾𝐾𝑆𝑆 3.5E-5 kg m-3 [102] 

Yield coefficient 𝑌𝑌𝐻𝐻𝐻𝐻𝐻𝐻 6.1E-1 gcod/gcod [164] 
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where 𝐷𝐷ℎ was the hydraulic diameter, 𝑢𝑢𝑎𝑎𝑎𝑎𝑎𝑎 is the average flow velocity in the channel, 𝜈𝜈 is 

the kinematic viscosity of water at 20 ℃. The hydraulic diameter could be calculated based on 

the cross-sectional area:  

𝐷𝐷ℎ = 4𝐿𝐿𝑦𝑦𝐿𝐿𝑧𝑧

2(𝐿𝐿𝑦𝑦+𝐿𝐿𝑧𝑧)
                                                   (4.4) 

The average flow velocity could be approximated from the maximum flow velocity as 𝑢𝑢𝑎𝑎𝑎𝑎𝑎𝑎 =
1
2

ζ𝐿𝐿𝑧𝑧. Thereby, the corresponding Reynolds number ranges from 2.8E-4 to 1.425E-3. 

Figure 4.1. Schematic of the simulation domain. 

Since the EPS adhesion force and fluid shear force are the primary factors which could affect 

the biofilm detachment, our simulation was divided into three sections:  

1. Biofilms with different EPS amount were grown without shear flow by increasing the EPS 

formation coefficient (Yeps) from 0.04 to 0.24, then the applied shear rate was kept at 0.2 s-1 

during deformation and detachment.  

2. Biofilm were grown without the shear flow by fixing the EPS formation coefficient at 0.18, 

the shear rate was elevated from 0.1 to 0.5 s-1. 

 3. The biofilms were grown under a small shear rate flow, afterwards, the detachment of the 

biofilms was monitored by increasing the shear rate. 

For the global simulation box, the fixed boundary conditions are applied in both x and z walls, 

while the periodic boundary condition was used in y walls (LAMMPS Manual). Therefore, the 

detached biofilm flocs move outside the box will be deleted from the simulation box. For the 

nutrition diffusion, the no-flux Neumann boundary condition was used at the bottom wall, while 

the Dirichlet boundary condition was adopted at the top wall where the concentration of 

nutrients is constants. 

https://lammps.sandia.gov/doc/boundary.html
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4.2.3 Overdamped dynamics and mechanical interaction 

In LAMMPS, the particle motion is governed by Newton’s second law based on the Verlet 

algorithm [166]: the position is firstly updated to obtain the force field, then the acceleration of 

the particle has been calculated, finally the velocity could be updated to compute the particle 

position at the next timestep [166]. The Reynold number is very small in this case which 

indicates the viscous force is dominated in the system and bacteria cells are in an extremely 

viscous environment [167]. Therefore, in this chapter, the motion of the particles is assumed to 

be overdamped. In an overdamped system, the inertia of the particle could be neglected, the 

total force on the particle is given by:  

𝜑𝜑 𝑑𝑑𝑥𝑥𝚤𝚤���⃗
𝑑𝑑𝑡𝑡

= 𝐹𝐹𝚤𝚤��⃗ = (𝐹⃗𝐹𝑎𝑎,𝑖𝑖 + 𝐹⃗𝐹𝑐𝑐,𝑖𝑖 + 𝐹⃗𝐹𝑑𝑑,𝑖𝑖)                                         (4.5) 

where 𝜑𝜑 is the friction coefficient, the velocity of particles is directly updated by the force field. 

The contact force 𝐹⃗𝐹𝑐𝑐,𝑖𝑖 (equation 3.18), EPS adhesion force 𝐹⃗𝐹𝑎𝑎,𝑖𝑖 (equation 3.13) and fluid shear 

force 𝐹⃗𝐹𝑑𝑑,𝑖𝑖 (equation 3.19) were adopted here to describe the mechanical interaction among the 

particles. The details of relevant sub-models have been explained in chapter 3. The contact force 

between the particle and the wall is calculated in the same manner as particle-particle interaction 

(equation 3.18) by assuming the mass of the wall infinite. In addition, the EPS-wall adhesion 

model was included in this study. EPS-wall adhesion occurs when the EPS particles have 

overlap with the wall. Similar to the EPS adhesion model, the EPS-wall (bottom wall, z = 0) 

adhesive force could be expressed as: 

𝐹⃗𝐹𝑒𝑒𝑒𝑒𝑒𝑒,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = −𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎  𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒 𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜                                       (4.6)                                                

where  𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎  is the adhesive stiffness (per unit EPS mass),  𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒 is the mass of EPS which 

overlapped with the bottom wall, 𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 is the overlap depth which equals to the radius of 

EPS particle minus its heigh.  

In the Hertzian contact model (equation 3.18),  𝑘𝑘𝑛𝑛 is the spring constant in normal direction 

which could be calculated as ( LAMMPS Manual): 

𝑘𝑘𝑛𝑛 = 4𝐺𝐺
3(1−𝑣𝑣)

                                                          (4.7) 

where 𝑣𝑣 is the Poisson’s ratio which is assumed to be 0.5, and 𝐺𝐺 is the shear modulus given by: 

𝐺𝐺 = 𝐸𝐸
2(1+𝑣𝑣)

                                                           (4.8) 

https://lammps.sandia.gov/doc/Manual.html
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where 𝐸𝐸 is the Young’s modulus. The empirical mechanical parameters are listed in table 4.2. 

 

Table 4.2 Empirical mechanical parameters used in the model. 

Mechanical parameters 

Spring stiffness for collision 𝑘𝑘𝑛𝑛 100 Pa [122] 

Damping coefficient for collision 𝛾𝛾𝑛𝑛 10 m s-1 (Chosen) 

EPS stiffness (per unit EPS mass) 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 5E+9 s-2 [102] 

Adhesive stiffness for EPS-wall interaction 

(per unit EPS mass) 
kanc 5E+3 s-2 (Chosen) 

Friction coefficient 𝜑𝜑 1E-3 (Chosen) 

Fluid dynamic viscosity 𝜂𝜂 1E-3 Pa s (For water) 

 

 

4.3 Results and Discussion 

4.3.1 The detachment of biofilms with different EPS amount 

Biofilms consist of different number of heterotrophic bacteria cells and EPS cells were obtained 

by varying the EPS formation coefficient during biofilm growth. The biofilm volume, the 

number of HET and EPS particles, the total detached biofilm volume and the total time for all 

detachment events at various EPS growth yield were summarised in Table 4.3. The shear rate 

was set as a constant here, equal to 0.2 s-1. The results show that there is no EPS particle in the 

biofilm system when Yeps is less than 0.1. As introduced in chapter 3, in this model, EPS was 

produced by heterotrophic bacteria and initially accumulated as a shell around the bacterial cells. 

When EPS formation coefficient is small (less than 0.1), the thickness of the accumulated EPS 

bound did not exceed the threshold value, thus no EPS particle was extracted in the biofilm 

system. However, there still is the adhesion force among the particles which is proportional to 

the mass of EPS. 
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Table 4.3 The summary of key input and output parameters for the present modelling.  

EPS 

formation 

coefficient 

HET 

particles 

EPS 

particles 

Volume of biofilm 

(m3) 

Total detached 

biofilm volume 

(m3) 

Total 

detachment 

time (days) 

0.04 15858 0 1.45E-14 6.82E-15 19.2 

0.06 15048 0 1.37E-14 3.01E-15 21.2 

0.08 14839 0 1.35E-14 4.89E-15 18.9 

0.1 15458 0 1.40E-14 3.50E-15 18.5 

0.12 15790 5680 1.68E-14 4.77E-15 14.4 

0.14 16318 13163 2.06E-14 5.16E-15 16.7 

0.16 16647 19624 2.37E-14 4.53E-15 11.2 

0.18 16951 26047 2.67E-14 5.47E-15 8.39 

0.2 17454 32676 3.02E-14 1.39E-14 19.1 

0.22 17529 39073 3.27E-14 1.43E-14 9.9 

0.24 18090 46400 3.69E-14 1.60E-14 21.3 

 

Figure 4.2 shows the preformed biofilms (0.04 ≤ Yeps ≤ 0.1) and the detachment of those 

biofilms after 21.93 days. It can be seen that the biofilm morphology changed with the EPS 

production, and there are no EPS particles in the system. It was found that the height of the pre-

grown biofilms slightly decreased with raised Yeps when the production of EPS in the biofilm is 

low (0.04 ≤ Yeps ≤ 0.1). It indicates that the biofilm would become more packed due to the 

increased EPS production, which results in the higher cohesive and adhesive force. In addition, 

the shear force in the present model is proportional to the height of the simulation box. Thereby, 

the higher biofilm would experience a larger shear force. As a result, it was found that the 

biofilm grown at EPS formation coefficient of 0.04 could detach easily and rapidly, and the 

secondary detachment was captured in this case. The extracted EPS particles were observed 

when Yeps is 0.12. Further increased the EPS formation coefficient from 0.12 to 0.24, the number 

of EPS particles grew rapidly, meanwhile, the HET particles increased slightly during the same 

time. It was suggested that the bacteria growth might be facilitated by the EPS production. The 

biofilm volume was computed by summing the volume of all the particles. Correspondingly, 

the total volume of biofilms increases significantly with EPS formation coefficient, up to 3.69E-

14 m3 at maximum Yeps of 0.24.  
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Figure 4.2. Shear force induced biofilm detachment of a pre-existing biofilm after 21.93 days, Yeps 

ranges from 0.04 to 0.10, shear rate equal to 0.2 s-1. 

Figure 4.3 displays the shear force induced biofilm detachment of the pre-grown biofilms, the 

EPS formation coefficient for biofilms growth ranged from 0.12 to 0.24, those biofilms were 

subjected to the applied shear force for 21.93 days. As shown in table 4.3, the number of EPS 

particles was one third of the number of HET particles in the biofilm when Yeps equal to 0.12. 

When Yeps reached the maximum value (i.e. 0.24), the number of EPS particles become more 

than twice as much as HET particles. It was observed that the biofilm morphology changes a 

lot due to the sharply increased EPS amount (figure 4.3). In addition, only biofilm sloughing 

(detached biofilm flocs were relatively large) was monitored during the whole biofilm 

detachment processes when the biofilm system was dominated by the viscous force. 
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Figure 4.3. Flow induced biofilm detachment of a pre-existing biofilm after 21.93 days, Yeps ranged 

from 0.12 to 0.24, shear rate equal to 0.2 s-1. 
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In order to investigate how EPS amount affects biofilm deformation, the detachment rate 

coefficient, defined as the daily volume of detached biofilm divided by the total volume of 

preformed biofilm, was calculated. Figure 4.4 illustrates the curve of detachment rate 

coefficient versus EPS growth yield. The simulation was run for three replicates and the average 

results were calculated. It was found that there was no clear relationship between the ESP 

amount and detachment rate coefficient. When the EPS formation coefficient ranged from 0.12 

to 0.16, the detachment rate coefficient increased with the Yeps. The coefficient decreased when 

Yeps reached 0.18. Afterwards, it increased again by further increasing the EPS formation 

coefficient and reached a peak at Yeps of 0.22. Finally, the detachment rate coefficient decreased 

when the Yeps rose to 0.24. It may indicate that when the inlet shear rate is the same, the biofilm 

floc could easily detach from their parent cluster at Yeps of 0.22.  

  

Figure 4.4. Detachment rate coefficients of biofilms with different EPS formation coefficient. The 

shear rate is 0.2 s-1. 

In principle, the increase in EPS amount would result in a higher cohesion within the biofilm, 

however, it seemed that the increased cohesion did not play an important role in protecting the 

biofilm from the applied shear flow. This might because of the simplified shear model in this 

work, in which the shear flow was applied along x direction and the fluid velocity was 

calculated based on the height of the particles. Additionally, the biofilm did not affect the flow 

pattern in return. In this case, the detachment of the biofilms can also be affected by its 

morphology and maximum height. 
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For a given EPS amount, three simulation replications were performed. The biofilms with 

different morphology and EPS distribution were obtained from different replicates due to the 

stochastic nature of the daughter cell size and the distribution of bacteria (division) and EPS 

(extraction) cells. The results showed the varied detachment rate coefficient in each replicate 

when the EPS formation coefficient is the same. For example, it was found the detachment rate 

coefficient was very high when the EPS growth yield is 0.22 in replicate 1 but a bit low for 

replicate 2. As shown in figure 4.3, the morphology of preformed biofilm looks tilted along the 

x direction, the protruding fraction easily detach with the shear flow. This further documented 

that the detachment of biofilms was more affected by the stochastic variation of the preformed 

biofilm morphology and spatial distribution of EPS within the biofilm. 

4.3.2 Shear flow induced deformation and detachment of biofilm grown in static culture 

In this case, the preformed biofilm was grown at a fixed EPS formation coefficient of 0.18. Five 

different shear rates, 0.1, 0.2, 0.3, 0.4, 0.5 s-1, are applied to study how the shear rate affects the 

biofilm detachment. Besides, in order to reduce the effect of biofilm morphology on biofilm 

detachment, the initial nutrient concentration and particles position were kept as the same in 

each case. Figure 4.5 displayed the shear flow induced biofilm detachment of the preformed 

biofilm over time at a shear rate of 0.1 s-1. It was observed that only deformation of biofilm 

occurred when exposed to a small fluid shear force. After about 21.93 days, a small floc of 

biofilm was going to leave their parent cluster. In addition, it can be seen that the whole biofilm 

slides along the fluid shear force direction while retaining on the flat surface.  

Figure 4.5. Flow induced biofilm detachment of the preformed biofilm over time, shear rate equal to 

0.1 s-1, the EPS formation coefficient is 0.18. 

Figure 4.6 displays biofilm detachment at higher shear rate (from 0.2 to 0.5 s-1), the time for 

biofilm in exposure to shear force was 4.57 days and 16.15 days, respectively. During the first 

4.57 days, the biofilm deformed along the direction of the shear flow, the deformation increased 



 

 

60 

with raised shear rate. When the shear rate is 0.2 s-1, biofilm sloughing occurs after 8.39 days. 

In addition, a bigger biofilm cluster was going to detach on around 20.8 days when the biofilm 

continuously exposed to the shear flow (figure 4.7A). A small biofilm cluster detached from 

parent biofilm after 6.54 days when shear rate increases to 0.3 s-1, the second detachment event 

was captured after around another 6 days (figure 4.7B). By contrast, the volume of the second 

detached cluster was significantly larger than that of the first detached biofilm floc. After 

leaving the bulk biofilm, the detached biofilm cluster break again and divided into two small 

clusters due to the applied shear force (circled in figure 4.6B). Similar phenomena have been 

monitored at shear rate of 0.4 s-1 and 0.5 s-1. At shear rate of 0.4 s-1, the first and second 

detachment occurred almost simultaneously, around 7 days (figure 4.7C).  As shown in figure 

4.7D, the time required for biofilm detachment reduces to 5.73 days at the highest shear rate 

(0.5 s-1). In this case, biofilm detached at a higher frequency. The detached biofilm floc kept 

moving with the applied shear flow, as show in figure 4.6D, some of the biofilm flocs move 

out from the simulation box after about 16 days. 

Figure 4.6. Biofilm exposed to the simple shear flow after 4.75 days and 16.15 days. The inlet shear 

rate varied from 0.2 to 0.5 s-1, the EPS formation coefficient was fixed at 0.18 during biofilm growth. 
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Figure 4.7. Biofilm detachment behavior at different shear flows. EPS formation coefficient for biofilm 

growth was fixed at 0.18.  

It was found that the detachment event was significantly affected by the shear rate when the 

biofilm was subjected to shear flow. Three replicates of the simulation were performed. The 

average results with standard deviations were computed and shown in figure 4.8. It was found 

that the average detachment rate coefficient was proportional to the increased shear rate. This 

trend has also been captured in each replicate. The results indicate that the biofilm detachment 

was affected by their stochastic structures as well but mainly determined by the shear rate in 

this case. This result was similar to the experimental observation from Stoodley et al., who 

found that the detachment rate coefficient increased with flow velocity [54]. It was worth noting 

that there seems to be a linear relationship between detachment rate coefficient and the applied 

shear rate, it may help us to predict the detached biofilm volume in a larger range of shear rate. 
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Figure 4.8. The change of detachment rate coefficients with shear rate. 

4.3.3 The deformation and detachment of biofilm formed during shear flow 

It was found that change in shear stress during biofilm growth could further affect the biofilm 

detachment [54, 168, 169]. Hence, it is necessary to consider biofilm formed in the shear flow. 

In this section, the biofilms were grown under a small shear flow during biofilm growth (the 

shear rate equal to 0.04 s-1) which was then exposed to a high shear flow with the shear rate in 

the range of 0.1 to 0.5 s-1. Figure 4.9 shown the biofilms grown under static and shear flow 

conditions, the EPS formation coefficient was kept at 0.18. The morphology of biofilm slightly 

changed when a small shear flow was applied during biofilm growth.  

 

Figure 4.9. Pro-grown biofilm (A) under static condition and (B) under small shear flow. The EPS 

formation coefficient was kept at 0.18. 
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Similar to previous work in section 4.3.2, this pro-grown biofilm deformed and slide along the 

shear flow direction and there has no detachment at shear rate of 0.1 s-1 (figure 4.10). When the 

shear rate increased to 0.2 s-1, the biofilm deformed initially, and a large portion of the biofilm 

detached at around 13.4 day. This large segment would break again and divide into two small 

fractions due to the applied shear force (figure 4.11). Similar detachment process has also been 

found when the shear rate increased to 0.3 and 0.4 s-1. Figure 4.12 displayed the detachment of 

the biofilm (pre-grown under shear flow) in exposure to the shear flow for 4.57 and 16.15 days. 

It can be seen that the detached volume increased with the shear rate. At the shear rate of 0.3 

and 0.4 s-1, it can be seen that the detached large segment divided into several fractions when 

subjected to the higher shear force. 

 

Figure 4.10. Biofilm deformed with the shear flow. This biofilm was pre-grown under small shear flow, 

then the deformation was monitored by increasing the shear rate to 0.1 s-1. 

 

Figure 4.11. A large segment of biofilm detached from the bulk biofilm and broke again due the applied 

shear force. The shear rate here is 0.2 s-1. 

The detachment rate coefficient has also been calculated in this case. As displayed in figure 

4.13, for the biofilm grown under a small shear flow, the detachment rate coefficient increased 

with the shear rate as well. When comparing the detachment rate coefficient for the biofilms 

grown in static culture, the biofilms grown under a small shear flow seemed to detach more 

easily at shear rate of 0.2-0.4 s-1. 
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Figure 4.12. Biofilm deformation and detachment at different shear rate. The biofilm was pre-grown 

under a very small shear flow at the shear rate of 0.04 s-1. Then the deformation and detachment were 

monitored by increase the shear rate. The shear rate here varied from 0.2 to 0.5 s-1. 

 

Figure 4.13. Plot of detachment rate coefficients varying with shear rate. The biofilms were grown 

under shear flow and no shear flow conditions. 
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It was found that the biofilm slide along the bottom wall during deformation and detachment in 

all cases, and the sliding distance is directly related to the shear rate (e.g. figure 4.2, 4.3 and 

4.8). This phenomenon was caused by strong normal adhesive force between EPS and the 

bottom wall, in which the first layer of biofilm did not detach from surface but slide along the 

wall due to the tangential force of flow. Therefore, a frictional force is required in future. 

4.4 Conclusion 

The detachment of biofilm was predicted based on a mechanistic approach by using the present 

individual based modelling. The shear flow was applied by using a simple drag model. It was 

found that when the biofilm exposed to a very small shear flow for prolonged time, the 

detachment of lager biofilm segments occurred, which was caused by shear failure. The 

detachment coefficient rate did not have well-defined relationship with the change of EPS 

amount. The results indicate that when the biofilms exposed to the shear flow with the same 

inlet shear rate, the detachment of biofilm was primarily determined by the biofilm shape and 

EPS distribution rather than the EPS amount within the biofilm.  

For the biofilm grew at a fixed EPS formation coefficient, the detachment rate coefficient was 

proportional to the shear rate. The high shear rate led to a large loss of biofilm volume. Besides, 

when the biofilm grown under a small shear flow, it became easier to deform and detached 

when the shear rate ranged from 0.2-0.4 s-1. 

The results suggested that the present individual based model, which combined biological and 

physical processes, could successfully mimic the biofilm formation. In addition, the 

deformation and detachment of biofilms could be predicted by the one-way when the creeping 

flow was applied (Re < 1). However, the steady eddies would generate behind the particles 

when the Reynolds number is greater than 4 [170]. Therefore, when the biofilms were subjected 

to the laminar flow with higher Reynolds number, the two-way coupling (CFD-DEM) approach 

need to be adopted. In which the fluid pattern could be affected by the morphology of biofilm 

in return. The model will be improved by coupling the present IbM with computational fluid 

dynamic code-OpenFOAM, which will be presented in Chapter 5. 
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5 CFD-DEM modelling of biofilm streamer oscillations and 

their cohesive failure in fluid flow 

5.1 Introduction 

Biofilms are microorganisms attaching and growing on surfaces, embedded in their 

extracellular polymeric substances (EPS) [40, 171]. It is well known that biofilms have a 

significant impact on environment, human health and a wide range of industries. For example, 

they play an important role in biological waste-water treatment [172]. The presence of biofilms 

is the major cause for infections of medical devices [173, 174] and the clogging of industrial 

flow system, such as biofouling in membrane system [175]. They also lead to increased drag 

on marine vessels [176]. Biofilms can adapt to different environments by forming diverse 

morphologies [177]. For example, the extracellular matrix can hold the cells together to develop 

filament-like biofilm structures to resist the fluid shear force and suspended freely with fluid 

flow [59]. Such filamentous structures of biofilms are referred to biofilm streamers which are 

ubiquitous in porous media and can accelerate the biofilm induced clogging of medical stents 

and water purification filters [21, 60, 63]. Valiei et al. fabricated a microfluidic device with an 

array of micro-pillars to mimic a porous media and they found that biofilm streamers began to 

emerge between different pillars [62]. It is also found that streamers can form in curved sections 

of microchannel [24]. A lot of work has demonstrated that biofilm streamers act as precursors 

to the formation of mature and denser biofilms in porous media, causing rapid and catastrophic 

clogging in biomedical systems [21, 60, 62, 82]. In which case, the interactions between biofilm 

streamers and fluid flow are important but remain elusive. 

Stoodley et al. have performed experiments to study the flow induced biofilm streamer 

oscillations, and found that the streamer displacement increased with flow velocity and oscillate 

in a sinusoidal curve [23]. However, the interaction of local flow with biofilm streamer is 

difficult to be examined experimentally. Therefore, a continuum model has been developed to 

study the oscillatory motion of a single biofilm streamer under different flow conditions [82]. 

Such a continuum model gave reasonable predictions about the overall streamer oscillation 

characteristics, however, it significantly underestimated the oscillation amplitude of a streamer 

at low flow velocities. Furthermore, such a model could not predict the breakup of the streamers 

which has been observed in the experimentation in [23]. In either natural or artificial scenarios, 

multiple streamers can form at the same time. These streamers can spatially organize in 
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different patterns. However, there is a lack of computational studies about fluid-structure 

interactions of multiple biofilm streamers arranged in different spatial configurations.  

Therefore, this work presents a new computational model to study single and multiple biofilm 

streamer oscillation and their cohesive failure under different fluid flow. The streamers are 

modelled using the discrete element method (DEM) and the flow field is computed using 

Computational Fluid Dynamics (CFD). The DEM was initially developed to study mechanics 

of granular like materials [144, 178, 179] and has been recently extended to investigate 

mechanics of living materials such as biofilms [102, 180, 181], cells and tissues [182, 183]. The 

present model was implemented on SediFoam (https://github.com/xiaoh/sediFoam) which is an 

open source CFD-DEM tool kit based on LAMMPS [184] (Large-scale Atomic/Molecular 

Massively Parallel Simulator) and OpenFOAM [185] ( Open-source Field Operation and 

Manipulation). The objectives of the present study are to (1) demonstrate the capability of CFD-

DEM of predicting biofilm streamer oscillation in flows, (2) investigate how the spatial 

arrangement between biofilm streamers effects on the oscillation of streamers, (3) how the flow 

conditions and spatial arrangement effect on cohesive failure of biofilm streamers. 

5.2 Model Domain 

Three different case studies were considered: (1) single biofilm streamer (Figure 5.1A); (2) two 

biofilm streamers in parallel (Figure 5.1B); (3) two biofilm streamers in tandem (Figure 5.1C). 

The streamer dimensions were taken from experimental measurements reported in [23]. The 

streamer tail (light blue particles in Figure 5.1A) adhered to its stationary spherical base which 

was represented as a biofilm cluster (red particle in Figure 5.1A). The biofilm cluster with 

diameter (Dc) of 0.34mm was fixed in all directions. The length (L) of the streamer is 1.492mm. 

The simulation box was chosen to be a rectangular channel with the same dimensions (length : 

12mm, height: 3.2mm) to another modelling work in [82]. In addition, a small value of width 

(Lz = 0.5mm) was chosen in the z direction since an empty boundary condition is applied to the 

front and back wall to simplify the simulation (OpenFOAM User Guide). 

A uniform velocity profile was implemented at inlet flow boundary (x = 0). The velocity was 

fixed at the inlet of the channel and had a zero gradient boundary condition at outlet. The 

deformation of the streamer was only monitored after it reached constant maximum amplitude. 

The pressure here was enforced as zero gradient at the inlet patch and zero value at the outlet 

patch. To avoid boundary effects on the streamers, slip boundary condition was used at the top 

https://github.com/xiaoh/sediFoam
https://www.openfoam.com/documentation/user-guide/4-mesh-generation-and-conversion/4.2-boundaries
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and bottom walls such that there is no boundary layer development on the channel walls [82, 

186]. Table 1 and 2 show the velocity and pressure boundary condition setting in OpenFOAM. 

 

Figure 5.1. Summary of the model for (A) single biofilm streamer, (B) side-by-side biofilm streamers 

and (C) in-line biofilm streamers.  

Table 5.1 Boundary condition for U (velocity)  

Patch Type value 

Inlet (left) fixedValue 0.1-0.4 m/s 

Outlet (right) zeroGradient -- 

Walls (top and bottom) slip -- 
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Table 5.2 Boundary condition for P (pressure) 

Patch Type value 

Inlet (left) zeroGradient -- 

Outlet (right) fixedValue  0 

Walls (top and bottom) zeroGradient -- 

 

5.2.1 Single streamer 

The biofilm streamer length (L) was normalized by the maximum width (Dc) in this section. 

We initially investigated the deformation of a single streamer (L/Dc = 4.4) subjected to flow 

velocity from 0.1 m/s to 0.4 m/s (corresponding Reynolds number 34-136, which was calculated 

by using Dc as the characteristic length). However, the streamer length varied in experiments 

because of different biofilm types and flow conditions [187, 188]. Therefore, it was useful to 

study the effect of the length of a biofilm streamer on its oscillation. In the present simulations, 

lower values of L/Dc (i.e. 1 and 2.5) were also investigated.  

5.2.2 Two streamers in parallel  

Two parallel biofilm streamers were considered to study the interaction between them. As 

shown in Figure 1B, the spacing distance l (i.e. the centreline distance of the two streamer tails) 

varied from 0.4 to 1.15 L while the inlet velocity was fixed at 0.4 m/s. The effect of flow 

velocity on the oscillation of parallel biofilm streamers was also investigated by keeping 

spacing distance as constant. 

5.2.3 Two streamers in tandem  

In this case, we varied the spacing distance h (i.e. distance between the tail end of the upstream 

streamer and the head of the downstream streamer) between 0 and 2L (Figure 1C) at inlet flow 

velocity of 0.4 m/s. In addition, the streamers oscillation under different flow conditions have 

been investigated by keeping spacing distance h as constant. 

5.3 Methodology and parameters 

The conceptual biofilm streamer was constructed by 15 particles with decreasing radii as shown 

in Figure 1A. Each particle has representative properties of biofilms. In the CFD-DEM 

approach, the particle motion is calculated based on Newton’s second law (equation (3.20). The 

contact force between two collided DEM particles i, j is calculated by using the Kelvin-Voigt 

model (equation 3.18). The cohesive force among the biofilm particles is computed by equation 
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(3.21). The fluid flow is described by locally-averaged incompressible Navier-Stokes equations 

((3.22a) and (3.22b)). The fluid particle interaction force is calculated by equation (3.24). The 

Reynolds number is in the range of 34-136 in this study. 

Table 5.3 shows the key input parameters for the simulations. Depending on biofilm types, 

growth conditions and test approaches, the Young’s modulus of biofilms could vary over 

several orders of magnitude [54, 189-191]. In this work, the equivalent Young’s modulus of 

biofilm was 11Pa which is similar to the biofilm streamer of mixed P. aeruginosa strains as 

reported in [54]. A large cohesive energy was chosen to represent cohesive properties of the 

biofilm streamer [120, 192] since EPS is the major component in biofilm streamer [22]. The 

bacteria density was often very similar to water with 1% difference [193], and we have 

demonstrated that such minor difference has negligible effect on the oscillation of single 

streamer. Therefore, the density of biofilm streamer was assumed to be the same to water in 

this work. 

Table 5.3 Simulation parameters. 

Numerical simulation parameters 

Density of particles 103 kg m-3 

Elastic constant for normal and tangential 

contact (𝑘𝑘𝑛𝑛 = 𝑘𝑘𝑡𝑡) 
10 Pa [54] 

Cohesive strength 1×10-15 J [120] 

Fluid dynamic viscosity 1×10-3 kg m-1 s-1 

Fluid density 103 kg m-3 

Normal damping constants 1013 m-1 s-1 

Tangential damping constants 10 m-1 s-1 
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5.4 Results and discussions 

5.4.1 Oscillation of one single biofilm streamer in a fluid flow 

The oscillation amplitude and frequency were investigated for the inlet flow velocity between 

0.025 and 0.4 m/s. Figure 5.2A shows the streamer configuration and corresponding velocity 

field at 0.05 s at flow velocity of 0.4 m/s. It can be seen that the vortexes generated when flow 

passed the biofilm cluster and continuously shed from each side of this cluster, resulted in 

streamer oscillation. The predicted maximum displacement and oscillation frequency of the 

streamer tip were 198.5 µm and 220 Hz (Figure 5.2B), respectively, which quantitatively agreed 

with experimental observations of [23]. 

Figure 5.2. (A) Flow patterns behind the streamer; (B) The temporal oscillation amplitudes of inline 

biofilm streamers tip at flow velocity of 0.4 m/s; (C) Maximum amplitudes of biofilm streamer tip 

determined by the present study, experiments results as well as numerical simulations reproduced in 

[23, 82].  
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Figure 5.2C compares the biofilm streamer oscillation amplitudes determined by experimental 

measurements [23], a continuum model [82] and the present study. At the considered flow 

velocities, it seemed that there were three stages of streamer oscillation characteristics predicted 

by CFD-DEM simulations : (1) Stage 1: biofilm streamer slightly vibrated at very low fluid 

flow velocity; (2) Stage 2: oscillation amplitude increased sharply when the velocity exceeds 

0.1 m/s (comparable to the 0.075 m/s as found in experimental measurements); (3) Stage 3: The 

increase of maximum amplitude of streamer tip slowed down when the velocity exceeds 0.15 

m/s, which was very close to the transition point (0.2 m/s) found in experimental measurements 

[23]. When the flow velocity rose to 0.25 m/s, the amplitude in the present simulations almost 

reached plateau, about 200.1 µm and remained steady with further increase in velocity.  

Meanwhile, the biofilm streamer oscillation amplitude in the experiment was around 209.3 µm 

at similar velocity (0.253 m/s) and sustainably grew with velocity. 

Figure 5.3A displays the oscillation amplitudes of biofilm streamer with different L/Dc 

subjected to varied flow velocities. The streamer oscillation amplitude was proportional to their 

tail length under the same flow condition. In addition, the peak displacement of each biofilm 

streamer occurred when the flow velocity is around 0.25 m/s and slightly decreased with further 

increase in velocity. Besides, it was noted that for streamers of various lengths, the oscillation 

amplitudes were all very small (3.25-9.4 μm) when the velocity is under 0.1 m/s (Reynolds 

number = 34). It could be because the viscous force is dominant at low flow velocity and drains 

eddy energy to against vortex shedding. Similar results were found by Sumer et al.  that when 

Reynolds number is under 40, there is only a fixed pair of symmetric vortices and no vortex 

shedding [194]. In our simulations, the oscillation was observed when Reynolds number is far 

greater than 34 which suggested that the streamer oscillation was directly caused by vortex.  

As seen in figure 5.3B, the frequency of streamer oscillation increased with flow velocity which 

was in agreement with the experimental observations [23]. However, the oscillation frequency 

appeared independent from the streamer length. Since the oscillation of streamer was caused 

by the vortex shedding from the upstream biofilm cluster, the dimensionless parameter Strouhal 

number (St) could be adopted to describe the oscillation [23, 82, 195] as: 

𝑆𝑆𝑡𝑡 = 𝑓𝑓𝐷𝐷𝐶𝐶
𝑢𝑢

                                                      (5.1) 

The diameter of the upstream biofilm cluster Dc is used as the characteristic length here, 𝑓𝑓 is 

the frequency of vortex shedding and streamer oscillation, u is the inlet velocity of the fluid 

flow. The Strouhal number increased with Reynolds number initially and was close to 0.2 when 
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the Reynolds number exceed 104 (Figure 5.3C), which was consistent with the results from 

other simulations of flow past cylinders [196, 197].  

Figure 5.3. The (A) oscillation amplitudes, (B) frequency of streamer of different length and (C) 

Strouhal number vs. Reynolds number for fluid velocity ranging from 0.1 to 0.4 m/s. 

5.4.2 Two streamers in side-by-side arrangement 

Different regimes of biofilm streamers interaction depending on the spacing between them have 

been observed and presented in the following as a function of the ratio of spacing distance to 

biofilm streamer length l/L. An image of biofilm streamer experiment [23] has shown two 

parallel streamers which are head-aligned and similar-sized, they flapped in the flow. Likewise, 

the spacing distance (l/L = 0.4) between two side-by-side biofilm streamers was initially 

adopted in the model. Vortex shedding formed when flow passed the side-by-side streamer 

clusters which led to streamers oscillation. As displayed in figure 5.4A, the two biofilm 

streamers behaved as twin streamers due to in-phase flapping. The maximum oscillation 
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amplitudes of the two streamers were about the same, 126.2 µm and 126.4 µm, respectively 

(Figure 5.5A). In addition, the oscillation frequency of both streamers was about 250 Hz (Figure 

5.5A).  

The maximum amplitude here was smaller than the amplitude of single flapping streamer due 

to the strong mutual interaction between them which could be caused by coupled near-wakes. 

When l/L exceeded 0.56 (Figure 5.4B), the two streamers oscillated on an out-of-phase mode. 

In this case, the maximum amplitude and frequency of these two streamers were the same, 154.3 

µm and 250 Hz (Figure 5.5B). As presented in figure 5.4C, when further increasing the gap 

equal to streamer length (l/L = 1), the interaction between the two biofilm streamers weakens 

due to the reduction of mutual interference among them. The maximum amplitude of oscillation 

slightly grew to 175.15 µm while frequency kept at 250 Hz (Figure 5.5C). These results 

suggested that as the spacing distance increased, oscillation amplitude of two parallel streamer 

rose with the remained frequency.  

Figure 5.4. Flow patterns behind two side-by-side biofilm streamers with (A) l/L = 0.4, (B) l/L = 0.56 

and (C) l/L = 1 at the inlet velocity of 0.4 m/s and t = 0.1 s. 

A positive correlation was found between oscillation amplitude and spacing distance (Figure 

5.6). The graph shows a sharp rise in oscillation amplitude during the in-phase flapping regime 
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(0.4 < l/L < 0.51).  On the out-of-phase oscillation mode (l/L > 0.56), the maximum amplitude 

of oscillation slightly grew with the spacing distance and finally remained around 175.21 µm. 

One reason for this phenomenon may be the vortex shed from two biofilm clusters and strongly 

affect each other on the out-of-phase mode. It is important to note that the oscillation frequency 

did not change in all cases because of consistent flow velocity. This indicated that the frequency 

only related to the fluid velocity which agrees with previous results of single streamer 

oscillation. To further verify this behaviour, the fluid velocity has been decreased for side-by-

side streamers at spacing distance l/L = 1. As a result, the oscillation frequency of these two 

streamers decreased to 180 Hz when the fluid velocity is 0.3 m/s (Figure 5.7A), further declined 

to 120 Hz at fluid velocity of 0.2 m/s (Figure 5.7B), which are comparable to what was shown 

in figure 5.3B. Besides, there was no significant change in oscillation amplitude. 

Figure 5.5. Oscillation amplitude and frequency of two side-by-side biofilm streamers with spacing (A) 

l/L = 0.4, (B) l/L = 0.56 and (c) l/L = 1.13, subjected to the inlet flow velocity of 0.4 m/s. 
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Figure 5.6. Maximum oscillation amplitude of side-by-side biofilm streamers changes with l/L at the 
inlet flow velocity of 0.4 m/s. 

Figure 5.7. Oscillation amplitude and frequency of two side-by-side biofilm streamers with spacing l/L 

= 1 subjected to the inlet flow velocity of (A) 0.3 m/s and (B) 0.2 m/s, respectively. 
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5.4.3 Two biofilm streamers in tandem arrangement 

For the two biofilm streamers in tandem arrangement, when the spacing distance was zero, the 

tail of upstream streamer initially adhered to the biofilm cluster of the downstream streamer 

because of their cohesive properties (Figure 5.8). After around 0.035 s, the oscillation started 

from the downstream streamer because the fluid behind it could move freely. Meanwhile, the 

upstream streamer tended to oscillate, which finally caused the cohesive failure at the streamer 

tip. Afterwards, the remaining upstream biofilm streamer oscillated in the flow due to the vortex 

shedding.  

Figure 5.8. Temporal oscillation of in-line streamers with h/L = 0, at flow velocity of 0.4 m/s.  

A different behaviour was captured when the spacing distance is increased to h/L = 0.25. As 

seen in figure 5.9A, it was apparent that the upstream streamer particles are staggered and 

moved along the opposite direction of the x-axis. This behaviour suggested that the upstream 

biofilm streamer was affected by a recirculating flow. Consequently, the recirculating zone was 

found between them which caused upstream biofilm streamer moving against flow (Figure 

5.9B). This recirculating zone disappeared over time as shown in figure 5.10. However, the 

upstream biofilm streamer was still stationary since the shear layer enclosed the gap between 
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two biofilm clusters. It started beating the flow at time of 0.04 s when the shear layer was about 

to break which resulted in vortex formation. Subsequently, the already flapping downstream 

biofilm streamer also experienced the impingement of the vortex which shed from the upstream 

biofilm cluster. Thereby, the downstream streamer had a large deformation during this period 

(Figure 5.11). Then the vortex shed from the upstream biofilm cluster gradually merged with 

those forming from the downstream biofilm cluster and totally coupled at around 0.09 s causing 

an out-of-phase flapping of the two streamers. The deformation of the downstream streamer 

weakened after the co-shedding process since the combined vortices became weaker. In the 

same vein, the results in figure 5.11 shows the maximum displacement of the tip of downstream 

streamer sharply increased during impingement period, then slowly decreased during the co-

shedding period and finally reached a minimum value equal to 187.75 µm. The oscillation 

amplitude of the upstream streamer kept around 195.6 µm. In addition, oscillation frequency of 

these two streamers were the same here about 220 Hz. 

Figure 5.9. The behaviours of inline biofilm streamers (h/L = 0.25) at v = 0.4 m/s and t = 0.08 s. 

The recirculating zone disappeared when h/L reached 0.75. In this case, the two streamers could 

beat the flow simultaneously (Figure 5.12A). The oscillation amplitude of upstream biofilm 

streamer remains around 188.9 µm. Similarly, the downstream streamer also had large 

deformation during the impingement period and flapped gently after the co-shedding period 

with an oscillation amplitude of 114.45 µm. The frequency of oscillation kept at 220 Hz because 

of the unchanged flow velocity (Figure 5.12B).  The oscillation amplitude of downstream 

streamer decreased with the increase in spacing distance h/L, and the value was always smaller 
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than that of the upstream streamer (Figure 5.13). This indicates the downstream streamer would 

undergo a smaller drag force with increased spacing distance. In contrast, the downstream 

streamer experienced a lower fluid stress which agreed with the drafting effect, which referred 

to the fact that the downstream object was generally subjected to a drag reduction compared to 

the upstream object [198].  

Figure 5.10. Flow patterns behind two inline biofilm streamers with of h/L of 0.25 subjected to inlet 

velocity of 0.4 m/s.  
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Figure 5.11. Oscillation amplitude and frequency of inline biofilm steamers with spacing distance h/L 

= 0.25 at inlet flow velocity of 0.4 m/s. 

Figure 5.12. (A) The flow pattern and oscillation of inline biofilm streamers (h/L = 0.75) at flow 

velocity of 0.4 m/s at 0.015 s and 0.02 s. (B) The temporal oscillation amplitudes of inline biofilm 

steamers at flow velocity of 0.4 m/s. 
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Figure 5.13. Maximum oscillation amplitude of inline biofilm streamers with different spacing distance 

(h/L) at flow velocity of 0.4 m/s. 

Biofilm streamer oscillation at different velocity has been investigated by keeping the spacing 

distance h/L as 1. Flow velocity here was varied from 0.2 m/s to 0.4 m/s since the biofilm 

streamer has significant oscillation when the flow velocity was greater than 0.1 m/s. Consistent 

with previous results, the frequency of inline streamers oscillation increased with the flow 

velocity (Figure 5.14 and Figure 5.15). However, it was found that the oscillation amplitude of 

the upstream streamer was smaller than that of the downstream streamer at flow velocity of 0.2 

m/s, which might suggest that the drafting effect could not be straightforwardly inherited by the 

flapping streamer at smaller flow velocity. This invert drafting effect has also been found in 

other deformable bodies, such as experimental and numerical researches of flapping soap films 

[198, 199].  

 

Figure 5.14. Oscillation amplitude and frequency of inline biofilm streamers with spacing distance h/L 

= 1 at inlet flow velocity of 0.2 m/s. 
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Figure 5.15. Oscillation amplitude and frequency of inline biofilm streamers with spacing distance h/L 

= 1 at inlet flow velocity of 0.3 m/s. 

5.4.4 The cohesive failure of streamers  

To study the cohesive failure of biofilm streamers, the inlet fluid velocity was increased from 

0.4 m/s at a constant acceleration of 16 m/s2. The critical velocity at which the biofilm streamer 

was broken up was calculated. Each simulation was stopped once any broken streamer reached 

the downstream end of the channel and we will only focus on cohesive failure of streamers 

within this period. For the single isolated streamer, when the flow velocity reached 1.39 m/s, 

the breakup of the biofilm streamer occurred as seen in Figure 5.16A. For two streamers in 

parallel, the biofilm streamers started to break up when the flow velocity reached 1.25-1.3 m/s 

depending on the distance between the two streamers (Figure 5.17A). The two streamers broke 

almost simultaneously at the same point when they were on the in-phase oscillation mode 

(Figure 5.16B). The corresponding critical flow velocity was around 1.25 m/s in this case. 

However, when the two streamers were on out-of-phase mode, those streamers broke at 

different timepoints. The locations of the breakup appeared to be random. For example, the one 

of the streamers broke slightly towards the tail. Shortly after that, another streamer broke up at 

the point towards the head (Figure 5.16C). Overall, the critical fluid velocity for parallel biofilm 

streamers breakup seemed to be positively correlated to the spacing distance (Pearson 

correlation coefficient = 0.7) (Figure 5.17A). For two streamers in tandem, the upstream 

streamers always broke first because they were subjected to higher fluid shear forces. The 

cohesive failure seems taking place slightly towards the head or slightly towards the tail. For 

the former, the detached streamer segment would impinge into the downstream streamer which 

caused almost the entire downstream biofilm to break (Figure 5.16D). For the latter, the 
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detached streamer segment moved away, and the downstream streamer could keep oscillating 

with the flow (Figure 5.16E). As illustrated in figure 5.17B, when the spacing distance is less 

than 1.25L, the critical flow velocity to cause cohesive failure of the upstream streamer seemed 

to decrease with the gap. However, this threshold value remained around 1.5 m/s when further 

increase of the spacing distance.  

Figure 5.16. The comparisons of cohesive failure of streamers for (A) a single streamer (v = 1.39 m/s). 

The breakup of two parallel streamers (B) on in-phase mode, where l/L = 0.46 (v = 1. 255 m/s) and (C) 

on out-of-phase mode, where l/L = 0.78, the critical velocities to cause biofilm streamers to break were 

1.25 m/s (top streamer) and 1.32 m/s (bottom streamer). The breakup of two tandem streamers (D) the 

critical velocity for upstream streamer breakup was 1.45 m/s, where h/L = 1 and (E) the breakup critical 

velocity for upstream streamer was 1.49 m/s, where h/L = 2. 
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Figure 5.17. Critical fluid velocity for biofilm streamer detachment vs. spacing distance. The critical 

fluid velocity here is for the first steamer breakup (random in top and bottom streamer) when biofilm 

streamers in side-by-side arrangement (A). When the streamers in tandem arrangement (B), the critical 

fluid velocity is for upstream streamer breakup. 

5.4.5 Conclusions 

In this work, CFD-DEM models have been developed to predict oscillation of biofilm streamers 

with different configurations in uniform inlet fluid flows. For the single biofilm streamer, the 

biofilm streamer oscillation predicted by our computational modelling  agreed well with the 

experimental measurements [23]. The simulations have demonstrated that the oscillation 

frequency of biofilm streamer is affected by the fluid velocity but independent from the length 

of streamer. The oscillation amplitude of the biofilm streamer is influenced by its length and 

the flow velocity. 

For side-by-side biofilm streamers, in-phase oscillation took place at small gaps (0.4 < l/L < 

0.51). At intermediate and large spacing distances, streamers flapped on an out-of-phase mode. 

The oscillation amplitude increased with spacing distance and reached a peak value due to 

decoupled flapping. However, the maximum amplitude was still smaller compared to single 

streamer because of strong wake interaction.  
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For biofilm streamers in tandem, the recirculating zone occurred at small gaps (h/L < 0.75). 

When the fluid velocity was greater than 0.3 m/s, the oscillation amplitudes of the downstream 

streamer were smaller than that of the upstream streamer. However, an invert drafting effect 

has been found at lower fluid velocity, in which case the upstream streamer experiences a drag 

reduction.  

With the further increase of fluid velocity, the cohesive failure of biofilm occurred.  For the 

streamers in parallel, the critical velocity slightly increased with the gap distance between two 

streamers.  For streamers in tandem, the upstream streamer always broke first. If the first 

streamer broke towards the head, the detached streamer segment caused the downstream 

streamer to break. Otherwise, the detached streamer segment from the upstream streamer had 

little effect on the downstream streamer.  

In future, it will be interesting to gain better understanding of biofilm streamer break-up for 

streamers with different mechanical properties and arranged in different configurations. It will 

also be interesting to consider other viscoelastic models to represent different biofilms. If the 

biofilms may undergo large deformation, we would also need to consider the nonlinear 

viscoelasticity of biofilms [200, 201]. 

This model can be potentially up-scaled spatially by choosing appropriate sizes for particles 

(super-particles) and reasonable number of particles to represent biofilms in more complex 

environments, such as water filtration with micro-channels. This model could also be useful for 

the design of feed spacer meshes of membrane systems for water treatment and soil-like porous 

materials so that biofilm formation can be controlled. 
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6 Modelling of fluid induced biofilm deformation and 

detachment by using CFD-DEM approach 

6.1 Introduction 

Biofilms are formed by microorganisms accumulating at the interfaces and embedding on the 

extracellular polymeric substance (EPS) which produced by themselves [2]. The EPS majorly 

consists of polysaccharides [6] and provides many functions to the biofilm, such as adhesion 

and cohesion which enable biofilms adhere to the surfaces and maintain the mechanical stability 

of the biofilm system [202]. Biofilms could be found almost anywhere with positive and 

negative effect on human health and industry. For example, biofilms play an important role in 

bioremediation since they are able to convert the toxic pollutants to harmless products [6, 203]. 

Biofilms are also useful in wastewater treatment [204, 205]. However, the accumulation of the 

biofilms in industrial pipelines and drinking water systems may lead to biocorrosion [59, 206]. 

The formation of the biofilm allows the pathogenic bacteria to survive in diverse environment 

[207], thus, the pathogens transmission and biofilm-related infection could occur when the cells 

detach from biofilm [55]. Thereby, a greater understanding of biofilm detachment in different 

hydrodynamic conditions may help to control the biofilm-related infection [54]. 

The fluid shear stress would deform the biofilm, however, the morphology of the biofilm can 

affect the flow pattern in return. The interaction between the biofilm and the fluid flow is related 

to the hydrodynamic conditions and mechanical properties of biofilm. However, due to the 

heterogenous structure of biofilm and the challenge of measurement, the mechanical properties 

of biofilms are still not well understood [111]. Indentation, rheometer or flow shear tests have 

been adopted to measure the mechanical properties. Based on the force-displacement curves 

generated during the indentation tests, the elastic moduli and viscosity could be calculated by 

fitting the measured data to the empirical contact model [208, 209]. The rheometer with parallel 

plates have been adopted to measure various biofilms which will enable measurement of linear 

viscoelastic properties of biofilms [13] or nonlinear viscoelastic properties of biofilms [200]. 

The mechanical properties of biofilms can also be determined by studying the flow induced 

biofilm deformation [111]. Several experiments have been conducted by Stoodley et al. to 

investigate the mechanical properties of biofilm by using the flow cell [15, 16, 54, 210]. The 

biofilms were grown at the steady state and then exposed to fluctuating shear force. The stress-

strain curves were measured by increasing and decreasing the shear stress which was 
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determined by the fluid velocity. Due to different methods of analysing the mechanical 

properties of biofilm, the measured elastic modulus and shear modulus can vary a lot, which 

may be attributed to the heterogenous structure of biofilms.  

In principle, EPS provides sufficient mechanical stability for the biofilm system. Thus, the 

mechanical properties may also depend on the EPS production within the biofilm. The 

production of EPS is essential during biofilm development since bacteria cells could be 

immobilized by EPS [2]. The experimental studies reported that the EPS production could be 

affected by the EPS biosynthetic genes [211, 212]. Besides, mutant strains could cause the 

overproduction of EPS [213]. Additionally, it was found that when biofilms are subjected to 

mechanical stresses on an intermediate time scales, the strength of EPS production may increase 

[105]. However, there is lack of computational modelling to gain better understanding about 

the contribution of EPS production to biofilm mechanical properties. 

Therefore, a three-dimensional individual-based model of biofilm was developed in this study. 

By coupling the computational fluid dynamics approach with the discrete element method, the 

model enables us to reveal the fluid induced biofilm deformation and detachment subjected to 

different flow velocities (or shear rates). Based on the individual-based modelling, the 

proportion of different microbes could be adjusted by varying the relevant kinetic parameters. 

Thus, the biofilms with different EPS amount could be obtained to investigate how the EPS 

production affect the biofilm mechanical properties. In addition, this computational model was 

also used to conduct loading-recovery test of biofilms. The shear stress and strain can be 

calculated, which enables us to determine the shear modulus of biofilms. In this study, we model 

the bacterial mutant that can produce the same type of EPS at different levels.  

6.2 Simulation domain  

The timescale of the biological processes is much larger compared to that of hydrodynamic 

process, therefore, flow was applied to a pre-grown biofilm. The pre-grown biofilm was 

obtained using the individual based model with the same kinetic parameters, as described in 

chapter 4. Biofilms were grown under in static culture condition (without flow) for 5.3 days. 

Only heterotrophic bacteria growth, division and EPS production were considered in this study. 

Then the fluid flow was applied. In this case, the two-way coupling between the solid biofilm 

and computational fluid dynamic was adopted to investigate the deformation and detachment 

of biofilm under different hydrodynamic conditions. The simulation domain is displayed in 

figure 6.1. The pre-grown biofilm was in the left side of the channel, where the heterotrophic 
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bacterial cells were represented by blue particles while the grey agents were EPS agents, a layer 

of surface wall was modelled by the red particles to avoid biofilm slide along the bottom wall. 

The size of the involved particles is in the range of micrometre (1 to 1.3 µm). The fluid flow 

was applied to the straight channel along the top wall (channel dimensions [L×W×H]: 200×

30×50 µm3). The periodic boundary conditions were applied to the front and back walls to 

reduce computational effort. 

 

 Figure  6.1.  Representation of pre-grown biofilm in the channel. EPS formation coefficient is 0.2. 

6.2.1 Fluid-induced biofilm detachment  

Biofilms with varied EPS amount were considered in the biofilm modeling. The EPS volume 

ratio in biofilm varies based on bacteria species and growth conditions. A typical EPS volume 

ratio in drinking water biofilm can vary between 30-86 % [214]. Therefore, the EPS growth 

yield coefficient was varied from 0.12 to 0.22 (gcod/gcod) which corresponds to EPS/biofilm 

ratio of 34 % to 68 %.  When studying the effect of EPS on biofilm deformation and detachment, 

the fluid flow with inlet velocity of 0.3 m/s was applied to deform the biofilms for a duration 

of 40 ms. When investigating the biofilm detachment with the change of flow velocity, we focus 

on the biofilm with 63 % EPS subjected to inlet flow velocity between 0.1 m/s and 0.4 m/s. The 

detachment coefficient, which is defined as the ratio of the volume of detached biofilm flocs to 

the total volume of preformed biofilm, was calculated during initial 14 ms (before biofilm 

detached from the particle wall). In addition, the erosion of biofilm is defined as the particle 

number of the detached biofilm floc is less than 1000, while sloughing occurs when the particle 

number of the detached floc exceeds 1000.  
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As show in figure 6.2, during biofilm growth, biofilm surface roughness is calculated as the 

root mean square (RMS) roughness by the following formula [215]: 

                              roughness = ( 1
𝐿𝐿𝑥𝑥𝐿𝐿𝑦𝑦

∬(ℎ(𝑥𝑥, 𝑦𝑦) − ℎ�)2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑)1/2 ,                                 (6.1) 

where ℎ(𝑥𝑥, 𝑦𝑦) is the height of the biofilm in z direction at the location (𝑥𝑥, 𝑦𝑦) on the substratum, 

ℎ� is the average height of the biofilm: 

  ℎ� = 1
𝐿𝐿𝑥𝑥𝐿𝐿𝑦𝑦

∬ ℎ(𝑥𝑥, 𝑦𝑦)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ,                                           (6.2) 

The porosity of the preformed biofilm is simply calculated as: 

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =  𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑜𝑜𝑜𝑜 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

× 100%                                     (6.3) 

where the total volume is computed by multiply the bottom area and the maximum height of 

biofilm, the voids volume equals to the total volume minus the volume of biofilm. The EPS 

amount, the mean height and maximum height, the roughness and porosity of different biofilms 

were shown in table 6.1. 

 

Figure  6.2.  Schematic of measuring the root mean square (RMS) roughness of biofilms. 
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Table 6.1 The dimension of the preformed biofilm. The EPS amount within the biofilm was controlled 

by the EPS formation coefficient 

EPS growth Yield 0.12 0.14 0.16 0.18 0.20 

EPS proportion in the 

biofilm 
34 % 49 % 58 % 63 % 68 % 

Average height of 

biofilms (µm) 
17.4 19.5 24.6 25 28.5 

Maximum height of 

biofilms (µm) 
27.7 33 38.9 36.9 44.4 

Biofilm roughness (µm) 4.8 5.8 6.9 5.65 7.49 

Porosity of the biofilms 

(%) 
81.2 81.1 81 78.2 79.3 

 

6.2.2 Biofilm deformation-recovery test 

The responses of biofilm to a rapid fluctuant shear stress were captured before biofilm failure. 

The fluid shear stress was applied to the biofilm for 3 ms (loading cycle) and then stopped 

immediately. Afterwards, the biofilm was allowed to relax for 17 ms (unloading cycle). During 

the loading period, the fluid shear stress was increased by increasing fluid velocity from 0 m/s 

at constant acceleration. For the biofilm with 63 % EPS, deformation-recovery tests were 

carried out by exposing the biofilm to the ramping flow with different accelerations: 20 m/s2, 

30 m/s2 and 40 m/s2, respectively. Then the biofilms with 58 % and 68 % EPS were subject to 

the increasing fluid velocity at the acceleration of 40 m/s2.  

As displayed in figure 6.3, the shear strain in this simple shear test was defined as the angle 

change between the front edge of biofilm with the left channel wall. The shear modulus could 

be calculated as follows: 

𝐺𝐺 =  𝜎𝜎𝑥𝑥𝑥𝑥
𝛼𝛼

                                                                     (6.4) 

where 𝛼𝛼  is the shear strain, 𝜎𝜎𝑥𝑥𝑥𝑥  is the fluid induced shear stress on the biofilm which is 

computed by LAMMPS [216]. In this section, three planes (y = 5 µm, y = 15 µm and y = 25 

µm) was selected to measure the deformation angle, as seen in figure 6.4. 
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In LAMMPS, the tension for each atom is symmetric with 6 components and stored as vector 

in the following order: 𝑥𝑥𝑥𝑥, 𝑦𝑦𝑦𝑦, 𝑧𝑧𝑧𝑧, 𝑥𝑥𝑥𝑥, 𝑥𝑥𝑥𝑥 𝑦𝑦𝑦𝑦.  For the particle 𝑖𝑖 , the stress tensor could be 

expressed by (LAMMPS Manual):  

𝑆𝑆𝑎𝑎𝑎𝑎 =  −𝑚𝑚𝑣𝑣𝑎𝑎𝑣𝑣𝑏𝑏 − 𝑊𝑊𝑎𝑎𝑎𝑎                                                  (6.5) 

where a and b take on values x, y, z to generate the components of the tensor, 𝑚𝑚𝑣𝑣𝑎𝑎𝑣𝑣𝑏𝑏 is the 

kinetic energy contribution for the atom, 𝑊𝑊𝑎𝑎𝑎𝑎  is the virial contribution due to intra and 

intermolecular interactions includes pairwise energy, bond energy, angle, dihedral, improper 

interactions and  KSpace contribution from long-range Coulombic interactions [217]. The stress 

matrix could be determined by dividing the global tensor matrix by the total volume of the 

biofilm. The details of the stress calculation are illustrated in the LAMMPS manual 

(https://lammps.sandia.gov/doc/compute_stress_atom.html).  

 

Figure  6.3.  Schematic diagram illustrating biofilm deformation and the deformation strain. 

Figure  6.4.  The measurements of shear deformation angle. 

https://lammps.sandia.gov/doc/Manual.html
https://lammps.sandia.gov/doc/compute_stress_atom.html
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6.3 Methodology and parameters  

During biofilm deformation and detachment, the translational motion of each DEM agent is 

calculated based on Newton’s second law (equation (3.20)), the contact force is calculated by 

using equation (3.18). The fluid flow is solved by locally-averaged incompressible Navier-

Stokes equation (equation (3.22a) and (3.22b), only viscous stress was computed since the 

Reynolds number is small here (3.75 to 15). The Reynolds number is calculated by equation 

(4.3) where the average flow velocity was defined as 2/3 of the maximum flow velocity 

( 𝑢𝑢𝑎𝑎𝑎𝑎𝑎𝑎 = 2
3

 𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚) [58]. Both drag force (equation (3.24)) and lift force (equation (3.29)) were 

considered in fluid-particle interaction. The cohesive force among the particles were computed 

by using equation (3.21). In this study, different cohesive strength was applied to determine the 

cohesive force between different functional agents. Therefore, five different values of cohesive 

strength were used for the interactions of bacterial cells with bacterial cells, bacteria cells with 

EPS particles, bacteria cells with particle-wall, EPS particles with the particle-wall, EPS 

particles with EPS particles. Since EPS plays a significant role on binding the bacterial cells, 

the cohesive strength driven by EPS was assumed to be three orders of magnitude larger than 

it governed by HET bacteria. The simulation parameters are listed in table 6.2. 

Table 6.2 Input parameters for biofilm deformation and detachment. 

Numerical simulation parameters 

Density of particles 103 kg m-3 

Normal and tangential elastic 

constants 
103 kg m-1 s-2 

Fluid dynamic viscosity  1×10-3 kg m-1 s-1 

Fluid density 103 kg m-3 

Normal damping constants 1013 m-1 s-1 

Tangential damping constants 10 m-1 s-1 

Parameters for cohesive model 

Particle interaction Cohesive strength 

HET bacteria-EPS 1.6 × 10-18 J 

HET bacteria - particle wall 2.3 × 10-21 J [218] 

EPS - particle wall 2.3 × 10-18 J 
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EPS - EPS 5 × 10-18 J [219] 

HET bacteria - HET bacteria 1.6 × 10-21 J [220] 

   

6.4 Results and discussion 

6.4.1 Flow effect on biofilm deformation and detachment  

Figure 6.5 shows the deformation and detachment of biofilm contains 63 % EPS subjected to 

inlet flow velocity of 0.1 m/s. Because of the gradient flow shear force along y direction and 

the patchy structure of biofilm, the top of the biofilm deforms much more than the bottom of 

the biofilm. The biofilm elongated along with the flow direction and detachment occurs in the 

rear part (figure 6.5A). Since the small inlet velocity was applied, biofilm deformation is 

dominant during biofilm exposed to the fluid shear force and only erosion occurs. It is found 

that the largest detached biofilm floc consists of 831 particles with volume of 4.55E-16 m3. 

Figure 6.5B displays the remaining biofilm at the end of 40 ms fluid shear. There was no further 

erosion or detachment observed.  

 

Figure 6.5.  Biofilm deformation and detachment at inlet flow velocity of 0.1 m/s. (A) t = 14 ms and (B) 

t = 40 ms. 

When the inlet flow velocity increase to 0.2 m/s, detachment at the rear part of the biofilm 

occurred as early as 3 ms (figure 6.6A). Compare to lower inlet fluid velocity (i.e. 0.1 m/s), 

detachment frequency sharply increased and biofilm sloughing also occurred as seen in figure 

6.6B. The largest detached floc contained 2194 particles with the volume of 1.19E-15 m3. The 

continuous detachment events led to a decrease in the volume of the remaining biofilm. 
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Comparing figure 6.5 and 6.6, it is clear that higher flow velocity led to more biofilm 

detachment at the same time period. However, there was still some biofilm remaining on the 

surface at the time of 40 ms (figure 6.6C). 

 

Figure 6.6.  Biofilm deformation and detachment at inlet flow velocity of 0.2 m/s, t =3 ms, 14 ms and 

40 ms. 

High-frequency biofilm detachment could also be captured when further increasing the inlet 

flow velocity to 0.3 m/s. It was found that biofilm sloughing became the predominant behaviour 

during the detachment process. In this case, the largest detached floc contained 4434 particles 

with the volume of 2.38E-15 m3. As shown in figure 6.7A, there still has a small fraction of 

biofilm remained and adhered to the surface due to the cohesive force at time of 14 ms. The 

rest of biofilm continuously exposed to the fluid shear force and more biofilm flocs detached 

from the parent biofilm at 25 ms (figure 6.7B). Interestingly, it was found that the remaining 

biofilm layer (marked in figure 6.7B) started rolling along the particle wall under the steady 

fluid shear force (figure 6.7C, D and E). This phenomenon was firstly observed by Rupp et al. 

[15], the S.aureus microcolonies moved downstream by rolling in a flow cell. Biofilm removal 

occurred by the rolling motion and finally moved out of the original location at around 40 ms 

(figure 6.7F).  
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The inlet velocity of fluid flow is finally increased to 0.4 m/s, various-sized biofilm flocs 

detached rapidly due to the high fluid shear force. Figure 6.8A displays the morphology of the 

biofilm after being subjected to the shear force for 14 ms. From which, it can be seen that only 

a layer of biofilm left on the surface. Furthermore, the rolling motion was also captured in this 

case. The biofilm rolled along the surface for several microseconds then lift from the surface 

by the fluid (figure 6.8B-F). Finally, the biofilm was washed away with the fluid flow at around 

36 ms (figure 6.8G).  

 

Figure 6.7.  Biofilm (63 % EPS) deformation and detachment at inlet flow velocity of 0.3 m/s. (A) 

Biofilm deformation and detachment at time of 14 ms. (B) - (E) the rolling motion of biofilm observed 

in simulation. (F) Biofilm deformation and detachment at time of 40 ms. 
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Figure 6.8.  (A) Biofilm deformation and detachment at inlet flow velocity of 0.4 m/s, 14 ms. (B)-(E) 

the rolling motion of biofilm observed in simulation. (F) Biofilm removal at inlet flow velocity of 0.4 

m/s.   
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6.4.2 EPS effect on biofilm deformation and detachment  

To study how the EPS amount affect the deformation and detachment of biofilm, we apply the 

inlet fluid velocity of 0.3 m/s for a duration of 40 ms. When the biofilm contains a small amount 

of EPS (34 % EPS), it was found the biofilm flocs could easily detach from the parent biofilm 

at a high frequency. In addition, it can be seen that lots of the heterotrophic particles separated 

from the biofilm and exposed to the fluid individually (figure 6.9). This phenomenon should be 

caused by the low EPS production in the biofilm since one of the functions of the extracellular 

polymeric substances is to immobilize the cells in biofilm [2]. Therefore, the low EPS amount 

in the biofilm may not be able to hold biofilm cells in close proximity. Another reason is the 

cohesive force among the particles within the biofilm is positively related to the EPS amount. 

The small number of EPS makes biofilm less strong and susceptible to flow induced erosion 

and detachment.  

Figure 6.9.  The deformation and detachment of biofilm with EPS amount of 34 % during initial 8 ms, 

the inlet fluid velocity here is 0.3 m/s. 
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When EPS amount increased, the detachment frequency of biofilm decreased. Figure 6.10 

shows the biofilms after being subjected to the fluid flow for 14 ms. It can be seen that the 

volume of detached biofilm decreased as the EPS amount increased. At the end of 40 ms (figure 

6.11), it was found that for the biofilms with low EPS amount (34 %, 49 % and 58 % EPS), 

most particles were detached at the end of the simulation but still have a thin layer biofilm 

adhered to the particles wall. However, when the EPS amount increased to 63 %, the biofilm 

was finally removed by the rolling motion. It was suggested that the rolling motion may depend 

on the amount of EPS. When the EPS amount further increased to 68 %, about half of the initial 

biofilm remained on the surface at the end of simulation. It was further demonstrated that the 

biofilm appeared to be stiffer due to high EPS production. 

Figure 6.10.  Biofilm deformation and detachment at time of 14 ms with the inlet fluid velocity of 0.3 

m/s. The amount of EPS within the biofilm increased from (A) 34 %, (B) 49 %, (C) 58 % to (D) 68 %. 

For the biofilm with 63 % EPS amount, the deformation and detachment results of biofilm in the same 

hydrodynamic condition was shown in figure 6.7A. 
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Figure 6.11.  Biofilm deformation and detachment at time of 40 ms with the inlet fluid velocity of 0.3 

m/s. The amount of EPS within the biofilm increased from (A) 34 %, (B) 49 %, (C) 58 % to (D) 68 %. 

For the biofilm with 63 % EPS amount, the deformation and detachment results of biofilm in the same 

hydrodynamic condition was shown in figure 6.7F. 

The detachment rate coefficient, which is defined as the ratio of the volume of detached biofilm 

flocs to the total volume of preformed biofilm in 14 ms, was adopted to describe the biofilms 

detachment behaviour under the hydrodynamic conditions. As displayed in figure 6.12, the 

detachment rate coefficient increased with the inlet fluid velocity which agrees with the 

experimental observation [54]. There is no significant detachment until inlet flow velocity 

increased to 0.2 m/s, the coefficient increased sharply before the inlet flow velocity reached 0.3 

m/s and then slowed down when the inlet fluid velocity was further increased. In addition, as 

expected, the detachment rate coefficient decreased with the increase in EPS amount when the 
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inlet fluid velocity was kept as constants (figure 6.13). The detachment rate coefficient for the 

biofilm with 34 % EPS was approximately twice that for the biofilm with 68 % EPS. It was 

suggested that the resistance of the biofilm to the external fluid is largely attributed to the EPS 

amount. EPS are responsible for the mechanical stability of the biofilm due to their cohesive 

prosperities, therefore, the biofilms with more EPS agents are more stable when exposed to the 

fluid flow. 

 

Figure 6.12. (A) Detachment rate coefficient increased with the elevated inlet fluid velocity. Biofilm 

with 63 % EPS has been considered.  

 

Figure 6.13. Detachment rate coefficient decreased with the increase in EPS amount when the inlet 

fluid velocity is kept at 0.3 m/s. 
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6.4.3 Biofilm viscoelastic responses during deformation-recovery test 

Deformation of the biofilm was monitored for 3 ms as the fluid velocity was incrementally 

increased from 0 m/s. Then the fluid flow was suddenly stopped, the biofilm was allowed to 

relax for 17 ms. The stress-strain curve was obtained from the loading and unloading cycle. 

Figure 6.14 shows the deformation and recovery properties of the biofilm (63 % EPS). In this 

case, the fluid velocity was elevated at the acceleration of 20 m/s2 and reached the maximum 

value (0.06 m/s) at 3 ms. The maximal deformation angle, which was approximately 23 degree 

(0.41 in radians), was captured at the same time (figure 6.14B). After the fluid flow was stopped, 

biofilm started recovery. As seen in figure 6.14C, the biofilm did not return to the original shape 

at time of 20 ms, about 6 times of the duration of flow induced biofilm deformation. Such a 

residual deformation is due to the viscous nature [221]. This is not surprising as the interactions 

between the biofilm particles were modelled as spring-dashpot based viscoelastic models.  

 

Figure 6.14. Biofilm (with 63 % EPS) deformation in a loading-recovery test. The biofilm was 

subjected to the fluid for 3 ms, and the relaxation of biofilm was monitored by stop the fluid for 17 ms. 

The fluid velocity was increased at the acceleration of 20 m/s2. (A) shows the biofilm structure at time 

of 0.5 ms. (B) shows the maximum deformation angle which was capture at time of 3 ms. (C) shows 

the recovery of biofilm when the fluid was stop for 17 ms and the biofilm did not return to its original 

shapes.  
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To understand the viscoelastic deformation of biofilms at different loading rates and different 

levels of stress, additional simulations were performed using the acceleration of fluid velocity 

of 30 m/s2 and 40 m/s2. Correspondingly, the maximum fluid velocity was 0.09 m/s and 0.12 

m/s, respectively.  

Figure 6.15A shows the fluid-induced stress 𝜎𝜎𝑥𝑥𝑥𝑥 changes overtime, the stresses were calculated 

every 0.2 ms. It can be clearly seen that the stress 𝜎𝜎𝑥𝑥𝑥𝑥 increased significantly when the biofilm 

was subjected to the fluctuate fluid flow. The applied fluid velocity, fluid induced shear stress 

on biofilm and deformation angle (shear strain) reached the peak value at 3 ms. In addition, the 

higher loading rate results in the higher maximal stress. When the applied fluid flow velocity 

increased slowly over time (acceleration of fluid flow velocity was 20 m/s2), the maximum fluid 

induced shear stress is 3.16 Pa. This peak value increased to 4.26 Pa and 5.39 Pa when further 

increasing the acceleration to 30 m/s2 and 40 m/s2. The corresponding maximum deformation 

angle was 28° (0.49 in radians) and 33° (0.57 in radians) 

As displayed in figure 6.15B, the strain was measured during biofilm deformation and recovery. 

The deformation angle increases sharply when the biofilm exposed to the fluid flow. After the 

fluid flow was removed, the biofilm recovery was monitored for 17 ms wherein no fluid shear 

force was applied. The fluid induced stress decreased rapidly during 3 ms and 4 ms (figure 

6.15A), some of the deformation (12 %-16 %) was recovered in this short-term. This immediate 

recovery was caused by the elastic contraction. Afterwards, stress reduced slightly and showed 

a plateau at the end of the test. Further contraction of biofilm could be observed over the 

remaining 16 ms. However, it can be seen that a significant residual deformation remained 

finally, and the residual strain increase with the maximum fluid velocity. It is because that the 

higher fluid velocity results in the higher fluid induced shear stress and strain during biofilm 

deformation. Upon stress removal, an instantaneous elastic strain could be recovered due to the 

time-independent elastic response. However, the viscoelastic recovery proceed slowly since the 

viscoelasticity is a time-dependent behaviour of the materials [222]. Therefore, the biofilm with 

larger deformation needs more time to get recovered.  
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Figure 6.15. (A) Fluid induced shear stress on biofilm changes overtime, the fluid was applied for 3 

ms and followed by a relaxation of 17 ms. Three tests were carried out for biofilm with 63 % EPS. In 

each test, the accelerations of increasing the fluid velocity are 20 m/s2, 30 m/s2 and 40 m/s2, respectively. 

(B) Measurements of strain during the deformation and recovery. 

Figure 6.16 shows the fluid induced stress-strain correlation during biofilm deformation and 

recovery within 20 ms. When the biofilm exposed to the small fluid shear force, almost all the 

fluid induced stress could be relived after the fluid flow was stopped (blue curve in figure 6.16). 

The hysteresis loop in the curve represented the dissipation of energy during the biofilm 

deformation process. The “J” shaped stress-strain curve has further documented that the biofilm 

is viscoelastic material. When the applied fluid shear force increased, the stress relaxation and 

biofilm recovery could be captured as well, however, a residual stress remained at the end of 

the test which indicates that the time for biofilm relaxation may not enough. The area of 

hysteresis loop increased with the maximum fluid velocity, it is suggested that the biofilm 

exposed to higher external force may lose more energy during deformation. The tangent shear 
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modulus, which is the slope of any two adjacent data point on stress-strain curve, were 

calculated at small deformation (strain < 0.1). The results were summarized in table 6.3. The 

initial modulus (e.g. data point 1-2) was often correlated to the shear modulus within the linear 

region. It can be seen that lower acceleration rate leads to smaller initial modulus, which is due 

to the viscous effect of biofilms. In general, the results demonstrated this biofilm showed some 

strain stiffening effect follow by strain softening effect, which is possibly due to the change in 

the microstructure within the biofilm. 

 

Figure 6.16. The stress-strain curve during biofilm (with 63 % EPS) deformation and relaxation. The 

applied fluid shear force was increased by elevating the maximal fluid flow velocity. 

Table 6.3 Tangent shear modulus for biofilm with 63 % EPS when the strain is less than 0.1. 

Shear modulus at small deformation (Pa) 

 acceleration = 20 m/s2 acceleration = 30 m/s2 acceleration = 40 m/s2 

Data point 1-2 7.0 11.3 14.0 

Data point 2-3 12.4 13.1 24.3 

Data point 3-4 10.5 16.3 15.1 

Data point 4-5 12.1 11.7 -- 

Data point 5-6 9.79 -- -- 

 

The biofilms with varied EPS amount were subjected to the increased fluid shear force by 

increasing the fluid velocity at a constant acceleration of 40 m/s2. The previous results of 

biofilm detachment showed that the biofilm with less EPS could easily detached when applied 
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an external fluid shear force. Therefore, the biofilms which contain higher EPS amount (58 %, 

63 % and 68 % EPS) were considered in this section. The height, roughness and porosity of 

these biofilms were shown in table 6.1. Since the fluid flow was applied along the top wall in 

the simulation domain, the velocity varied with the height of simulation box (figure A1 in 

Appendix). Therefore, it is important to note that although the inlet fluid condition was set as 

the same, the biofilms would be subjected to different fluid shear force if their height varied.  

Figure 6.17 shows the fluid induced stress and strain changes overtime. Similar to the previous 

results, the stress rose rapidly, and a significant deformation could be observed during the 

loading period. In addition, it could be found that for the biofilms which contains 58 % and 63 % 

EPS, the maximum fluid induced stresses during deformation equal to 5.52 and 5.39 Pa since 

they have the similar height (38.9 and 36.9 µm). However, the maximal strain of the biofilm 

with 58 % EPS was greater than it of biofilm with 63 % EPS (figure 6.17). It was suggested 

that the high EPS production results in the better resistance to the external fluid shear force.  

 

Figure 6.17. (A) Plot the fluid induced stress during biofilm deformation and recovery. The biofilms 

with 58 %, 63 % and 68 % EPS were selected. The fluid velocity was elevated at a constant acceleration 

of 40 m/s2 during deformation. (B) Plot the strain changes during biofilm deformation and recovery. 
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The maximum height of the preformed biofilm increased to 44.4 µm when the proportion of 

EPS in the biofilm reached 68 %. Thereby, the top portions of the biofilm experienced a higher 

shear force and showed a greater deformation. Correspondingly, a higher fluid induced shear 

stress on biofilm was captured at 3 ms, equals to 6.41 Pa (figure 6.17A). However, the strain 

curve in figure 6.17B illustrates that the large stress did not lead to a large shear angle of 

deformation. By contrast, the biofilm with 68 % EPS has the minimal strain during deformation. 

It indicates that the biofilm with high EPS production might be hard to deform when exposed 

to the external fluid shear force. Those results demonstrated that the EPS matrix plays an 

important role in protecting biofilms from the external stress [17]. 

For all the biofilms, a significant recovery could be observed over a short time after the fluid 

was stopped, the further contraction occurred slowly over the remaining time. The fluid induced 

stress declined and biofilm retracted with time due to the cell rearrangement in the deformed 

biofilm [223], it was demonstrated that the process of rearrangement of EPS is faster than the 

rearrangement of bacteria [224]. In the present modelling work, 19 % deformation was 

recovered during the total relaxation period when the number of EPS accounted for 58 % in the 

biofilm. Meanwhile, it was found that 25 % deformation was recovered when the biofilm 

contained more EPS components (63 %). Since those two biofilms experienced similar fluid 

shear force. Therefore, the simulation results suggest that the biofilms recovery could be 

facilitated by the EPS.  

The stress-strain curves of different biofilms during deformation and recovery are shown in 

figure 6.18. It can be seen that the deformed biofilms did not achieve steady-state relaxation in 

the present study since the time scale here is in milliseconds. As a result, a small residual stress 

remained at the end of the simulation. In the loading period, the fluid induced stress appears to 

be linearly proportional to the strain. The tangent shear modulus for different biofilm has been 

calculated when the strain is less than 0.1. The results in table 6.4 indicate the shear modulus 

in small deformation increased with the EPS amount. It can be seen that lower EPS ratio leads 

to a smaller initial modulus. In general, all these biofilms exhibit some strain stiffening effect 

followed by strain softening, which is also due to the change in the microstructure of biofilms 

during the deformation. 

The shear compliance, which is the reciprocal of the shear modulus, could be used to describe 

the strain induced by unit shear stress. Therefore, the biofilms with more EPS amount have a 

smaller deformation when exposed to the same external shear force. 
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Figure 6.18. Stress-strain curves of biofilms (58 % EPS, 63 % EPS and 68 % EPS) during deformation 

and relaxation. The fluid velocity was increased from 0 m/s at a constant acceleration of 40 m/s2. 

Table 6.4 Tangent shear modulus for different biofilm when the strain is less than 0.1. 

Shear modulus at small deformation (Pa) 

 Biofilm with 58 % Biofilm with 63 % Biofilm with 68 % EPS 

Data point 1-2 16.6 14.0 24.6 

Data point 2-3 20 24.3 29.4 

Data point 3-4 14.5 15.1 16.3 

Data point 4-5 -- -- 19.0 

 

6.5 Conclusions  

The CFD-DEM approach has been adopted to investigate the biofilm deformation and 

detachment under hydrodynamic condition. It was demonstrated that the model allows the 

prediction of biofilm detachment at various hydrodynamic conditions. When the biofilm (63 % 

EPS) was exposed to a steady fluid shear force (inlet fluid velocity was kept as constant), the 

detachment rate coefficient increased with inlet fluid velocity (i.e. shear stress). When the inlet 

flow velocity is less than 0.1 m/s, biofilm deformed along the fluid direction and only erosion 

occurs. Biofilm sloughing occurred when the inlet flow velocity increased to 0.2 m/s. Further 

increasing the inlet fluid velocity to 0.3 and 0.4 m/s, the detachment events was dominated by 

sloughing and the biofilm could be removed for the surface by the rolling motion.  
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For biofilms with different EPS amount, the inlet fluid velocity was kept at 0.3 m/s during the 

detachment. The detachment rate coefficient decreased with the amount of EPS within the 

biofilm. For the biofilm with a low EPS production (34 % and 49 % EPS), the biofilm flocs 

could easily detach when exposed to the fluid shear force. In addition, the dispersion of 

individual cell could be observed during detachment process. The frequency of the detachment 

events decreased with the increased EPS amount. Finally, the biofilm could not be removed 

when the EPS amount increased to 68 %.  

In addition, the loading-recovery tests were carried out by using the 3D model to investigate 

the mechanical properties of biofilm. The results demonstrated that before biofilm failure 

occurred, for the biofilm which experienced a greater fluid shear force, more energy was 

dissipated during deformation. The results also suggested that the resistance of biofilm to 

external force is related to the EPS amount in the biofilm. In the present modelling, the bacteria 

mutant that produces more EPS appears to be stiffer. 
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7 Conclusion and Future work 

7.1 Conclusions 

In this PhD project, biofilm deformation and detachment have been modelled using individual 

based model where a simple drag model was adopted, which was followed by two way coupled 

CFD-DEM model. Both models could reasonably predict biofilm deformation and detachment 

in different fluid conditions.  

For the biofilm exposed to a very small shear flow (Reynold number was less than 0.0015), 

biofilm detachment can occur after several days. The detachment of large segments of biofilms 

seemed to be caused by shear failure. Biofilm shape varied with EPS production within the 

biofilm. Biofilms with different EPS amount were subjected to the shear flow to study how EPS 

affect biofilm detachment. However, there was no well-defined relationship between EPS 

amount and biofilm detachment rate coefficient. In this case, the detachment behaviour was 

mainly affected by the biofilm morphology and EPS distribution rather than the EPS amount 

within the biofilm although the EPS adhesion force is proportional to the EPS mass. For the 

biofilms pre-grown with a given EPS formation coefficient, it was found that the detachment 

rate coefficient increased with shear rate in this case. In addition, for biofilms grown at shear 

flow condition became easier to detach when the shear rate increased to 0.2-0.4 s-1. 

This work has been extended by using CFD-DEM approach. In the two-way coupled model, 

the detachment rate coefficient increased with the inlet fluid velocity when biofilm was subject 

to fluid flow, which was similar with the results of individual based modelling. In addition, it 

was found that the biofilm with less EPS could be easier to detach when exposed to the fluid 

flow. The detachment rate coefficient decreased with the EPS amount in the biofilm. Those 

results demonstrated that EPS could provide a sufficient mechanical stability of biofilm system, 

especially in the hydrodynamic environment.  

The biofilm streamer oscillation and their cohesive failure have been predicted by using CFD-

DEM approach. Those simulations have demonstrated that the streamer oscillation was caused 

by the vortex shedding which could be generated when flow pass the upstream biofilm cluster. 

Fluid velocity could affect the oscillation frequency and amplitude of streamer. The oscillation 

amplitude could also be affected by the streamer length. For parallel biofilm streamers, the 

oscillation amplitude increased with the spacing distance between them, finally reached a peak 

value due to the decoupled oscillation. For biofilm streamers in tandem, the oscillation 
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amplitudes of the upstream streamer were larger than that of the downstream streamer when 

flow velocity was great than 0.3 m/s. An invert drafting effect was found when the fluid velocity 

was 0.2 m/s. The cohesive failure of biofilm streamer occurred when exposed to an elevated 

fluid velocity. For side-by-side biofilm, the critical velocity increased with the spacing distance. 

When biofilm steamers in tandem arrangement, the upstream streamer always break first. If it 

broke towards head, the detached segment would lead to the breakup of downstream streamer.  

Finally, the deformation-recovery tests were carried out to investigate the mechanical properties 

of biofilm. It was found that the biofilm experienced a higher shear force would dissipate more 

energy during deformation. The high EPS production within the biofilm would help biofilm 

resistant to the external shear force.  

 

7.2 Future work 

7.2.1 Further improvement in biofilm model 

In chapter one, biofilm deformation and detachment have been studies by using individual 

based modelling (NUFEB). It was found that the biofilm slide along the bottom wall during 

deformation and detachment in all cases. In this model, the normal adhesion model was adopted 

between biofilm and the bottom wall, in which the first layer of biofilm did not detach from 

surface but slide along the wall proportional to the tangential force of flow. Therefore, the 

sliding fraction, which also termed Coulomb damping, could be adopted into this model in 

future [225]: 

𝐹𝐹𝑆𝑆 = 𝜇𝜇𝑆𝑆𝐹𝐹𝑎𝑎𝑎𝑎                                                          (7.1) 

𝐹𝐹𝑎𝑎𝑎𝑎 is the normal adhesive force and 𝜇𝜇𝑆𝑆 is the coefficient of siling fraction coefficient which 

depends on the surface roughness. It was found that the biofilm initial attachment and adhesion 

force could be increased by increasing the surface roughness [226]. Therefore, the implement 

of sliding fraction can potentially enable us to predict how surface roughness affect initial 

biofilm attachment and how the flow can flush away the biofilms. 

7.2.2 Biofilm streamer formation in porous media 

The simulations in this research work have demonstrated that the two-way coupled CFD-DEM 

approach have the capacity to study the biofilm-fluid interaction. The oscillation of biofilm 

streamers and their cohesive failure have been investigated in chapter 5. However, the streamer 

formation has not been simulated. A lot of experimental work has demonstrated that the biofilm 
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streamers are ubiquitous and could easily form in porous media, such as curved microfluid 

channel, water filter and medical stents [22, 60, 227]. The formation of biofilm streamer will 

lead to some industrial problems, such as the clogging of filtration system and the increased 

pressure drop in the feed channel of membrane. Therefore, it is of particular significant to model 

the biofilm streamer formation and deformation in porous media to gain deeper insight into 

streamer formation. By using the CFD-DEM model, as show in figure 7.1, the porous media 

could be designed as water filtration which is similar to the experiment work in [21]. The width 

of the channel is 10 μm (figure 7.1A). The filamentous biofilm formed downstream (Figure 

7.1B and C). In future, three case studies could be considered: 

1. When the channel width was kept at 10 μm, biofilm streamer formation in different 

hydrodynamic fluid conditions could be studied by changing the inlet flow velocity. 

2. The channel width then could be varied from 5 μm to 20 μm to study the effect of 

channel dimension on biofilm streamer formation, in this case, the inlet fluid velocity 

has to be constants.  

3. Investigate the effect of EPS amount on biofilm streamer formation in porous media 

since EPS is the major component in the streamers. Similar to the previous work, EPS 

production could be varied by changing the EPS formation coefficient during biofilm 

growth. 

Figure 7.1. Biofilm streamer formation in porous media. The width of the microchannel is 10 μm, 

inlet fluid velocity is 0.1 m/s. 
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7.2.3 Scale up strategy for the modelling 

In this research work, biofilm/flow interactions have been studied by using individual based 

model and tow-way coupled CFD-DEM model at microscale (50-100 μm). It is not feasible to 

using IbM approach to simulate the large-scale microbial system, such as those in wastewater 

treatment plants or in the marine environment [104]. A method which could be adopted to 

overcome this limitation is to use super-individuals (super particles) which has been 

demonstrated by Cristian et al. [19]. In that model, particles with diameter of 10-20 μm have 

been applied to represent a cluster of similar cells rather than a single particle whose diameter 

was around 1 μm. Therefore, our model could be scaled-up in the same manner. Additionally, 

the timestep in the simulation could also be reduced by using super-individuals since the 

maximum stable timestep (critical timestep) in DEM is �𝑚𝑚
𝑘𝑘

 , where 𝑚𝑚 is the minimum particle 

mass and 𝑘𝑘 is the stiffness among the particles [228, 229]. In chapter 6, biofilm deformation 

and detachment were simulated by exposing biofilm to a hydrodynamic. In this case, the 

particles within the biofilm were around 1 μm, the timestep in DEM is 1e-8 s, each simulation 

need to be run for 4-5 days which is computationally expensive. Therefore, super-individual 

based model could be used in future to simulate large-scale microbial community and reduce 

the computational effort.  
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8 Appendix 

 
Figure A1. Inlet fluid velocity varied with the height of simulation box since the fluid flow was 

applied along the top wall, Therefore, the biofilms with different height would be subjected to 

different fluid shear force. 
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