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Abstract 17 

Individual based simulation approach has attracted more and more interests in biofilm 18 

simulation. Different from the conventional biomass based simulation method, detachments are 19 

not available in many individual based simulation packages. In this paper, three detachment 20 

mechanisms were successfully integrated into an individual-based modeling package 21 

(iDynoMiCs). With the new capabilities, the influence of bacterial detachment on Pseudomonas 22 

aeruginosa biofilm was studied. The simulated results agreed well with previous reports, 23 

including the effect of shear detachment on smoothening biofilms, nutrient-limited detachment 24 

on hollowing the biofilms, and erosion detachment on isolating bacterial clusters. New findings 25 

are also discovered including the effects of different detachment mechanisms on the equilibrium 26 

state, time-dependent effects of each detachment mechanism on biofilm structure, sensitivity of 27 

the detachment coefficient values, etc. 28 

Keywords 29 

iDynoMiCs, biofilm development, bacterial detachment, Pseudomonas aeruginosa 30 

  31 

Page 2 of 31RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



3 

 

Introduction 32 

Bacterial attachment to surfaces and formation of biofilms are important for processes like 33 

wastewater treatment (WWT) (1,2), bacterial infection (3,4), etc. Study of biofilm structure 34 

formation could be critical for both constructing robust biofilms and eradicating undesired 35 

biofilms depending on applications and requirements. Biofilm structure can influence biofilm 36 

growth in various aspects. One important example is that it can change the transportation of 37 

nutrient and waste products as well as the mechanical stability of the biofilm (5). With the 38 

development of microscopy technology, biofilm structures can nowadays be viewed directly 39 

under confocal laser scanning microscope (CLSM). Many studies have been done to investigate 40 

the effect of different factors on biofilm structure formation (6–8). However, the mechanisms 41 

behind the formation of complex biofilm structures under different conditions are still not very 42 

well elaborated and much work still need to be done probably because many factors are 43 

involved, such as substrate concentration (9,10), attachment surface, which is the surface for 44 

bacterial attachment and biofilm formation, properties (11,12), bacterial detachment and motility 45 

(13–15). Among all these factors, bacterial detachment is widely believed to affect biofilm 46 

structure significantly. The final steady state of biofilm structure is the result of bacterial growth 47 

balanced by detachment events (15–17). Detachment of multiple bacterial cells could reshape the 48 

biofilm and change its spatial heterogeneity (15). Reattachment of detached bacteria was 49 

suggested as one cause for the formation of higher-level biofilm structures (18). 50 

Bacterial detachment under no human interruption can be divided into two main groups: 51 

continuous process and sloughing process (15). Two major methods have been applied to study 52 

bacterial continuous detachment process. One is using simplified but classical equations to 53 

calculate the detachment rate or probability. Three processes, shear detachment referring to fluid 54 

shear effect, nutrient-limited detachment referring to nutrient limitation effect, and erosion 55 
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detachment indicating surface cell escape from the surface effect, have been proposed to take all 56 

detachment causes into consideration (19). The other method is to determine detachment 57 

according to the calculated biofilm internal shear stress (20,21), which requires a good 58 

knowledge of the biofilm mechanical properties and parameters like Young's modulus and 59 

Poisson's ratio. Usually the sloughing detachment process, which could be defined as the large 60 

detachment of biomass in a short time period, is treated as a result of other detachment processes 61 

rather than an implemented mechanism, thus, not explicitly included in biofilm models. 62 

In the current study, we integrated the previously discussed three detachment mechanisms 63 

(19) into an individual-based modeling (IBM) software – individual-based dynamics of 64 

microbial communities simulator (iDynoMiCs), which is an open source software governed by 65 

CeCILL license under French law and was developed by a group of researchers (22), in order to 66 

study the influence of detachment on biofilm structure formation. Codes with ability to extract 67 

quantitative parameters, including thickness, roughness, enlargement, and cell number, from 68 

simulation results for biofilm establishment characterization were also developed, which are 69 

available to public upon request. Replicates were obtained by changing initial conditions 70 

(number and locations of bacteria) which made the results more convincing and reliable.  71 

With the added capabilities, we quantified the effects of the three mechanisms on biofilm 72 

structures systematically, which is different from the previous work (19) that applied the 73 

mechanisms using biomass-based modeling (BBM) method. The IBM method is preferred 74 

because of the two important advantages compared with the BBM method. First, different cells 75 

could have different growth parameters and detachment can be made based on cells using the 76 

IBM method whereas detachment can only be made based on grids for the BBM method. 77 

Second, continuous displacement can be achieved in the IBM method while displacement can 78 
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only be made from grid to grid discretely for the BBM method (6,23,24). As a result, a more 79 

systematic and realistic biofilm simulation environment was established, which could enhance 80 

fundamental understanding in biofilm development and better guide experimental design and 81 

analysis of biofilm studies. 82 

Materials and Methods 83 

Individual-based Dynamics of Microbial Communities Simulator 84 

(iDynoMiCs) 85 

In iDynoMiCs, biofilm structures are developed from the growth and movement of single 86 

bacterium. Overall biofilm reactor is divided into three subparts in the model, including the bulk 87 

fluid, the boundary layer, and the solid biofilm (Figure 1). In the bulk fluid, the medium is 88 

considered to be totally mixed and no substrate gradient exists. In the boundary layer, only 89 

diffusion exists and substrate gradients start to be generated. While in the biofilm, both diffusion 90 

and reaction are considered at the same time and the substrate diffusivity is different from what 91 

in the boundary layer. The simulation process contains several stages: bacterial initial 92 

attachment, bacterial growth and division, bacterial detachment and dispersal, and bacterial 93 

death.  94 

 95 

Figure 1. Computational domain illustration ((i,j,k) is the grid reference for the bacterium) 96 
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The whole simulation domain is divided into small grids and the simulation cycle could be 97 

roughly divided into the following three major steps: first is substrate concentration calculation 98 

in each grid based on diffusion reaction processes (Equation 1) from bulk fluid to biofilm; 99 

second is bacterial biomass growth (Equation 2) and division when threshold diameter is reached 100 

as well as biofilm internal pressure release by moving cells apart according to defined algorithm; 101 

last is to process bacterial detachment. Then the cycle is restarted from the first step. Attention 102 

should be paid that substrate concentration is considered constant when calculating the biomass 103 

growth and biofilm is considered to be static when calculating the substrate concentration due to 104 

the different time scales, for example, biomass growth is very slow compared with substrate 105 

diffusion. More details regarding the software could be found in literatures (22,25,26).  106 

2 2 2

2 2 2
( ) s

s s s s
D r

t x y z

∂ ∂ ∂ ∂
= + + +

∂ ∂ ∂ ∂
                                                        (1) 107 

max

s

s

K s
µ µ=

+
                                                                               (2) 108 

where �  is the substrate concentration, ��  is the substrate reaction rate, 	�  is the substrate 109 

diffusion coefficient, �  is the biomass specific growth rate, ���	  is the biomass maximum 110 

specific growth rate, and 
� is the substrate half-saturation coefficient. Substrate consumption 111 

rate can be calculated by �� = �/
� where 
� is the yield coefficient of biomass production on 112 

substrate consumption. 113 

Detachment Mechanisms 114 

Previous detachment mechanism used in iDynoMiCs, which was called erosion, was related 115 

solely to biofilm thickness or biomass concentration, which was not enough because other 116 

factors like nutrient concentration can influence detachment as well. In this study, three different 117 
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detachment mechanisms adopted from the BBM method (19) was integrated into iDynoMiCs as 118 

discussed in the following. 119 

Shear detachment  120 

Shear detachment refers to the detachment caused mainly by fluid shear stress. Previous 121 

studies (17,19) have proved that the effect of fluid shear on bacterial detachment could be 122 

simplified as a quadratic function of the biofilm local thickness with acceptable accuracy. 123 

Therefore, instead of applying the complex fluid dynamics into simulation directly, quadratic 124 

function is used as an effective simplification in current model. The detachment probability of 125 

bacteria caused by shear (
ds

P ) is modeled as: 126 

2

max

i
ds ds

h
P K t

h

 
= ⋅∆ ⋅ 

 
                                                                    (3) 127 

where 
d s

K  is the detachment coefficient, t∆ is the simulation time step, � is a reference of the 128 

specific cell, ih  is distance between the cell � and the attached surface, and 
m ax

h  is the maximum 129 

biofilm thickness at that time point. 130 

 Nutrient-limited detachment 131 

It is known that when nutrient becomes limited, cells tend to detach from the original 132 

locations (5,27,28). Nutrient-limited detachment mechanism relates cell detachment process with 133 

local nutrient concentration rather than biofilm thickness. The lower the local nutrient 134 

concentration is, the higher the probability of the bacteria to be detached. The detachment 135 

probability of bacteria caused by nutrient-limited (
dn

P ) (19,27) is modeled as: 136 

1 i
dn dn

bulk

s
P K t

s

 
= ⋅ ∆ ⋅ − 

 
                                                           (4) 137 
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where 
d n

K  is the detachment coefficient, is  is the substrate concentration at the location of the 138 

bacterium	�, and bulks  is the bulk nutrient concentration. It should be noted that more than one 139 

nutrient type may exist in experiments, like oxygen and carbon, but only one was considered 140 

limiting the bacterial growth in current study for simplicity. For multiple nutrients, the equation 141 

should be modified and the detachment probability should be obtained by multiplying the 142 

influence of each nutrient. 143 

Erosion detachment 144 

In biofilms, bacteria are encapsulated in matrix and constrained by all kinds of interactions 145 

between bacteria and nearby bacteria or extracellular polymeric substance (EPS). Bacteria on the 146 

biofilm surface (either inside or outside surface) have fewer neighbors, thus weaker interactions 147 

and easier to get detached. Erosion detachment mechanism reflects the different detachment 148 

difficulty degrees of surface bacteria and bacteria embed deep in biofilms. The detachment 149 

probability (
de

P ) of a bacterium caused by weak interactions  (19) could be modeled as: 150 

,free i

de de

total

NB
P K t

NB

 
= ⋅∆ ⋅ 

 
                                                           (5) 151 

where 
d e

K  is the detachment coefficient, ,free iNB  is the number of neighbor grids free of 152 

biomass, and  
tota l

N B  is the total number of neighbor grids.  153 

After the calculations, detachment probabilities (
ds

P ,
dn

P , and 
de

P ) were compared with a 154 

random number uniformly distributed between 0 and 1 to determine whether the cell should be 155 

detached. 156 
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Parameters in Simulation 157 

Model parameters 158 

All bacterial growth relevant parameters (TABLE 1) used in the simulation were chosen 159 

according to literatures (18,19), which are applicable to  single species Pseudomonas aeruginosa 160 

biofilm growth in a flow cell. 161 

Biofilm characterization parameters 162 

Two groups of parameters were applied. One group, including biofilm average and maximum 163 

thickness and cell number inside biofilms, was applied to indicate the biofilm growth conditions. 164 

The other group, which includes biofilm surface coverage, enlargement, and surface roughness, 165 

was used to evaluate biofilm morphology complexity. 166 

 167 

 168 

  169 
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TABLE 1. Parameters used in the simulations 170 

Parameters  Values Units 

 

Size of computation domain 

 

200x200x200 

 

μm� 

Size of each grid 4x4x4 μm� 

Bulk concentration of substrate 0.04 g. L�� 

Diffusion coefficient of substrate 4.5x10
-6 

m�. day�� 

Mass transfer boundary layer thickness 20 μm 

Initial number of cells 10  

Maximum specific growth rate 0.625 hour�� 

Substrate half-saturation coefficient 0.02 g. L�� 

Yield biomass on substrate 0.2 g. g�� 

Average cell radius at division 2 μm 

Simulation time step 1 hour 

Shear detachment coefficient
# 0.05/0.1/0.15

 
h�� 

Nutrient-limited detachment coefficient
# 

0.001/0.005/0.01 h�� 

Erosion detachment coefficient
# 

0.025/0.05/0.1 h�� 

(#): Three different levels of detachment coefficients from slow detachment to fast detachment were used 171 

 172 

TABLE 2. Biofilm surface characterization parameters 173 

Characterization parameters  Equation 

 

Surface coverage  (�) 

 

cell

su rface

A
C

A
=                        (¥) 

Surface enlargement ( ) s

p

A
E

A
=                              (*) 

Surface roughness (!) 

,

,

| |j k

j k

h h

R
j k

−

−

=
⋅

∑
                (Ɛ) 

 174 

(¥): 
cellA is the area of the attachment surface that is occupied by bacteria and 

surfaceA is the whole area of the 175 

attachment surface. 176 

(*): 
sA  is the area of biofilm surface and pA  is the area of attachment surface which are attached by bacteria. 177 

(Ɛ): ℎ#,% is biofilm thickness at grid referred to as (', () (j is the j
th

 grid in y direction and k is the k
th

 grid in z 178 

direction) and ℎ* is the average biofilm thickness. 179 
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Results and Discussion 180 

The biofilm simulations with no detachment events were treated as the control. And the three 181 

replicates used different initial bacterial locations but identical numbers. All simulations lasted 182 

400 hours. Results of the simulations were evaluated both qualitatively by 3D structures and 183 

quantitatively by characterization parameters. 184 

Biofilm 3D Structures  185 

Representative biofilm structures at 200 hours and 400 hours are shown (Figure 2 and Figure 186 

3). The two time points were chosen to represent the two biofilm development stages before and 187 

after the detachment became significant. Similar biofilm structures as the control (Figure 2A) 188 

were observed at 200 hours under shear detachment regardless of the detachment coefficient 189 

values applied (Figure 2B-2D). However, at 400 hours, shear detachment, especially when large 190 

detachment coefficient values applied, showed significant influence on thinning the biofilms 191 

(Figure 3B-3D). More isolated cluster structures were formed under nutrient-limited detachment 192 

at 200 hours (Figure 2E-2G) due to the detachment of the bacteria around the attachment 193 

surfaces, and for the same reason at 400 hours, the weakened attachment (Figure 3F, 3G) of 194 

biofilms to the attachment surfaces led to the detachment of large amount of biomass (Figure 195 

3G), which could be defined as sloughing events. For erosion detachment, no significant effect 196 

could be found throughout the simulation period (Figure 2H and Figure 3H) when applying the 197 

smallest coefficient value. But when erosion detachment coefficient is large enough, influence of 198 

it started to be observable at 200 hours (Figure 2J and Figure 3J). When all three detachment 199 

mechanisms were added at the same time, even all three detachment coefficients were chosen to 200 

be the smallest ones, influence of detachment on biofilm structure could be clearly seen (Figure 201 

3K). When large enough detachment coefficients were chosen, erosion detachment led to the 202 
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formation of larger clusters and nutrient-limited detachment resulted into the hollow structure 203 

formation before sloughing event (Figure 3M).  204 

Under the current settings, the 3D biofilm structure results indicate that shear and nutrient-205 

limited detachment only show effects at relative later stages of biofilm development, while 206 

erosion detachment starts to influence biofilm structure formation from the beginning of biofilm 207 

development. From the definitions of the detachment mechanisms, it is clear that the thicker the 208 

biofilm, the higher shear detachment. Similarly, nutrient limitation is more likely to be reached 209 

inside large clusters at the late stage of biofilm development to promote nutrient-limited 210 

detachment. On the other hand, the definition of erosion detachment does not depend on biofilm 211 

thickness, thus can happen at the early stage of biofilm growth. 212 

The above observations show that shear detachment made the biofilm thinner, nutrient-limited 213 

detachment formed holes near the biofilm attached surface, and erosion detachment led to 214 

formation of  separated bacterial clusters, which are the similar trends as the previous BBM 215 

results (19). Thus, the feasibility to study biofilm detachment using the IBM method 216 

(iDynoMiCs) was proved. Furthermore, the above results also showed that the significance of 217 

each detachment mechanisms is time dependent, i.e., depending on the stage of biofilm 218 

development. 219 
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 220 

Figure 2. Biofilm structures at 200 hours ((A): without detachment; (B, C, D): with shear detachment 221 

coefficient of 0.05, 0.1, 0.15, respectively; (E, F, G): with nutrient-limited detachment coefficient of 222 

0.001, 0.005, 0.01, respectively; (H, I, J): with erosion detachment coefficient of 0.025, 0.05, 0.1; (K, L, 223 

M): with all three detachment but with all three smallest coefficients, all three middle coefficient values, and 224 

all three largest coefficients respectively) 225 
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 226 

Figure 3. Biofilm structures at 400 hours ((A): without detachment; (B, C, D): with shear detachment 227 

coefficient of 0.05, 0.1, 0.15, respectively; (E, F, G): with nutrient-limited detachment coefficient of 0.001, 228 

0.005, 0.01, respectively; (H, I, J): with erosion detachment coefficient of 0.025, 0.05, 0.1; (K, L, M): with all 229 

three detachment but with all three smallest coefficients, all three middle coefficient values, and all three 230 

largest coefficients respectively) 231 
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Biofilm detachment and growth characterization 232 

Along with biofilm development, detachment rate also changed from time to time (Figure 4). 233 

For shear and nutrient-limited detachment, equilibrium detachment rate states could be reached 234 

(Figure 4A and Figure 4B). Big vibrations in the equilibrium detachment rate could happen at 235 

later stages for nutrient-limited detachment, which could be attributed to sloughing events 236 

(Figure 4B). For erosion detachment, the detached cell number kept increasing with time rather 237 

than reached equilibrium states in the whole simulation period (Figure 4C). When all three 238 

detachment mechanisms were added, complicated behaviors were observed depending on the 239 

coefficient values chosen. When all smallest values were chosen (‘All min’ condition in Figure 240 

4D), detached cell number kept increasing very fast. But when the three coefficients were all set 241 

to the maximum values (All max in Figure 4D), detached cell number first increase and then 242 

decrease then maintain the smallest values due to the small biomass left on the surface. The 243 

increase and then decrease phenomena was also observed for the condition when the coefficients 244 

were set to the medium values. This turning of detached cell number trend could be attributed to 245 

the result of sloughing events, which are more likely to happen when the coefficients are larger. 246 
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 247 

Figure 4. Detached cell number under different detachment mechanisms ((A) – different shear detachment 248 

coefficients (SDC), (B) – different nutrient-limited detachment coefficients (NLDC), (C) –different 249 

erosion detachment coefficients (EDC), and (D) – all three detachment, where ‘All minimum’ refers to 250 

SDC = 0.05, NLDC = 0.001, and EDC = 0.025, ‘All middle’ refers to SDC = 0.1, NLDC = 0.005, and 251 

EDC = 0.05, and ‘All maximum’ refers to SDC = 0.15, NLDC = 0.01, and EDC = 0.1. Same captions 252 

were applied for the following figures.) 253 

Total cell number inside the biofilms was used as an indication of the bacterial growth and all 254 

dead bacteria were excluded. For shear detachment, instead of reaching equilibrium states, 255 

decreases of cell number after reaching the maximum values were observed (Figure 5A). 256 

Nutrient-limited detachment could lead to either continuous increasing or equilibrium states of 257 

total cell number inside biofilms before reaching sloughing events (Figure 5B) for the time 258 
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period chosen in the current study. If the study time period could be extended long enough, the 259 

growth of bacteria will slowly reach the steady state followed by sloughing independent of the 260 

coefficient values. For erosion detachment, the cell number kept increasing with slower speeds 261 

than the control (Figure 5C). When all three detachment mechanisms are enabled at the same 262 

time, the similar trend was observed as the adding of only shear detachment, but the absolute cell 263 

number values are relative smaller as a result of the adding of the other two detachment 264 

mechanisms (Figure 5D). With detailed inspection and comparison between Figure 5D with 265 

Figure 5C, it could be observed that in the initial growth period, from 0 to 100 hours, the total 266 

cell number of biofilms when all three detachment mechanisms were added showed exactly same 267 

values as the biofilms formed with adding of only erosion detachment, which could led to the 268 

conclusion that erosion detachment showed the most significant influence in this stage. After 269 

that, from 100 hours, effect of shear and nutrient-limited detachment became obvious and the 270 

total cell number of biofilms enabled all three detachment mechanisms showed complex 271 

combined result of biofilms formed with each one detachment mechanism. 272 
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 273 

Figure 5. Total cell number inside biofilms 274 

Maximum thickness is the distance between the attachment surface and biofilm top surface. 275 

Maximum thickness of the control kept increasing almost linearly while a trend to reach 276 

equilibrium maximum thickness values was shown when shear detachment was included (Figure 277 

6A). Nutrient-limited detachment could only happen when bacteria are embedded inside biofilm 278 

clusters. Therefore, as expected, maximum biofilm thickness was not influenced much by 279 

nutrient-limited detachment before sloughing events (Figure 6B). For erosion detachment, 280 

maximum biofilm thickness showed continuous increasing similar to control but with relatively 281 

slower increasing rates (Figure 6C) which could relate to the definition of erosion detachment 282 

that the bacteria in the thin surface layer of biofilms have higher probability to get detached by 283 
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this mechanism. As such, the maximum thickness of these biofilms kept increasing but increased 284 

more slowly.  285 

Average thickness of biofilms with only shear detachment showed similar trend as their 286 

maximum thickness values but with much more observable equilibrium state (Figure 7A). The 287 

time point when biofilm reached equilibrium state, which is around 200 hours, was independent 288 

of the detachment coefficient values. The achievement of biofilm steady state when shear 289 

detachment is defined as a quadratic dependency on biofilm thickness has been previously 290 

reported (15) and widely accepted. Average thickness of biofilms with only nutrient-limited 291 

detachment first increased before reaching a short equilibrium state; then increased again until 292 

sloughing events happened (Figure 7B). When erosion detachment was enabled alone, 293 

continuous increasing of average thickness was observed (Figure 7C) without the trend of 294 

reaching equilibrium state. When all three detachment mechanisms were included, average 295 

thickness first increased and decreased after reaching a turning point for the largest detachment 296 

coefficient condition; for the other two conditions, average thickness first reached a short 297 

equilibrium state and then increase again, which was similar to biofilms formed with only 298 

nutrient-limited detachment (Figure 7D).  299 
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 300 

Figure 6. Biofilm maximum thickness  301 

 302 
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 303 

Figure 7. Biofilm average thickness 304 

Biofilm surface characterization 305 

In order to compare the biofilm surface properties, surface parameters as explained before 306 

were calculated and evaluated. Surface coverage as defined can indicate the coverage of the 307 

biofilm on the surface. Shear detachment mainly influences biofilm top surface and no obvious 308 

effect on biofilm surface coverage could be observed (Figure 8A). Nutrient-limited detachment, 309 

on the other hand, is a process which starts specifically from the deep inner biofilm parts where 310 

nutrient cannot penetrate to. Thus it showed significant influence on decreasing the biofilm 311 

surface coverage when nutrient started to limit bacteria growth (Figure 8B). Erosion detachment 312 

had only minor effect on decreasing surface coverage during early biofilm formation period but 313 

at last all surface would be covered by biofilms (Figure 8C). As a combination, biofilms formed 314 
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under all three detachment mechanisms showed different trends under different coefficient value 315 

sets (Figure 8D), which could be linked to the importance of each detachment mechanism. Shear 316 

detachment showed no contribution, while erosion detachment showed the leading role at the 317 

early stages (before 200 hours) and nutrient-limited showed more important effect at the later 318 

stages (after 200 hours). 319 

 320 

Figure 8. Biofilm surface coverage 321 

Surface enlargement values of biofilms under shear detachment were increased at late stages 322 

mainly because of the loosely packed biofilm surface layers (Figure 9A). The surface 323 

enlargement of biofilms under nutrient-limited detachment increased a lot compared with control 324 

and this could be the result of decreased surface coverage due to the detachment of bacteira near 325 

the attachment surface (Figure 9B). Biofilm under erosion detachment also showed increased 326 
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enlargement values (Figure 9C), which is expected because erosion helped the formation of more 327 

isolated bacterial clusters. When all three detachment mechanisms were enabled, there was a 328 

turning point, which depended on the detachment coefficient chosen, after which surface 329 

enlargement started to decrease (Figure 9D). 330 

 331 

Figure 9. Biofilm surface enlargement 332 

Lastly, biofilm surface roughness was evaluated. Surface roughness of the control mainly 333 

increased and then reached a threshold value. Surface roughness of biofilms with shear 334 

detachment first increased with slower speed and reached a short equilibrium state and then 335 

increased again (Figure 10A). It is worthwhile to suspect that the shear smooth effect could only 336 

be maintained in a short time period only, after which the biofilms with shear detachment could 337 

possibility be rougher even than the control. This later increase of surface roughness could also 338 
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be the result of the loosely packed surface layers of biofilms, similar to the surface enlargement. 339 

Nutrient-limited detachment didn’t show any conclusive influence on surface roughness (Figure 340 

10B), which is understandable as nutrient-limited influence very little on biofilm surface 341 

properties. Surface roughness of biofilms under erosion kept increasing linearly which was quite 342 

different form the control where the increase of surface roughness slowed down after 300 hours 343 

(Figure 10C). Therefore, it could be predicted that eventually these biofilms would become 344 

rougher than the control. When all three detachment mechanisms were applied together, the 345 

overall effect was that the larger coefficient values, the smoother the biofilms except when 346 

sloughing happened (Figure 10D).  347 

 348 

Figure 10. Biofilm surface roughness 349 

 350 
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Interestingly, it is found that for parameters like total cell number, average thickness and 351 

roughness, variations among replicates with one or more detachment mechanisms enabled were 352 

much smaller than the control in all the simulations, which means that these parameters were 353 

more consistent and suitable to characterize biofilm structure properties, while other parameters, 354 

like maximum thickness, surface enlargement and coverage, showed large variations. In general, 355 

there are many factors could affect the variations, or the error bars in the plots. First, the 356 

variation of initial cell attachment conditions could cause the error bar in all simulations. The 357 

initial cell number for all simulation was set to 10, but biomass of each bacterium as well as its 358 

location were chosen randomly from defined distributions, i.e., a Gaussian distribution for 359 

biomass and an even distribution for locations on the substrate. Second, the values of detachment 360 

coefficient and the time point of biofilm development affected error bars as well. When nutrient-361 

limited detachment was effective, sloughing events were the main reason for the sudden increase 362 

of error bar values, such as Fig. 5B. If big error bars were observed for a long time period, like 363 

Fig. 8C, it was probably due to the large bacterial detachment occurred at the early stage as 364 

indicated in Fig. 5C, which led to the large variations in the subsequent biofilm development. As 365 

for the control biofilms without bacterial detachment, the error bars increased smoothly during 366 

development, which could be attributed to the colonial growth effect. 367 
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Discussion and Conclusion 368 

Experimental work of shear effects on biofilm development has been reported in the literature 369 

(13,29–31). Some showed that the increasing of shear stress only had a temporary short-term 370 

effect and biofilms could adapt to the shear increase and return to previously established steady 371 

state after a certain time period (30). Others showed that under higher shearing, elevated 372 

detachment happened, which would result into smoother and thinner biofilms (29,31), which is 373 

similar as what was reported in this simulation. Nutrient-limited detachment was less frequently 374 

studied experimentally, but what have been found in the current study that nutrient limitation led 375 

to hollow structures in biofilm clusters and eventually, sloughing events, had been previously 376 

reported (27,32,33). Finally, erosion detachment alone was hardly evaluated, but one of the 377 

findings here that erosion detachment started to be important for biofilm formation since early 378 

biofilm development stages agrees with the previous report (34).  379 
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New findings were also discovered in current individual based simulation. First, the current 380 

study showed that different detachment mechanisms played different roles on biofilm structure 381 

formation at different biofilm development stages. To be specific, erosion detachment was more 382 

important at early biofilm stages while shear detachment was more important at later stages and 383 

nutrient-limited detachment only showed influence when biofilm clusters became large enough 384 

to create thick nutrient diffusion barrier. Second, different detachment mechanism has different 385 

sensitivities on the selection of detachment coefficient values in the current study. Particularly, 386 

shear detachment always showed similar effects on biofilm formation regardless of the 387 

coefficient values chosen. Considering that shear detachment only significantly affected biofilm 388 

structure at the later stage, this result indicated that the initial conditions of a biofilm may play a 389 

significant role in the development of biofilm structure, which is well known for a chaotic 390 

system, i.e., the butterfly effect. For Nutrient-limited detachment, depending on the coefficient 391 

value, sloughing events could happen early or late. For the erosion detachment, its influence on 392 

biofilm formation depends very much on the coefficient values. Lastly, with detachment enabled, 393 

all biofilm parameters, except some conditions discussed before, had smaller error bars than the 394 

biofilms formed without detachment, i.e., detachment could help form more reproducible 395 

biofilms when compared with biofilms formed without detachment.  396 

 397 
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In summary, biofilms development under different detachment mechanisms were successfully 398 

simulated using the individual based modeling method. Both 3D observations and structural 399 

parameters were evaluated, which showed different influence of these detachments on biofilm 400 

development and structural evolution. Finding in the current simulation were compared with 401 

previous experimental and numerical results whenever available. New findings are also 402 

discovered including the effects of different detachment mechanisms on the equilibrium state, 403 

time-dependent effects of each detachment mechanism on biofilm structure, sensitivity of the 404 

detachment coefficient values, etc. 405 
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