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Abstract: 
 

A knowledge of the mechanical properties of bacterial biofilms is required to more fully 
understand the processes of biofilm formation such as initial adhesion or detachment. The main 
contribution of this paper is to demonstrate the use of homogenization techniques to compute 
mechanical parameters of Pseudomonas aeruginosa PAO1 biofilms. For this purpose, 
homogenization techniques are used to analyze freeze substitution electron micrographs of the 
biofilm cross-sections. The concept of a representative volume element and the study about his 
representativeness allows us to determine the optimal size in order to analyse these biofilm 
images. Results demonstrate significant heterogeneities with respect to stiffness and these can be 
explained by varying cell density distribution throughout the bacterial biofilms. These stiffness 
variations lead to different mechanical properties along the height of the biofilm. Moreover, a 
numerical shear stress test shows the impact of these heterogeneities on the detachment process. 
Several modes of detachment are highlighted according to the local strain energy in the different 
parts of the biofilm. Knowing where, and how, a biofilm may detach will allow better prediction 
of accumulation and biomass detachment. 
 
 
Keywords: homogenization technique; mechanical properties; freeze-substitution electron 
microscopy; bacterial biofilms; detachment process. 
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1  Introduction 
 

Bacteria predominantly live in surface-associated communities called biofilms which develop 
at any interface that is suitable for microbial growth (Costerton et al. 1995). Important examples 
where biofilms occur are riverbeds, plant leaves, waste water treatment facilities (Woolard and 
Irvine 1994; Wagner and Loy 2002), soil, sites of biocorrosion (Beech and Sunner 2004), 
(Coetser and Cloete 2005), sewage pipelines, bioreactors (Godon et al. 1997), and several sites 
throughout the human host (Socransky and Haffajee 2002; Marsh and Bradshaw 1995). Bacterial 
biofilms can be beneficially used in the wastewater treatment process (Woolard and Irvine 1994; 
Wagner and Loy 2002) but they can also be harmful in many industrial processes (such as water 
distribution pipelines) and in infectious disease. In any case, favouring the maintenance or 
removal of a biofilm community requires a better understanding and control of its mechanical 
properties. Indeed, the mechanical properties of biofilms determine biofilm deformation, failure 
and detachment in response to mechanical forces. 

 
Characterizing the mechanical properties of biofilm communities is therefore an important 

scientific and economic issue. For example, techniques that use mechanical forces in the absence 
of hydrodynamics include micro-cantilevers (Poppele and Hozalski 2003; Aggarwal and 
Hozalski 2010; Aggarwal et al. 2010), centrifugation methods (Ohashi and Harada 1994a, 1996), 
indenters (Cense et al. 2006), and T-shaped probes (Chen et al. 1998, 2005) in order to pull the 
biofilm. Other methods use hydrodynamic loadings (exposure of biofilms to a fluid flow) 
including flow cell methods (Stoodley et al. 1999a, b, 2001, 2002; Mathias and Stoodley 2009) or 
Couette-Taylor reactors (Coufort et al. 2007; Rochex et al. 2008). This range of studies 
highlights different mechanical behaviours, some of which report a linear behaviour of the 
biofilm (Korstgens et al. 2001; Mathias and Stoodley 2009). Generally, bacterial biofilms present 
a linear behaviour when they are submitted to low loadings, and their mechanical behaviour can 
be described in the elasticity framework. However, biofilms can also demonstrate time-dependent 
properties of viscoelastic materials with a relaxation time on the order of minutes (Klapper et al. 
2002; Cense et al. 2006; Lau et al. 2009). In order to further understand these behaviours, various 
numerical models have been developed, including sensitivity analyses on the parameters of a 
generalized Maxwell model (Klapper et al. 2002). A detailed review presents experimental 
devices and mechanical characterization of bacterial biofilms (Guélon et al., 2011). 

 
These mechanical behaviours directly depend on the microstructure of the biofilm such as the 

porosity or the bacterial density. To understand these contributions in more detail, several 
experimental studies have investigated the heterogeneity of these parameters on sub-micron 
scales (DeBeer et al. 1994; DeBeer and Stoodley 1995). For example, confocal microscopy 
provides a non-invasive visualization of a biofilm in three-dimensions and has revealed a variety 
of spatial structures – including mushroom (Rieu et al. 2008; Allesen-Holm et al. 2006), 
complex, or labyrinth morphologies (Xavier et al. 2009). Moreover, innovative imaging methods 
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such as the freeze-substitution technique (Hunter and Beveridge 2005) can reveal structural 
details of a biofilm in its near-native state at much higher resolution than classical confocal 
studies. Regardless of observation techniques, many studies have suggested that biofilm spatial 
structures, on multiple scales, can have a drastic effect on mechanical properties.  

 
However, the influence of microstructures on biofilm mechanics has seldom been addressed in 

the literature from a numerical point of view. A lot of environmental systems contain many 
spatial scales. The upscaling techniques such as the homogenization technique or the averaging 
theorem allow us to determine the macroscopic behaviour of a heterogeneous material from the 
knowledge of mechanical properties of each phase component and their spatial distribution. 
Numerical studies are mainly based on homogenization techniques in order to determine 
mechanical properties of various materials (Hashin, 1962; Aboudi 1991; Dormieux 2002). 
Indeed, the homogenization techniques are mainly used in the study of material behaviours. 
Moreover, in the field of bacterial biofilms, physical properties of biofilms have been highlighted 
with the averaging theorem (Wood and Whitaker 1998, 1999) or the homogenization techniques 
(Guélon et al. 2012), which both are used to determine the effective diffusion parameters of a 
biofilm. Some analytical models have also been developed in simple cases (Chang 1983). 
Moreover, some studies have investigated variations in mechanical properties of porous 
composite materials in order to calculate the Young's modulus. In these studies, bacterial biofilms 
are treated as porous composite materials with solid phases and voids (Laspidou et al. 2005; 
Laspidou and Aravas 2007).  

 
In this study, we aim to characterize the influence of biofilm microstructure on its mechanical 

properties. We use freeze-substitution transmission electron microscopy for high-resolution 
imaging of the natural structure of Pseudomonas aeruginosa biofilms (Hunter and Beveridge 
2005) and then use these images as the representative volume element (RVE) for homogenization 
techniques. We first analyse the impact of the bacteria spatial distribution throughout the biofilm 
in terms of mechanical properties. Then, an energetic criterion was used to determine the kind of 
detachment and the location where it is the most probable to occur. 

 

2  Materials and Methods 
 
2.1 Experimental techniques  
 

P. aeruginosa PAO1 was used throughout this study and was obtained from J. S. Lam 
(University of Guelph) and was maintained on trypticase soy agar (TSA, Becton Dickinson). 
Planktonic cultures were grown in a dilute Trypticase soy broth medium (dTSB) at a 
concentration of 3 g.l-1 (1/10th the recommended concentration) at room temperature to late-
exponential phase. Cells were washed twice in 50 mM HEPES buffer and were then processed 
using freeze-substitution (Hunter and Beveridge 2005) as previously described.  
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Biofilms were cultivated in dTSB on sapphire disks (Al 2O3) that were 50 µm thick and 1.4 mm in 
diameter (Leica Microsystems). Sapphire disks were placed in the lumen of silicone tubing (inner 
diameter of 1.57 mm) and the entire system was autoclaved prior to inoculation. Following 
attachment of cells to the sapphire disks, flow was resumed and the dTSB was pumped through at 
a constant rate of 0.1 mL.min-1or 7 days. After 7 days of growth, flow was stopped and sterile 
forceps were used to remove the sapphire disks. We can note that no visible biomass was 
detached from the Sapphire discs during processing. Sapphire disks were then placed into flat 
specimen holders (Leica) that were 1.5 mm in diameter. Immediately prior to freezing, a 10% 
sucrose solution was placed over top of the biofilm to serve as a cryoprotectant. The sapphire 
disks were frozen using a Leica EM PACT high-pressure freezer. Once samples were frozen they 
were maintained under liquid nitrogen (-135°C). 
 
Transmission electron microscopy was then used to image the obtained biofilms. Biofilms were 
thin sectioned on a Reichert-Jung Ultracut E ultramicrotome and visualized on a Philips CM10 
transmission electron microscope operating at 80 kV under standard operating conditions.  
 

 
 

Figure 1: Experimental investigation of a Pseudomonas aeruginosa biofilm using freeze-
substitution technique (Hunter and baveridge 2005). The density of bacteria changes following 
the location within the biofilm. 

 
Intuitively, bacteria and their extracellular polymeric substances (EPS) have different 

mechanical properties. Moreover, as shown in Figure 1, the bacterial distribution is not the same 
at the top of the biofilm as it is at the bottom. These variations in spatial organization can lead to 
localized gradients. However, it is difficult to evaluate the effect of these properties on biofilm 
mechanics. In order to assess these heterogeneities and their influence on the mechanical 
properties of the biofilm, we apply homogenization procedures on experimental images of 
separate biofilms of Pseudomonas aeruginosa PAO1 (Figure 2). This experimental set up has 
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been chosen because it is a non-destructive experiment. It allows us to generate relevant 
experimental images with a high resolution where the bacteria spatial distribution can be clearly 
investigated. 

 

 
Figure 2: Experimental images of Pseudomonas aeruginosa visualized by freeze substitution 
electron microscopy. Homogenization method has been performed on these four experimental 
images. 

 
 

2.2  Homogenization techniques  
 

Biofilms investigated in this study are considered as a two-phase material: bacterial cells and 
their extracellular polymeric substances (EPS). At the microscopic scale, we assume that both 
components have a linear elastic isotropic behaviour: 

 

 ITr
EE

)(
1

= σνσνε −+
 (1) 

 

σ  and ε  are the classical stress and strain tensors. )(σTr  corresponds to the trace of the 

matrix σ , i.e., the sum of the elements on the diagonal, I  is the identity matrix. E corresponds to 

the Young's modulus or the stiffness and ν is the Poisson's ratio. These coefficients are denoted 

bE  and bν  for the bacteria, and mE , mν  for the EPS. These values are then used to calculate the 

homogenized macroscopic values for the biofilm, denoted hE  and hν . The assumptions of linear 

elastic behaviour are based on previous studies of biofilm mechanical properties (Korstgens et al. 
2001, Mathias et Stoodley 2009). Generally, bacterial biofilms present a linear behaviour when 
they are submitted to low loadings and their behaviour can be described in the elasticity 
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framework. It is important to note that, despite microrheological in situ measurements of biofilm 
"streamers" demonstrating a clear viscoelasticity (Stoodley et al. 1999, 2002), we assume that 
biofilms have a linear elastic isotropic behaviour. We use homogenization techniques based on a 
representative volume element to characterize their elastic properties. 

 
 
2.3 Representative volume element (RVE)  
 

Homogenization procedures have been often used to determine the behaviour of different 
materials (Hashin 1962; Mori and Tanaka 1973; Suquet 1997). Furthermore, they integrate 
complex behaviour in order to calculate equivalent properties. This is not possible with classical 
methods that consider an uniform distribution of the particles, such as the Hashin-Shtrikman 
bounds (Hashin and Shtrikman 1963). Here, we use a numerical homogenization procedure in 
which complex spatial structures and spatial heterogeneities are taken into account using a 
representative volume element (RVE). For this, it is necessary to have a large surface in order to 
be representative, which depends on the studied scale and properties under consideration. It is 
essential to perform convergence studies to determine the size of the RVE (Figure 3). 

 

 
 

Figure 3: Selection of a representative volume element. We can clearly distinguish different 
scales from one bacteria to a cluster of bacteria. 
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 Indeed, if the surface is too small, the RVE is not representative. If the surface is too large, 
heterogeneities become smoothed. Therefore, when the RVE is determined, we attempt to shift 
this RVE so as to calculate and map the corresponding mechanical properties. The size of the 
biofilm images is 60×45 µm² and each has been imported on Inkscape (inkscape.org). The 
resolution of the experimental image is 560×360 pixels and they have been converted in .dxf 
format. The sizes of the three other images are close to this resolution. We have adopted the 
thresholding process by brightness cutoff with a single path from biofilm images. It has been 
used to create binary images in order to export them on the Finite Element (FE) software Comsol. 
The Inkscape software uses the vectorization engine Potrace (potrace.sourceforge.net). The 
geometry is then meshed with 2D triangular elements with 6 nodes per element. The number of 
elements of the meshing changes according to the geometry of the RVE.  
 
 

2.4 Energy-based technique 
 
The aim of this section is to use energy-based technique in order to determine the mechanical 
properties of the equivalent system from the microscopic components of the system. This 
technique is based on the assumption that the strain energy in the biofilm (considered a two phase 
material - bacteria and EPS) is equivalent to the homogenized strain energy of an equivalent 
homogenous biofilm. 
If we consider an isotropic elastic behaviour of the homogenized system (see results section 3.2), 
the homogenized strain energy Whom writes: 
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         (2) 

 

hE  and hν are the homogenized Young’s modulus and the homogenized Poisson’s ratio 

respectively. 11ε , 12ε , 22ε  are the homogenized elements of the matrix ε .  

Equation 2 has two unknowns, two mechanical tests are therefore required to determine these. 
The general approach developed in this study consists of simulating mechanical tests using FE 
software. We then compare the homogenized strain energy Whom to the strain energy Wnum of the 
real structure: 

ds:
2
1

= εσ∫S
num

e
W              (3) 

 
The FE tests give us two equations and therefore allows us to determine the homogenized 

parameters hE  and hν  by the equality of Equations 2 and 3. 
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2.5 Mechanical tests 
 

Identifying the Young's modulus E and the Poisson's ratio ν requires two mechanical tests, 
chosen for simplifying Equation 2. Here, an elementary cell is made of images described in 
section 2.1. An example of an elementary cell, exhibiting bacteria embedded in EPS is shown in 
Figure 4. Mechanical tests were performed using the FE software.   

 

 
Figure 4: Elementary cell of bacterial biofilm. Boundary conditions are imposed on the different 

edges 1l , 2l , 3l  and 4l  of the considered RVE for tests 1 and 2. 

 
 

The length of the cell side is denoted l. To carry out the numerical procedure, the elementary 

cell is supposed to be submitted to homogeneous strains 0ε  on the boundary Sδ  using a linear 

displacement du . The local problem can be formalized as follows: 
 

 




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Some relevant displacements du  are imposed on Sδ  that is to say on the four lines 1l , 2l , 3l  

and 4l . Test 1 corresponds to a uniaxial tensile test and test 2 to a simple shear test. Figure 4 

illustrates the boundary conditions chosen for both tests: 
 

for test 1: 
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for test 2: 
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where u is a constant.  
 

1u  and 2u  represent the displacements along the 1-direction and the 2-direction. The 

computation of the strain energy for these tests gives the following results: 
 

for test 1:  2
2

1 )(
)2(1

=
l
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W

h
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for test 2:  22 )(
)(1
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h
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ν−
 (8) 

 

Using Equations 7 and 8, the Young's modulus hE  and the Poisson's ratio hν  of the 

homogenized model can be calculated: 
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2.6 Analytical Solutions 
 

Several theoretical models calculate effective elastic moduli in a two-phase media. The 
simplest model is the law of mixtures. The bounds of Voigt and Reuss are based on this law 
(Reuss 1929; Voigt 1889). These models are essentially based on the assumption of a uniform 
distribution of inclusions or fibers. The influence of the spatial structure is neglected in this type 
of model which constitutes a mean field approximation of the effective properties in the case of a 
uniform distribution. It is simply assumed that for the Reuss model, the stress is constant in both 
phases and, for the Voigt model, it is the strain which is constant.  
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Hashin and Shtrikman have later established a variational principle able to give more precise 
bounds on effective properties of the material by adding an assumption on the geometry: there is 
a continuous phase and a discontinuous one (Hashin and Shtrikman 1963; Hashin 1983). They 
have shown that the effective properties of a two-phase material are bounded by the following 

expressions where it is assumed that 21 < GG  and 21 < KK . In this section, the index 1 refers to 

the EPS matrix and the index 2 to the bacteria. We denoted iρ , the ratio between the area 

occupied by the i-phase and the total area. 
We define the bounds of the shear modulus G as : 
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We define the bounds of the bulk modulus K as : 
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iG  is the shear modulus and iK  is the bulk modulus of the i-phase (EPS-phase or bacteria-

phase) and they are expressed respectively as follows : 
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Finally, we can define the effective elastic moduli bounds: 
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These both analytical solutions are used as reference solutions in order to validate the current 

approach and to highlight the influence of the spatial structure on mechanical properties. In our 
case, the bacteria are more rigid than the EPS matrix. Indeed, some studies have shown that 
bacteria have a certain stiffness in particular thanks to their membranes (Alonso-Hernando et al. 
2010; Najjar et al. 2007; Kudoyarov et al. 2011). On the contrary, EPS matrices are known to be 
highly hydrated (near 97 % of EPS mass is water) (Beveridge 1988) and consequently present a 
low stiffness, which can also change according to the presence of cations and/or other 
environmental parameters. The lower Hashin and Shtrikman bound corresponds to the case where 

the inclusions are more rigid than the matrix. The bound −E  is therefore expected to be the 
closest to our simulations. 

 
 

2.7 Shear test for the study of the biofilm detachment 
 

The accumulation of microorganisms on surfaces and biofilm development is recognized as a 
major strategy of microbial survival in natural and artificial environments. This accumulation is 
the balance of attachment, growth and detachment processes (Costerton et al. 1995; Costerton 
and Stewart 2001). Detachment may be defined as the transport of bacterial particles from the 
attached biofilm phase to the fluid phase. The detachment process occurs when external forces 
are larger than the internal strength of the matrix (Horn et al. 2003). These forces can be of 
several types including the following: fluid dynamic forces, shear forces, lift and taxis.  

Real loadings are very complex, and primarily depend on the hydrodynamics, geometry and 
mechanical properties of the biofilm (Chang et al., 1991 Stoodley et al. 1999a). For simplicity, 
our study is based on a simplified model of wall shear stress. In order to simulate hydrodynamic 
loadings, we apply suitable boundary conditions on the edge of the whole biofilm with periodic 
conditions on lines 1 and 3 (Figure 5): 
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Figure 5: Boundary conditions for the wall shear stress test. We can see the deformed shape of 
the biofilm when it is subjected to a hydrodynamic loading.  

 
 

We consider that the biofilm has homogenized properties ( hE  and hν ) within the 12 RVE 

(Figure 8). We have calculated the coefficient of variation (β) of the homogenized stiffness 
following the x-direction in the biofilm. The maximum value of β is equal to 0.194 enabling us to 
assume that variations in stiffness are not significant along the x-direction. It enables us to have 
periodic conditions on lines 1 and 3 in terms of displacements and stiffness and therefore check 
Equation 18. Results are presented in Table 1.    
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 Image 1 Image 2 Image 3 Image 4 
Zone 4 
(Top) 

moyE = 1.456 Pa 

moyν =0.249 

0.085=β  

moyE = 1.59 Pa 

moyν =0.240 

0.151=β  

moyE = 1.535 Pa 

moyν =0.298 

0.194=β  

moyE = 2.095 Pa 

moyν =0.272 

0.130=β  

Zone 3 
(Middle top) 

moyE = 2.740 Pa 

moyν =0.275 

0.053=β  

moyE = 2.820 Pa 

moyν =0.404 

0.143=β  

moyE = 2.192 Pa 

moyν =0.177 

0.081=β  

moyE = 3.381 Pa 

moyν =0.251 

0.074=β  

Zone 2 
(Middle 
bottom) 

moyE = 2.454 Pa 

moyν =0.307 

0.114=β  

moyE = 3.591 Pa 

moyν =0.438 

0.122=β  

moyE = 2.577 Pa 

moyν =0.325 

0.126=β  

moyE = 4.382 Pa 

moyν =0.336 

0.077=β  

Zone 1 
(Bottom) 

moyE = 3.375 Pa 

moyν =0.223 

0.028=β  

moyE = 3.728 Pa 

moyν =0.204 

0.055=β  

moyE = 3.347 Pa 

moyν =0.104 

0.031=β  

moyE = 4.905 Pa 

moyν =0.186 

0.038=β  

 

Table 1: Coefficient of variation (β) of the homogenized rigidity calculated in the x-direction 
according to the y-direction. 

 
 
 

3  Results and discussion 
 

3.1  RVE study 
 

As explained in section 2.3, the choice of the RVE size constitutes a key issue due to the 
difficulty to define the representativeness of the volume. In order to determine a relevant RVE, 

we performed a convergence study investigating the variation of the homogenized parameterhE  

according to different RVE sizes. The selected experimental sizes of RVE are represented in 
Figure 6.  
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Figure 6: Convergence study performed on several RVE sizes. It allows us to define a suitable 
RVE size in order to apply homogenization technique. 

 
 

The convergence curve is shown in Figure 7. The different RVE sizes are: RVE 1: 
1µm× 1µm, RVE 2: 5µm× 5µm, RVE 3: 10µm× 10µm, RVE 4: 20µm× 20µm and RVE 5: 

40µm× 40µm. For the calculation of the homogenized stiffness, we used : bE =100 Pa and 

mE =1 Pa. There is a ratio of 100 between the values of the matrix stiffness because we suppose 

that the stiffness of the bacteria is much higher as explained in section 2.6. The influence of this 
ratio is analyzed in section 3.3. 

The calculation of the homogenized stiffness is performed on the five different RVE sizes. 
The “min/max” bar corresponds to the minimum and the maximum values of the different 
computations of the homogenized stiffness. For each size of RVE, we have calculated the 
homogenized stiffness on several replicates. In Figure 7, for each RVE size, we have represented 
the minimum and the maximum values and the mean of homogenized stiffness of all replicates. 
Also note that, at the bottom of the biofilm, where the number of bacteria is high, the 
convergence is faster. If the minimum and maximum values are close, all RVE lead to the same 
result. In this case, we can conclude that the RVE has a good representativeness. As shown on 
Figure 7, the "min/max" bar is very significant for small surfaces of RVE, and decreases with 

respect to the RVE surface. The mean value converges for a RVE area greater than 200 µm2 . 
With this spatial structure, we can conclude that a domain with a size of 15 µm by 15 µm is 
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representative in terms of mechanical functions, independent of the location. This convergence 
analysis has been performed on multiple experimental images with similar results (data not 
shown).  

 

 
 

Figure 7: Calculation of the homogenized parameter according to the RVE size. There is a high 
degree of dispersion (high gap between the minimum and the maximum values of the 
homogenized rigidity calculated from several replicates) for small surfaces of RVE. For each 
RVE size, the triangle represents the mean of the homogenized stiffness calculated from all 
replicates.  

 
 

3.2  Stiffness map of the biofilm 
 
 Once the RVE convergence was determined, the RVE was moved following a pitch equal to 15 
µm in both 1- and 2- directions. Homogenization techniques (described above) were then applied 
to the twelve RVE that are distinguishable in Figure 8a. For the calculation of the homogenized 

stiffness, the RVE is a square of side 15 µm and we always used: bE =100 Pa and mE =1 Pa. 

The homogenization results are also shown on Figure 8. The stiffness map is plotted with the 
four biofilm experimental images (Figure 8b). All images present similar characteristics. Indeed, 
there is a high degree of stiffness variation throughout the biofilm. The maps clearly show 
stiffness heterogeneities, which can be partially explained by the bacterial distribution throughout 
the biofilm. For example, the bottom corresponds to the beginning of the biofilm formation 



 17 

 



 18 

Figure 8: Rigidity maps of biofilm experimental images. a) The whole biofilm is discretized in 
12 RVE. b) The rigidity map and c) the mean section are plotted to investigate the evolution of 
the rigidity into the biofilm. 
 

leading to a dense cell packing order due to a high substrate concentration. The stiffness is 
therefore the highest. On the contrary, at the top of the biofilm, close to the biofilm-media 
interface there is a structure with few scattered bacteria, leading to a lower stiffness. This low 
number of bacteria at the top may be explained by several phenomena such as hydrodynamic 
stress, shear forces or cell-cell interactions. In this case, the stiffness is less significant. This study 
clearly demonstrates that the stiffness variations strongly depend on three issues: the bacterial 
spatial distribution, the volume fraction of the two phases and the values of microscopic 

parameters, mE  and mν  for the EPS matrix, bE  and bν  for the bacteria. In the mean sections 

shown in Figure 8c, there are clearly two abrupt variations of stiffness, indicating that the 
mechanical properties rapidly change at the top and at the bottom of the biofilm. In Figure 9, we 
can see the evolution of the homogenized stiffness according to the biofilm height and we can 
compare the numerical results with the analytical results. In Figure 9a, we can note that the 
numerical results ranged between the Hashin and Shtrikman bounds. This result confirms what it 
was expected, i.e. the numerical calculations are very close to the lower bound of Hashin and 

Shtrikman −E  because bacteria are more rigid than the EPS matrix. Moreover, the results fit the 
previous conclusions, i.e., at the bottom, the high number of bacteria participates to have a higher 
stiffness. On the contrary, at the top, the low number of the bacteria contributes to a lower 
stiffness. We can also note that the gap varies between the numerical result and the lower bound 

−E  within the biofilm (see Figure 9b).  
 

 
Figure 9: Comparison between numerical results and analytical solution of Hashin and 
Shtrikman a). We can also note that the gap between the numerical results and the lower bound of 
Hashin of the homogenized rigidity varies according to the locations of the biofilm due to a little 
orthotropic effect, to the spatial structure and to the bacteria shapes b). 
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Many reasons may be explain this difference. We hypothesize that the biofilm has an elastic 
isotropic behaviour at the microscope scale. In order to assume this hypothesis, we carried out the 
same study but we consider that the biofilm has an orthotropic behaviour. The energetic based 
technique was therefore used in the orthotropic case (not detailed here for the sake of simplicity). 
The energy based technique allowed us to compute the homogenized stiffness in the 1- and 2- 
directions respectively. In order to characterize the orthotropic effect, we calculated the 
orthotropic coefficient r which corresponds to the ratio between these two values: 

 

 
1

2

E

E
r =    (19) 

 
The mean of this coefficient is equal to 0.95, which supports the isotropic approximation but 

can also explain a part of the gap between numerical and analytical results. On the other hand, the 
spatial structure of the biofilm and the shape of the bacteria can explain this difference. Indeed, 
the spatial structure is not uniform and the bacteria have various shapes such as spherical, oval or 
little stick, which may influence the results.   
 
 

3.3  Sensitivity analysis of the ratio of microscopic stiffness 
 

As explained above, we suppose that the bacterial stiffness is higher than the EPS matrix 
stiffness but it is very difficult to quantify the difference. In order to analyse the influence of 
these microscopic values, we perform a sensitivity analysis on the ratio of the microscopic 

parameters ( mE / bE ). We compute the homogenized stiffness hE  for four different values of 

mE (1;10;30;50) leading to four values of the ratio mE / bE  (0.01;0.1;0.3;0.5) according to the 

bacterial distribution of the biofilm. On Figure 10, we investigate the influence of this ratio on 
homogenized stiffness in four locations throughout the biofilm. The locations were selected at 
different heights from zone 1 at the bottom to zone 4 at the top. We show that the homogenized 
stiffness evolves almost linearly with the ratio at the top of the biofilm. Indeed, the number of 
bacteria at the top is low, and the homogenized stiffness is proportional to the value of the matrix 

stiffness mE  and therefore to the ratio mE / bE . Then, the evolution of the homogenized stiffness 

clearly tends to be more nonlinear when the location in the biofilm is close to the substratum, 
where the number of bacteria is high. This approach allows us to see the high sensitivity of the 
microscopic parameters of the stiffness. The factor between both values may be very large and 
strongly impact the values of the stiffness. As explained above, the values of the stiffness of the 
EPS matrix are most probably lower than the stiffness of the bacteria due to the fact that EPS 
matrix is highly hydrated. But, the percentage of water in EPS matrix may play a major role in 
the final value of EPS stiffness. 
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Figure 10: Influence of the ratio 
b

m

E

E
 on homogenized rigidity at different locations of the 

biofilm. The nonlinearity increases when the biofilm height increases. 
 
 

3.4  Influence of the stiffness distribution on the biofilm detachment 
 

We also assessed the influence of the stiffness spatial variations on the biofilm detachment by 
simulating a hydrodynamics test (as explained in section 2.7). Many studies in fracture mechanics 
are based on energetic criteria, so we have therefore decided to use an energetic criterion to 
define zones where the detachment is the most probable. For this purpose, we compute the local 

strain energy W within each zone according to the characteristic hE  and hν  of each homogenized 

RVE. For a sake of clarity, values of strain energy W are normalized according to the highest 

value of the strain energy and are denoted W
~

in order to compare detachment between biofilms. 

In zones where the strain energy W
~

 is superior to W
~

limit, detachment has a high probability to 

occur. In contrast, there is a low probability of detachment in zones where W
~

 is inferior to  

W
~

limit,. To determine detachment locations, we choose  W
~

limit = 0.6. The strain energy map, the 

detachment mode and the locations where the probability of detachment is the highest are 
represented in Figure 11. Experimental image maps clearly show variations in strain energy due 
to variations of stiffness according to the 2-direction. The detachment zones are colored in grey 
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on Figure 11. These zones correspond to two types of detachment: 
 
- erosion: detachment occurs at the top of the biofilm close to the fluid/biofilm interface 

(Figure 11,a-d). It leads to the detachment of few bacteria or small fragments of the 
biofilm. Erosion is basically a surface process. The wall shear stress causes the 
detachment of single cell or small portion of the biofilm at the fluid / biofilm interface 
(Bryers 1988); 
 

- sloughing: occurs within the biofilm where the bacteria density decreases. Generally, it 
leads to the detachment of large parts of the biofilm (Bryers 1988; Ohashi and Harada 
1994b). We can distinguish two different sloughing cases. Sloughing can occur near the 
middle of the biofilm (Figure 11a). In this case, this detachment can be associated with a 
cohesive failure. The second type of sloughing occurs at the bottom of the biofilm, close 
to the biofilm/substrate interface. In this case, sloughing may result in the entire biofilm 
detaching (Figure 11c) and can be associated with an adhesive failure. Note that if we 
want to quantify the adhesive failure, a more refined model has to be used by considering 
the interfacial model between the biofilm and the substrate.  

 
Furthermore, we plotted the distributions of the strain energy according to the 2-direction (along 
the height of the biofilm). It enables us to locate the different detachment zones: erosion, 
sloughing with cohesive failure and sloughing with adhesive failure. It clearly shows that the 
detachment mode is strongly linked to stiffness heterogeneities within the biofilm. 
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Figure 11: Influence of rigidity distribution on biofilm detachment. The whole biofilm is 
discretized in 12 homogenized RVE, transformed in four levels due to the periodic conditions and 
the map of the strain energy is plotted. We can see the mode of the detachment and the location 
where it has the highest probability to occur.  

 
 
4  Conclusion 
 

Novel experimental methods create new opportunities to carry out analyses of mechanical 
properties within bacterial biofilms. Here, we use an original experimental approach; freeze- 
substitution electron microscopy coupled with a homogenization procedure in order to study 
biofilm mechanics in a single-species biofilm. This coupling allows us to show that bacterial 
distribution leads to significant stiffness heterogeneities within the biofilm which may partly 
explain the detachment phenomena. Moreover, it explains the different detachment modes 
observed in the literature such as erosion or sloughing. In the future, we intend to use of a more 
complex mechanical models such as interfacial models which will allows us to analyse biofilm 
failures and more complex natural microbial communities. 
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