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Abstract 27 

It has long been recognized that biofilms are viscoelastic materials, however the 28 

importance of this attribute to the survival and persistence of these microbial 29 

communities is yet to be fully realized. Here we review work, which focuses on 30 

understanding biofilm mechanics and put this knowledge in the context of biofilm 31 

survival, particularly for biofilm-associated infections. We note that biofilm 32 

viscoelasticity may be an evolved property of these communities, and that the 33 

production of multiple extracellular polymeric slime components may be a way to 34 

ensure the development of biofilms with complex viscoelastic properties. We discuss 35 

viscoelasticity facilitating biofilm survival in the context of promoting the formation of 36 

larger and stronger biofilms when exposed to shear forces, promoting fluid-like 37 

behavior of the biofilm and subsequent biofilm expansion by viscous flow, and enabling 38 

resistance to both mechanical and chemical methods of clearance. We conclude that 39 

biofilm viscoelasticity contributes to the virulence of chronic biofilm infections.          40 
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Introduction 52 

Biofilms are usually considered from the physiological perspective of the encased 53 

microbial cells. However, they can also be considered as biophysical materials, where 54 

the cells are equivalent to colloids and the encasing extracellular polymeric slime 55 

(EPS) as a cross-linked polymer gel. This framework has allowed parallels to be drawn 56 

from soft matter physics, permitting the current understanding of biofilms as 57 

viscoelastic materials (Korstgens et al, 2001, Ohashi et al, 1994, Stoodley et al, 1999). 58 

Despite recent interest in biofilm mechanics, it remains an under-represented research 59 

area compared to other focuses, such as biofilm eradication and EPS production (Fig 60 

1). This is largely twofold; firstly, the importance of mechanics to the survival and 61 

control of biofilms has only recently been recognized, and as such many microbiology 62 

research laboratories lack the equipment and expertise for these analyses. Secondly, 63 

biofilms are difficult to analyze mechanically, as they are microscopic and highly 64 

variable, both within and between biological replicates and species. Furthermore, 65 

biofilms are grown either as aggregates or attached at surface interfaces, and 66 

transferring biofilms to conventional mechanical testing equipment for this analysis, 67 

without disrupting them, can be challenging (Stoodley et al, 2002). This is compared 68 

to materials routinely analyzed mechanically, which tend to be abiotic, uniform, not 69 

restricted in volume and relatively easy to handle. However, with technical advances, 70 

and the ingenuity of researchers to adapt novel methods, this hurdle is slowing being 71 

overcome, accounting for the steady rise of this field since the mid 1990’s (Fig 1).  72 

 73 

Understanding biofilm mechanical properties, and how the biofilm responds to 74 

mechanical forces in its surroundings, offers new insight into the establishment and 75 

survival of these microbial communities. Measuring a biofilm’s mechanical moduli (i.e. 76 

Young’s, shear, storage or loss; discussed below) offers a way of describing biofilms 77 

that is complementary to current quantification parameters from microscopy analysis, 78 

such a biomass or roughness. Quantifying parameters from microscopy analysis is 79 
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subject to variation due to microscope settings and threshold levels. Biomass 80 

quantified in this manner is also likely to be an underestimate as not all biofilm EPS 81 

components can be stained, and subsequently visualized.  82 

 83 

The external forces that biofilms experience during development, shape the structure 84 

and collective behavior of these communities. Therefore, biofilm mechanics is an 85 

important research focus from both a basic biology standpoint, but also has important 86 

consequences to infection and industry.  87 

 88 

Mechanical measurements of biofilms 89 

 90 

Text box 1: Glossary in the context of mechanical testing 

Normal or axial force: A force that is applied perpendicular to a surface. 

Compression: A force which pushes against a material to be tested. 

Tension: A force which pulls a material apart. For this test the material needs 

to be adhered to the pulling surface. 

Shear force: A force that is applied parallel to a surface. 

Stress: The force applied over a unit area; (force/area). 

Strain: Shape change or physical deformation of a material relative to the original 

dimensions of the material; dimensionless.  

Modulus: The relationship between stress and strain that materials experience 

during mechanical measurements. This relationship can be linear, nonlinear or 

history dependent; (stress/strain). 

Oscillatory or dynamic test: A test in which a force or strain applied to a material, in 

normal or shear, is done so in an oscillatory manner (i.e. cycles of pushing 

and pulling or twisting back and forth, for axial and shear test respectively), 

and the response is continuously measured. For a purely elastic material, 

the response to an applied force or strain is immediate. For a viscoelastic 

material, the response has a time delay and the magnitude (phase shift) of 

the delay is an indication of whether the material is more elastic (time delay 

is short) or viscous (time delay is long). For a purely viscous material, the 

response is 90o out of phase with the applied force or strain. 
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There are several ways that the mechanical properties of biofilms can be analyzed, 91 

the most common are mechanical indentation or the application of shear stresses. 92 

Using these two methods, a number of different mechanical analyses can be 93 

performed (Fig 2). Those pertinent to this review will be briefly discussed here, 94 

however for a more compressive review of mechanical methodology refer to (Tallawi 95 

et al, 2017, Fabbri et al, 2016c, Boudarel et al, 2018, Charlton et al, 2019). For 96 

analyses using mechanical indentation, a normal force is applied to the biofilm surface 97 

and can be analyzed both at the macro (rheometer or indenter) and micro (atomic force 98 

microscopy) scale (Fig 2A). For analyses using shear stresses, a shear force is applied 99 

to the biofilm surface using either spinning disk rheology or flow cell systems (Fig 2B, 100 

C). The latter can also be analyzed at the macro (measuring changes in biofilm 101 

deformation with changes in fluid shear rate) and micro (tracking the movement of 102 

fluorescently labeled beads through the biofilm) scale (Fig 2C). From these different 103 

mechanical analyses various moduli can be calculated, which describe intrinsic 104 

mechanical properties of a given material (Vincent, 2012, Ferry, 1980).  105 

 106 

During mechanical indentation analysis, in compression mode, the force required to 107 

compress a biofilm is measured. From the slope of the resulting force-displacement 108 

curve, the Young’s modulus (E) of the biofilm can be determined (Timoshenko et al, 109 

1970). The Young’s modulus is a measure of the elasticity, or stiffness, of a material 110 

when exposed to a normal force (Timoshenko et al, 1970). Both spinning disc rheology 111 

and flow cell systems (Fig 2B, C) can be used to measure changes in biofilm 112 

deformation, when exposed to constant or varying shear stresses. For spinning disc 113 

rheology, stresses that build up in the biofilm can also be measured when it is exposed 114 

to constant or varying strains or stresses. For both these mechanical methods, a 115 

common measurement is creep-recovery analysis, where the deformation of a 116 

material, in response to an applied stress, and the subsequent recovery when the 117 

stress is removed, is measured (Fig 3). From this analysis the viscoelastic properties 118 
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can be determined, as well as the shear modulus (G) and the viscosity (). The shear 119 

modulus, analogous to the Young’s modulus determined from indentation analysis, 120 

describes the extent that a material can resist deformation when exposed to shear 121 

stress, and can be used to index the elastic behavior of a material (Vincent, 2012).  122 

 123 

Finally, spinning disc rheometry can also be used for dynamic oscillation analyses, 124 

where the stress or strain is cyclically oscillated at steady or changing frequency, in a 125 

sinusoidal manner (Fig 2B). These analyses are commonly used for the analysis of 126 

viscoelastic materials, as they can describe complex behavior by determining the 127 

storage (G’) and loss (G”) moduli (Vincent, 2012, Ferry, 1980). These moduli describe 128 

the stress response of a material when exposed to oscillatory shear. The storage 129 

modulus describes the elastic, solid-like behavior (energy that can be stored), and the 130 

loss modulus the liquid-like viscous behavior (energy that is lost) of a material, (Ferry, 131 

1980). Dynamic oscillation analyses can also be used to determine the yield stress or 132 

strain, which is the point where the biofilm undergoes a structural change and begins 133 

to transition to a liquid (Larsson et al, 2013). Yield stress can be used as a surrogate 134 

indicator of strength, while the yield strain, an indicator for malleability.  135 

 136 

Modeling can also be used to determine other viscoelastic parameters. Creep-137 

recovery analysis is commonly modeled as a system of springs (the elastic elements) 138 

and dashpots (the viscous elements). One of the simplest systems is the two-element 139 

Burgers model, which consists of a spring and dashpot in series (a Maxwell element) 140 

and a spring and dashpot in parallel (a Kelvin–Voigt element). However, more 141 

elements can be incorporated to improve the model (Towler et al, 2003, Peterson et 142 

al, 2013). More advanced models have also been developed which are used to 143 

describe complex behavior of biofilms and how they deform and detach in response to 144 

shear (Prades et al, 2019, Jafari et al, 2018, Picioreanu et al, 2018).  145 

 146 
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An important consideration when mechanically testing complex viscoelastic materials, 147 

such as biofilms, is that the measured properties will be a function of the intrinsic 148 

material properties, and the testing conditions themselves. For example, moduli on the 149 

scale of Pa – kPa have been reported for biofilms (Even et al, 2017). This variation is 150 

likely due to differences in the organism, EPS content, growth conditions and 151 

mechanical methodology and parameters. Furthermore, the time scales over which 152 

measurements are performed will impact interpretations of mechanical properties. 153 

Under very short time scales (milliseconds - seconds) a material can behave as an 154 

elastic solid, whereas over longer time scales (minutes – hours) the time dependent 155 

viscous characteristics will become more prominent.  It is therefore somewhat difficult 156 

to compare results across studies. Moving forward, it may be of interest for the field to 157 

develop standard protocols for mechanical analyses, to minimize this variation and 158 

permit direct comparisons to be made across studies.  Despite this, moduli determined 159 

from rheological analyses are intrinsic properties that describes the resistance or 160 

compliance of a material when exposed to mechanical forces (Vincent, 2012), and are 161 

powerful means to understand how biofilms interact with, and respond to mechanical 162 

changes in their surrounding environment. 163 

 164 

There have been a number of reviews, which discuss and compare biofilm mechanics 165 

of different bacteria and analysis techniques. However, only a few have connected 166 

these concepts to applied settings, such as infection (Stewart, 2014, Peterson et al, 167 

2015). Here, we will review how broader biofilm mechanical properties may be of 168 

relevance to infection and biofilm survival. 169 

 170 

Biofilm viscoelasticity as a survival adaptation strategy 171 

Due to the different methodologies that have emerged to analyze biofilm mechanics it 172 

is difficult to compare results between studies. In addition, mechanical properties are 173 

diverse across organisms, making it difficult to find a universal constitutive model. It is 174 
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emerging that viscoelasticity is a trait common to biofilms, however they can also have 175 

other material properties. For example, biofilms have been described from viscoelastic, 176 

poroelastic, elastoplastic and elastic solids to Newtonian liquids and Bingham fluids 177 

(Fig 3; (Galy et al, 2012, Stoodley et al, 1999, Fabbri et al, 2017, Jafari et al, 2018, 178 

Picioreanu et al, 2018, Carpio et al, 2019)). Differentiating between, and decoupling 179 

these behaviors can be complicated and often requires computational modeling (Jafari 180 

et al, 2018). Mechanical analyses have been developed to separate poroelastic and 181 

viscoelastic properties of cross-linked polymer gels (Wang et al, 2014). Adapting such 182 

analyses from the engineering field would further advance our understanding of biofilm 183 

mechanics and the complexity of this behavior.  As viscoelasticity seems to be a trait 184 

common to biofilms, with prehistoric biofilm mats predicted to have been viscoelastic 185 

(Thomas et al, 2013), it has been proposed that viscoelasticity emerged as a general 186 

survival adaption for biofilms to withstand fluctuations in the surrounding environment, 187 

such as shear stresses (Rupp et al, 2005).  188 

 189 

The viscoelasticity of biofilms appears to be an emergent behavior of the community. 190 

Single bacterial cells have a high Young’s modulus (kPa – MPa), indicating that they 191 

are mechanically stiff and rigid (Even et al, 2017), whereas bacterial biofilms have a 192 

Young’s modulus on the order of Pa – kPa (Even et al, 2017). Furthermore, Vibrio 193 

cholerae biofilms composed solely of bacterial cells are mechanically weaker (reduced 194 

storage modulus, yield strain and yield stress) compared to wildtype biofilms with a full 195 

EPS (Yan et al, 2018). Similarly, it was observed for Pseudomonas fluorescens 196 

biofilms that the cell-to-EPS ratio influences biofilm viscoelasticity, with more EPS 197 

conferring more ductile behavior (Cao et al, 2016), while Streptococcus mutants 198 

biofilms that have a higher cell density are stiffer and mechanically weaker compared 199 

to wildtype (Palmer et al, 2018). The interaction between EPS components also 200 

promotes biofilm cohesion, with stronger EPS interactions preventing biofilm 201 

mechanical failure (Cense et al, 2006). These observations demonstrate that 202 
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viscoelasticity is an emergent behavior of bacteria when they from biofilms, and that 203 

these properties are largely governed by EPS.   204 

 205 

 206 

 207 

 208 

 209 

 210 

 211 

 212 

 213 

 214 

 215 

 216 

 217 

 218 

 219 

 220 

 221 

 222 

 223 

 224 

 225 

EPS provides protection from mechanical stresses 226 

EPS provides many essential functions to the biofilm (Flemming, 2011). One of these 227 

roles is protection from environmental stresses, such as desiccation and antimicrobials 228 

(Flemming, 2011). With the growing consensus that biofilm viscoelasticity is largely 229 

Text box 2: Glossary of material properties 

Viscoelastic: Materials that display linear elastic behavior over short time scales 

and linear viscous behaviour over long time scales. 

Poroelastic: Elastic materials that have a pore network. The fluid-filled pores exert 

a pressure on the overall material, which influences the mechanical responses to 

external stresses and strains. 

Elastoplastic: Materials that display linear elastic behavior in response to small 

stresses or strains, and plastic deformation in response to large stresses or strains. 

Plastic deformation is an irreversible change in shape. The reason for this is 

dependent on the type of material, i.e. metal, rock etc, however, for biological 

materials this is often due to cell rearrangements. 

Linear elastic: Materials that display a linear relationship between stress and strain. 

The strain becomes zero immediately after stress release. 

Linear viscous (Newtonian): Materials that display a linear relationship between the 

stress and the strain rate i.e. the viscosity.  

Bingham fluid: Viscous fluids that have a yield strength. Therefore, at stresses that 

do not exceed the yield, the material behaves as a solid. However, at stresses that 

exceed the yield stress the material displays viscous flow.  
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influenced by the EPS, we would argue that the EPS also serves to provide protection 230 

to withstand assault from mechanical shear. 231 

 232 

It is now appreciated that individual EPS components offer unique mechanical 233 

properties to the biofilm. Pseudomonas aeruginosa can produce three different   234 

exopolysaccharides; alginate, Psl and Pel, which can make up the EPS, along with 235 

proteins and extracellular DNA (eDNA). Psl strengthens the biofilm and increases the 236 

elasticity, while Pel increases the ductility and malleability of the biofilm (Chew et al, 237 

2014, Kovach et al, 2017). The elasticity imparted by Psl is dependent on the EPS 238 

protein CdrA, and predicted to be due, in part, to CdrA cross-linking the Psl polymers 239 

(Kovach et al, 2017, Borlee et al, 2010). Wildtype P. aeruginosa produces little 240 

alginate. However, for mutants that overproduce this exopolysaccharide, the biofilms 241 

behave as viscoelastic fluids and have reduced viscosity and elasticity compared to 242 

wildtype (Wloka et al, 2005, Gloag et al, 2018, Kovach et al, 2017).  243 

 244 

Similarly, the EPS of V. cholerae biofilms is composed of Vibrio polysaccharide (VPS), 245 

and proteins RbmA, Bap1 and RbmC. Wildtype V. cholerae biofilms are more elastic 246 

(higher storage modulus) and stronger (higher yield stress) compared to biofilms of 247 

single (vps), double (vps and rbmA) and triple (vps, rbmA and bap1) EPS mutants. 248 

This was attributed to the EPS proteins cross-linking the VPS polymers (Yan et al, 249 

2018). Interestingly, Bap1 and RbmC show homology to RbmA and are predicted to 250 

perform partially redundant functions in the biofilm. Mechanically however, this is not 251 

the case as all three proteins were required for wildtype behavior (Yan et al, 2018).  252 

 253 

These observations are also supported from modeling the stress response of bacterial 254 

biofilms, which identified multiple relaxation times that were attributed to different EPS 255 

components of the biofilm (Peterson et al, 2013). Together this suggests that it is 256 

mechanically advantageous for biofilms to produce multiple EPS components. This 257 
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ensures that the biofilm is mechanically robust and can respond dynamically to 258 

external forces without detaching. Yan et al (2018) proposed that exposure to flow 259 

environments may have been a selective pressure driving the evolution of multiple 260 

EPS components, to ensure that the biofilm could withstand exposure to varying and 261 

increased shear stress.  262 

 263 

Biofilm mechanical responses to shear 264 

General mechanical responses to shear 265 

Many biofilms are exposed to shear forces, particularly fluid flow, during their 266 

development, which impact biofilm structure and morphology. Biofilms grown under 267 

laminar flow (low shear) form heterogeneous cell clusters that are separated by water 268 

channels (Stoodley et al, 1998). In contrast, biofilms that are grown under turbulent 269 

flow (high shear) form both cellular clusters, as well as ripple formations (Fig 4). The 270 

cellular clusters are generally larger than those under laminar flow and are tapered in 271 

the direction of flow, forming streamers (Stoodley et al, 1998, Besemer et al, 2007). 272 

Interestingly, P. aeruginosa has been observed to undergo a form of mechanosensing 273 

that is sensitive to shear rate, termed rheosensing (Sanfilippo et al, 2019). It was 274 

observed that a previously un-named operon, designated fro (flow-regulated operon), 275 

in response to high shear was induced 13-fold, compared to low shear. (Sanfilippo et 276 

al, 2019). It would therefore be interesting to explore how rheosensing influences 277 

biofilm development under inducing conditions, and to decouple this induction from 278 

other effects of high shear, such as increased metabolism (discussed below).       279 

 280 

Biofilms also respond dynamically to fluctuations in fluid flow. When the shear stress 281 

is reduced the biofilm retracts, behaving as a viscoelastic solid. When exposed to 282 

higher stresses the biofilm extends and exhibits hysteresis, behaving as a viscoelastic 283 

fluid (Stoodley et al, 1999). However, there is evidence to suggest that not all biofilms 284 

exhibit hysteresis when exposed to oscillating shear (over minutes), further pointing 285 
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towards the diverse mechanical properties that biofilms display (Babauta et al, 2014). 286 

Modeling biofilm deformation, when exposed to increasing fluid flow, showed that 287 

upstream portions of the biofilm experience a compressive force, whereas the top of 288 

the biofilm experiences a tensile force (Picioreanu et al, 2018). Poroelastic simulations 289 

demonstrated that this coincided with a Young’s modulus gradient within the biofilm, 290 

due to changes in biofilm porosity. Increased flow resulted in reduced porosity and 291 

consolidation at the base of the biofilm. This portion of the biofilm displayed a higher 292 

Young’s modulus, and reduced deformation in response to shear. Higher regions of 293 

the biofilm had a lower Young’s modulus and showed greater deformation (Picioreanu 294 

et al, 2018). Furthermore, a numerical model of poroelasticity, coupled with mechanical 295 

analysis, showed that biofilm mechanical response could be described as elastic, for 296 

small irreversible deformations, or viscoelastic and elastoplastic, for permanent 297 

deformation (Jafari et al, 2018). Together this demonstrates that biofilms alter their 298 

mechanical properties in response to external forces, and that this response is highly 299 

dynamic. It has been proposed that an equilibrium exists between biofilm EPS and 300 

shear stresses in which the biofilm develops (Stoodley et al, 1999). These observations 301 

have implications to infection and biofilm clearance, discussed below. 302 

 303 

Implications to removal 304 

Increases in biofilm biomass 305 

There is a general phenomenon that thicker biofilms, with increased biomass, develop 306 

when grown under high shear stresses (Fig 5A; (Stoodley et al, 2002, Galy et al, 2012, 307 

Gantzer et al, 1991, Yang et al, 2019)). This can generally be attributed to two 308 

complementary processes. Firstly, biofilms grown under high shear are more elastic 309 

and rigid, and resist mechanical failure and detachment to a greater extent, compared 310 

to biofilms exposed to low shear (Stoodley et al, 2002, Galy et al, 2012). This suggests 311 

that in response to high shear the EPS becomes stronger. It has been proposed that 312 
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high shear promotes the alignment of, and increased interactions between EPS 313 

components, leading to increased adhesion and cohesion (Stoodley et al, 2002).  314 

 315 

Secondly, under high shear there is increased diffusion between the surrounding fluid 316 

and biofilm. When grown under flow conditions, due to the heterogeneous structure 317 

and EPS, fluid flow is slowed surrounding the biofilm, and largely arrested through the 318 

biofilm. The slow moving fluid prevents efficient diffusion into and out of the biofilm, 319 

and is referred to the mass transfer boundary layer (Stewart, 2003, Stewart, 2012). 320 

Mass transfer boundary layers have been measured at 10 μm to over 1 mm, depending 321 

on the region of the biofilm and the organism (Stewart, 2012). As the fluid velocity 322 

increases, this boundary layer decreases (Stewart, 2003, Stewart, 2012). Therefore, 323 

biofilms grown at higher shear experience increased diffusion of solutes and ultimately 324 

increased growth, compared to biofilms at low shear. In line with this, Geobacter 325 

sulfurreducens biofilms grown under high shear showed increased metabolic rates, 326 

compared to biofilms grown under low shear (Jones et al, 2019). Interestingly, this 327 

increased metabolic rate came at a cost to biofilm viability over extended growth (7 328 

days), presumably due to accumulation of waste byproducts in the biofilm (Jones et al, 329 

2019).     330 

 331 

These combined consequences of exposure to high shear stresses, over a period of 332 

hours - days, leads to the development of thicker biofilms that are highly adherent and 333 

mechanically robust (Fig 5A). This would have important consequences to infections 334 

where biofilms experience high or fluctuating shear stresses, such as endocarditis or 335 

catheter associated urinary tract infections, by permitting survival of the community.  336 

 337 

Viscous flow of the biofilm in response to high shear 338 

In response to shear stresses (applied over minutes), wildtype and mucoid P. 339 

aeruginosa biofilms behave as viscoelastic fluids and exhibit viscous flow (Stoodley et 340 
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al, 2002, Gloag et al, 2018). Viscous flow of biofilms across surfaces may therefore 341 

offer an unrecognized form of biofilm dissemination (Fig 5B; (Stoodley et al, 2002)). 342 

This could have important consequences in industry and infection, particularly 343 

implanted medical devices. Indeed, biofilms with flowing wave-like structures have 344 

been observed in the lumen of explanted endotracheal tubes. It was predicted that this 345 

patterning was evidence of viscous flow of the biofilm down the tube, resulting in 346 

ventilator-associated pneumonia (Inglis, 1993).   347 

 348 

Viscous flow could also offer a passive form of biofilm collective motion. In line with 349 

this, Staphylococcus aureus biofilms, under laminar flow, were observed to exhibit 350 

viscoelastic rolling along the length of a flow cell (Rupp et al, 2005). Microcolonies 351 

were observed to form EPS tethers to the underlying substratum, which over short time 352 

periods stretched elastically. Over longer time periods the tethers flowed and detached 353 

resulting in a forward rolling motion of the microcolony. A relaxation time of 12 min for 354 

this transition was determined (Rupp et al, 2005).  The migration rate was slow, up to 355 

55 μm/h (Rupp et al, 2005), however, this passive form of migration would have 356 

important consequences for the colonization of surfaces, particularly for traditionally 357 

non-motile organisms. Along these lines, Neisseria gonorrhoeae colonies showed 358 

liquid-like behavior and ordering, mediated by the actions of type IV pili during 359 

twitching-mediated motility of the colony (Welker et al, 2018).   360 

 361 

Resistance to mechanical clearance 362 

Mechanical cleaning strategies are often used in industry and medicine to dislodge 363 

biofilms from surfaces. High-velocity sprays are one such method. Interestingly, 364 

exposure to high-velocity microsprays (applied over milliseconds - seconds) induced 365 

interfacial instabilities for S. mutants, Staphylococcus epidermidis and P. aeruginosa 366 

biofilms (Fig 4; (Fabbri et al, 2016b, Fabbri et al, 2017)). Due to the different EPS, the 367 

instabilities resulted in different physical interactions of the biofilms. Both S. mutants 368 
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and S. epidermidis biofilms behaved as viscous liquids, forming migratory ripple-like 369 

structures (Fig 4). These structures were transient and dissipated when the flow was 370 

stopped, after which the biofilm coalesced by viscoelastic recoil, within milliseconds 371 

(Fabbri et al, 2016b, Fabbri et al, 2017). In contrast, P. aeruginosa biofilms formed 372 

stationary wrinkle-like structures. The wrinkle structures are evidence of cohesive 373 

failure at the biofilm-substratum interface, rather than the transition to fluid behavior 374 

(Fabbri et al, 2017). These observations suggest that the use of high-velocity sprays 375 

may serve to spread the biofilm across surfaces, rather than mechanically remove 376 

them. In support of this, biofilms which were disrupted by exposure to high shear, 377 

recovered their initial mechanical properties within minutes once the shear was 378 

removed (Lieleg et al, 2011).  379 

 380 

Therefore, these methods of mechanical removal may not be as efficient at removing 381 

biofilm as originally appreciated. This would have significant implications in medicine, 382 

particularly dental hygiene where high-velocity sprays are often used. Interestingly, 383 

polypropylene surfaces coated with a pliable polyacrylamide hydrogel exhibit reduced 384 

colonization by Escherichia coli, compared to uncoated surfaces (Ballance et al, 2019). 385 

Vibrating the surfaces (minutes) at the structural resonance frequency of the hydrogel 386 

coating resulted in increased E. coli biofilm removal, whereas the uncoated surface 387 

showed little removal. This vibration also removed -linked polysaccharides (Ballance 388 

et al, 2019). This suggests that specific high oscillations of synergic materials can 389 

mechanically remove adhered bacteria. The development of such materials would 390 

have significant implications in the development of medical devices, which are often 391 

infected by biofilms.        392 

 393 

Host innate immune systems also employs mechanical clearance mechanisms to 394 

remove microorganisms and biofilms to prevent their establishing infections. One such 395 

example is the mechanical clearance of mucus from the lung, and subsequently 396 
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inhaled microorganisms and particles, by mucociliary and cough clearance. The 397 

mucus viscoelasticity ensures efficient clearance by both mechanisms. In disease 398 

states, such as cystic fibrosis (CF), mucus overproduction and changes in mucus 399 

composition and viscoelasticity, results in inefficient clearance and accumulation of 400 

mucus in the lung (Rubin, 2007). It has been hypothesized that the EPS of infecting 401 

biofilms in the mucus layer can contribute locally to mucus viscoelasticity, further 402 

impeding mucus clearance, promoting biofilm persistence (Gloag et al, 2018). In 403 

support of this hypothesis, eDNA is a main component of CF sputum, forming thick 404 

bundles that do not associate with mucin polymers (Voynow et al, 2009). This eDNA 405 

is largely of human origin (Lethem et al, 1990), and is presumably released during 406 

inflammatory cell death or NETosis. NETosis (neutrophil extracellular traps) is the 407 

process whereby neutrophils extrude their cellular DNA content, coated with 408 

antimicrobial enzymes and proteins, that trap and kills microorganisms (Khan et al, 409 

2019). The presence of eDNA significantly increases CF sputum viscoelasticity, and 410 

subsequently increased eDNA concentrations is associated with poorer lung function, 411 

presumably because the mucus is more difficult to clear (Henke et al, 2007, Lethem et 412 

al, 1990, Rubin, 2007, Voynow et al, 2009). Similarly, CF sputum contains substantial 413 

levels of biofilm EPS polysaccharides. For example alginate, the dominant 414 

exopolysaccharide produced by P. aeruginosa mucoid isolates, is present in CF 415 

sputum at concentrations of 1-100μg/mL (Pedersen et al, 1990). This is equivalent to 416 

levels quantified from mucoid monocultures in vitro (Mathee et al, 1999). There is also 417 

evidence to suggest that CF sputum infected with different bacteria have different 418 

viscoelastic properties (Tomaiuolo et al, 2014).  419 

 420 

Along these lines, it has been postulated that changes in CF mucus viscoelasticity, 421 

due to extensive amounts of eDNA and biofilm EPS, retards neutrophil migration 422 

through the mucus layer to the infecting biofilms (Stewart, 2014).  In support of this, it 423 

has been observed that neutrophils displayed little migration in thickened mucus 424 
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representative of that produced during CF (Matsui et al, 2005). Similarly, it has been 425 

proposed that biofilm mechanics may facilitate resistance to phagocytic clearance by 426 

neutrophils (Kovach et al, 2017, Stewart, 2014). It was suggested that a combination 427 

of biofilm size and cohesive strength determines the extent that a biofilm will be 428 

phagocytized, and that above a threshold biofilms may resist mechanical attack by 429 

immune cells (Stewart, 2014).  430 

 431 

Other methods of mechanical clearance of biofilms include wound debridement. 432 

Debridement is a standard care for wound management, and involves the physical 433 

removal of infected and dead tissue to promote healing. Debridement techniques 434 

include mechanical debridement using surgical removal, gauze, lavage or ultrasound, 435 

and autolytic or chemical debridement. After debridement, antimicrobial dressings are 436 

applied to help reduce biofilm and move the wound onto healing (Metcalf et al, 2013). 437 

Despite these methods being temporarily successful at reducing microbial burden in 438 

the wound, the biofilm re-establishes within 24-48h (Wolcott et al, 2009, Wolcott et al, 439 

2010), suggesting that biofilm remained despite frequent and aggressive forms of 440 

physical removal attempts. It would be of interest to explore how biofilm viscoelasticity 441 

contributes to this resistance to removal when exposed to such mechanical clearance 442 

strategies.  443 

 444 

Exploiting biofilm properties to enhance mechanical removal 445 

By understanding biofilm viscoelasticity, these properties can be exploited to design 446 

more efficient strategies for their mechanical removal. Wildtype V. cholerae biofilms 447 

are non-polar and hydrophobic. It was demonstrated that immersing the biofilm in 448 

water could peel the biofilm off hydrophilic surfaces, by inducing interfacial fractures at 449 

the biofilm-substrate interface (Yan et al, 2018). An immersion rate of 0.1 mm/s was 450 

observed to be optimal at removing the biofilm, with faster rates reducing the peeling 451 

efficiency, as water was able to pass over the biofilm. This has been observed for agar, 452 
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paper, membrane and metal surfaces, as well as for P. aeruginosa biofilms (Yan et al, 453 

2018). This has vast implications in industry and medical applications, and suggests 454 

that a slow immersion may be a more successful method of mechanical removal, rather 455 

than high-velocity sprays, as is the general practice.     456 

 457 

Furthermore, material properties of the underlying substratum have been shown to 458 

influence the biofilm’s mechanical properties. S. mutants biofilms grown on hydrophilic 459 

surfaces (hydroxyapatite and titanium) were less stiff (lower Young’s modulus) 460 

compared to biofilms grown on hydrophobic surfaces (stainless steel and 461 

polyethylene) (Rmaile et al, 2013). This suggests that medical devices could be 462 

designed, which promote the formation of biofilms with known mechanical properties. 463 

By exerting some control over the biofilm’s mechanical properties would facilitate the 464 

development of strategies to aid their removal once they develop.   465 

 466 

Biofilm mechanical response to chemical and antimicrobial exposure 467 

As biofilms are mechanically diverse, so too are their mechanical response to exposure 468 

of different molecules and chemicals (Fig 5). For example, nutrient availability 469 

influences biofilm mechanics (Allen et al, 2018, Kandemir et al, 2018, Rozenbaum et 470 

al, 2019). Growth media influences the amount, and composition, of EPS produced 471 

during biofilm formation. P. fluorescens biofilms grown under low nutrient conditions 472 

were stiffer (higher Young’s modulus) and more adhesive (higher adhesion force and 473 

work of adhesion) compared to biofilms grown in high nutrient conditions. It was 474 

predicted that biofilms produce less EPS under lower nutrient conditions, accounting 475 

for the different biofilm mechanics (Allen et al, 2018). Similarly, P. aeruginosa mucoid 476 

biofilms grown in artificial sputum media (ASM) have increased eDNA, compared to 477 

biofilms grown in LB. Furthermore, mucoid biofilms grown in ASM, supplemented with 478 

mucin, have increased exopolysaccharide, compared to biofilms grown in ASM, 479 

without mucin, or LB (Rozenbaum et al, 2019). These changes in EPS content 480 
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subsequently led to different architectures and stress-relaxation profiles of biofilms 481 

grown in the different media (Rozenbaum et al, 2019). Mucoid biofilms grown in ASM, 482 

supplemented with mucin, had a heterogeneous architecture, and slow stress-483 

relaxation profile, due to the increased abundance of exopolysaccharides, both soluble 484 

and insoluble, and eDNA (Rozenbaum et al, 2019). Finally, different growth media 485 

influences how bacterial cells interact with artificial hydrogels, where the presence of 486 

tryptone allowed S. epidermidis and E. coli cells to cross-link directly with agarose 487 

polymers (Kandemir et al, 2018).  488 

 489 

Exposure to different metal ions has a drastic impact on biofilm mechanics, presumably 490 

through electrostatic interactions with the biofilm EPS. Exposure to monovalent cations 491 

(Na+, K+) typically does not influence biofilm mechanics (Grumbein et al, 2014, Jones 492 

et al, 2011, Lieleg et al, 2011). However, for S. epidermidis biofilms, treatment with low 493 

and high concentrations of NaCl weakened the biofilm (reduced both shear modulus 494 

and viscosity) (Jones et al, 2011, Pavlovsky et al, 2013). In contrast, treatment with 495 

intermediate NaCl concentrations stiffened the biofilm (increased storage and loss 496 

modulus) (Pavlovsky et al, 2013). It was suggested that NaCl initially stimulates the 497 

production of EPS components, accounting for the increased stiffness from low to 498 

intermediate NaCl concentrations. However, at higher concentrations the ions may 499 

decouple the interactions between the cells and EPS, weakening the biofilm 500 

(Pavlovsky et al, 2013). Therefore, the mechanical response to monovalent metal ions 501 

is varied between bacterial species and the ion concentrations, presumably through 502 

different interactions between the metal ions and biofilm EPS, however this warrants 503 

further investigation, since metal salts can influence a number of factors including 504 

cross-linking, osmotic stress and bacterial activity.  505 

 506 

Exposure of biofilms to divalent metal ions induces an array of mechanical responses, 507 

which appear to be specific to the metal ion, as cations of the same valency can induce 508 
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different responses. For example, wildtype P. aeruginosa biofilms exposed to Fe2+ 509 

become less elastic (decreased storage modulus). However, treatment with Ca2+ or 510 

Cu2+ does not influence the mechanics, suggesting that electrostatic interactions alone 511 

are not responsible for influencing the mechanical properties (Lieleg et al, 2011). Psl 512 

and Pel, the dominant polymers of nonmucoid P. aeruginosa EPS, are neutral and 513 

positively charged respectively (Jennings et al, 2015, Byrd et al, 2009), and therefore 514 

unlikely to interact electrostatically with divalent cations. Rather it appears that Psl is 515 

cross-linked by the EPS protein CdrA (Kovach et al, 2017, Borlee et al, 2010), and that 516 

Pel is cross-linked by eDNA (Jennings et al, 2015). However, there is evidence that 517 

Psl can bind and sequester Fe2+ (and Fe3+) (Yu et al, 2016), which may account for the 518 

specific effect of Fe2+, although this appears to be to the detriment of biofilm 519 

mechanics. Similarly, Bacillus subtilis biofilms treated with Cu2+, Zn2+ and to a lesser 520 

extent Fe2+, resulted in increased elasticity of the biofilm (increased storage modulus), 521 

whereas treatment with Mg2+ or Ca2+ had no influence (Grumbein et al, 2014). Again, 522 

this suggests that ionic cross-linking alone does not account for these effects, but that 523 

there are specific interactions between EPS components and metal ions. In contrast, 524 

treatment of P. aeruginosa mucoid biofilms with divalent cations (Ca2+, Mg2+ and Fe2+) 525 

resulted in stiffer biofilms (increased shear modulus) (Jones et al, 2011). Alginate is a 526 

negatively charged polymer, and therefore appears to be readily cross-linked by 527 

multivalent cations (Jones et al, 2011, Wloka et al, 2005, Lieleg et al, 2011, Martins et 528 

al, 1990). However, certain divalent cations (Ca2+, Mn2+ and Mg2+) can induce the 529 

production of alginate in P. aeruginosa (Martins et al, 1990, Sarkisova et al, 2005), and 530 

therefore increased amounts of alginate could also be influencing the mechanics in the 531 

presence of these ions. 532 

 533 

Treatment of P. aeruginosa biofilms (wildtype and mucoid) and B. subtilis biofilms with 534 

trivalent ions (Fe3+ and Al3+) resulted in increased stiffness of the biofilm (increased 535 

elasticity, viscosity and storage modulus) (Grumbein et al, 2014, Jones et al, 2011, 536 
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Lieleg et al, 2011). However, treatment of S. epidermidis biofilms with Fe3+ had no 537 

influence on biofilm mechanics (Jones et al, 2011). Therefore, exposure to trivalent 538 

cations, where it has an effect, appears to consistently lead to increased stiffness of 539 

the biofilm. This is compared to divalent cations, where both biofilm weakening and 540 

strengthening effects have been observed.    541 

 542 

Therefore, different types and concentrations of metal ions can have varied impacts 543 

on biofilm mechanics (Fig 5). This appears to be dictated by different physical 544 

interactions, as the observed changes were on the order of seconds, suggesting that 545 

they are generally not metabolic responses (Jones et al, 2011, Lieleg et al, 2011). 546 

These observations could have important consequences for biofilm survival in both the 547 

natural environment and in an infection, where biofilms are can be exposed to high salt 548 

concentrations (Seymour, 1984). In support of this, the stiffening effect of Cu2+, Fe3+ 549 

and Al3+ on B. subtilis biofilms appeared to be protective against shear induced erosion 550 

(Grumbein et al, 2014).  551 

 552 

Mechanism of tolerance to biocides and antimicrobials 553 

Interestingly, exposure to many common antimicrobials that are used to kill or disrupt 554 

biofilm bacteria do not alter the mechanical properties of the biofilm, suggesting that 555 

these communities are mechanically resistant and robust in the face of these agents. 556 

P. aeruginosa wildtype biofilms are mechanically resistant to a diverse range of 557 

chemicals (gentamicin, colistin, ofloxcin, salicylic acid, amylase, ethanol, triton, bleach, 558 

urea, xylitol and hexanediol) (Lieleg et al, 2011, Jones et al, 2011). However, treatment 559 

with citric acid, chelating agents, or in the case of mucoid biofilms glutaraldehyde and 560 

ciprofloxacin, weakened the biofilm (reduced storage modulus and viscosity, and 561 

increased peak strain) (Jones et al, 2011, Lieleg et al, 2011). Conversely, treatment of 562 

S. epidermidis biofilms with rifampin, urea and chlorine weakened the biofilm (reduced 563 

elasticity and viscosity, increased peak strain), while treatment with glutaraldehyde, 564 
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nisin and ammonium had no influence on the biofilm mechanics (Jones et al, 2011, 565 

Davison et al, 2010).  The weakening of chlorine treated S. epidermidis biofilms 566 

appeared to be a concentration-dependent effect, as higher concentrations led to 567 

increased biofilm removal (Davison et al, 2010). Similarly, treatment of E. coli biofilms 568 

with increasing concentrations of chlorhexidine, resulted in increasing biofilm elasticity 569 

(increased spring constant). Biofilm elasticity also increased with longer exposure 570 

times (0 - 40 min). The increased elasticity was attributed to precipitation of intracellular 571 

material, induced by chlorhexidine (Rodgers et al, 2016). However, concentration-572 

effects of other microbial agents mentioned above have not been described and 573 

warrants further investigation in the field.  574 

 575 

This highlights the difference between biofilm removal and killing, as a number of these 576 

agents were able to reduce viability of the encased cells, however had no effect on 577 

biofilm mechanics (Davison et al, 2010). Furthermore, P. aeruginosa biofilms are able 578 

to recover their mechanical properties after exposure to chemicals that weakened the 579 

biofilm (citric acid and EDTA) (Lieleg et al, 2011). This suggests that when chemical 580 

eradication strategies are discontinued, remaining biofilm can coalesce and surviving 581 

bacteria can re-populate the structure, facilitating the recalcitrance of these 582 

communities (Fig 5; (Lieleg et al, 2011)). Finally, mature (84h) P. aeruginosa biofilms 583 

are resistant to degradation by DNaseI (Whitchurch et al, 2002). This suggests that for 584 

mature biofilms, the EPS may be protected from chemical degradation due to stronger 585 

interactions and cross-linking between neighboring EPS components. Similarly, 586 

biofilms with a more complex EPS, specifically increased amounts of insoluble 587 

exopolysaccharides and eDNA, display increased tolerance to antimicrobials 588 

(Rozenbaum et al, 2019). These observations may influence the design and efficacy 589 

of new therapies that are being developed, which aim to target the biofilm EPS to 590 

weaken or degrade the community. 591 

 592 



 23 

Exploiting mechanical properties to chemically eradicate biofilms 593 

Alternative approaches to therapies that weaken and degrade the biofilm are those 594 

that exploit biofilm mechanics to facilitate increased antimicrobial access into the 595 

biofilm. Biofilms under a normal force display a J-shaped stress-strain relationship 596 

(Rmaile et al, 2013, Stoodley et al, 1999, Gloag et al, 2018). At low stresses, materials 597 

with a J-shaped curve easily stretch due to the tortuosity of loose polymer 598 

entanglements. Deformation at these stresses is reversible and the energy used to 599 

stretch the material is released once the load is removed. Modeling indicates that water 600 

in a biofilm is the fastest relaxation component (the fastest Maxwell element), and will 601 

flow out of the biofilm under low stresses (Peterson et al, 2013). This suggests that 602 

under non-destructive normal forces, water can easily be compressed from the biofilm, 603 

and drawn back into the structure, once the force is removed. In support of this, S. 604 

mutans biofilms exposed to osmotic stress (treatment with PEG-8000) became stiffer 605 

(increased Young’s modulus) (Rmaile et al, 2013). It was hypothesized that PEG-8000 606 

treatment drew water from the biofilm, which altered the osmotic equilibrium and 607 

altered the mechanical properties (Rmaile et al, 2013). Similarly, compression of 608 

biofilms grown in membrane fouling simulators was associated with increased 609 

hydraulic resistance. This was due to structural deformation and reduced porosity of 610 

biofilms under compression, and subsequently reduced permeability. The structural 611 

deformation and porosity were recovered under relaxation (Jafari et al, 2018). This 612 

behavior has the potential to be exploited to aid the penetration of antimicrobials into 613 

the biofilm. By compressing the biofilm, antimicrobials could be drawn into the biofilm 614 

upon removal of the compressive force. This would be an interesting avenue of 615 

research and could have many applications in medicine, particularly in wound healing, 616 

where negative pressure wound dressings, which apply a pressure to the wound, are 617 

routinely used. 618 

 619 
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Conclusions 620 

The field of biofilm mechanics has advanced extensively in the last decade (Fig 1). 621 

However, there is still a limited understanding of how biofilm mechanics and 622 

viscoelastic principles relate to, and facilitate biofilm survival. It is evident that while 623 

biofilms are viscoelastic, they are mechanically diverse. However, it appears that an 624 

elastic relaxation time of approximately 18 min is a mechanical trait common to biofilms 625 

(Shaw et al, 2004). The elastic relaxation time is the time taken for a material to release 626 

absorbed stresses and for the material to relax. It would be interesting to explore if this 627 

conserved trait could be exploited to develop novel therapies for biofilm removal. Other 628 

interesting areas still to explore include the mechanical properties of purified EPS 629 

components, and how the mechanics differ between mixed community and mono-630 

species biofilms. This will lead to a better understanding of how these properties 631 

change with the collective behavior of the biofilm. Comparing the viscoelasticity of 632 

infected versus inflamed tissue and fluids would also be an interesting area to explore, 633 

and could lead to rheology being used as a diagnostic tool to differentiate between 634 

these two states.  635 

 636 

Finally, it appears that common to different modes of biofilm growth (air-surface and 637 

air-liquid interfaces) internal mechanical stresses develop due to cellular growth. 638 

Buckling of the biofilm dissipates these stresses, relaxing the biofilm and resulting in 639 

the formation of extensive wrinkle structures (Asally et al, 2012, Espeso et al, 2015, 640 

Douarche et al, 2015, Hollenbeck et al, 2016, Gloag et al, 2018). Studying and 641 

modeling these patterns has been the focus of intense investigation in the field. While 642 

these are interesting from a physics and basic biology standpoint, from an applied 643 

perspective, a shift to studying the internal stresses may be warranted. It has been 644 

proposed that the internal stresses may be a self-healing mechanism for the biofilm 645 

(Douarche et al, 2015). When pellicle biofilms were mechanically damaged, releasing 646 

the internal stresses, localized expansion of the biofilm occurred resulting in recovery 647 
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of the damaged region. It was observed that a B. subtilis pellicle could expand up to 648 

20% of its size after ablation (Douarche et al, 2015). Therefore, studying these 649 

observations in more relevant models would be interesting to determine if this 650 

facilitates biofilm healing and expansion in other settings.  651 

 652 

Here we have attempted to implicate biofilm mechanics specifically to survival in 653 

infection. We postulate that viscoelasticity promotes biofilm survival and expansion 654 

under shear, and resists mechanical and chemical clearance, in line with previous 655 

reviews (Fig 5; (Stewart, 2014, Peterson et al, 2015)). We therefore propose that 656 

viscoelasticity contributes to the virulence of biofilms during infection, promoting the 657 

persistence and recalcitrance of these communities. 658 
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Figure Legends 912 

 913 

Figure 1: Comparison of publication numbers between 1982-2018. Publication 914 

numbers. Keywords indicated in the legend where searched using the Scopus 915 

database. Publication numbers for each keyword search from 1982, being the earliest 916 

identified biofilm mechanical paper, to December 2018.  917 
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 918 

Figure 2: Schematic of the different mechanical methods that can be used 919 

analyze biofilms. Mechanical methods to analyze biofilms can be divided into 920 

indentation (application of a normal force) or shear (application of a shear force). (A) 921 

For indentation, a probe or indenter is brought into contact with the biofilm, and the 922 

mechanical properties analyzed using either compression (pushing), tension (pulling) 923 

or dynamic (cycling of compression and tension) modes. For analysis under shear, 924 

there are two main ways that shear forces can be applied to a biofilm, (B) using 925 

spinning disc rheometry (spinning) or (C) using fluid shear (flow). (B) For spinning disc 926 

rheometry, a parallel plate probe is brought into contact with the biofilm, and changes 927 

in stress or strain measured under different modes of analysis. This can be either 928 

constant, where a constant stress (creep) or constant strain (relaxation) is applied; 929 

ramp, where an increasing stress or strain (stress-strain curve) is applied; or dynamic 930 

oscillation, where the probe is oscillated at either increasing stress, strain or frequency 931 

(frequency sweep, stress sweep, strain sweep). (C) When grown under fluid shear, 932 

time-lapse microscopy can be used to visualize and measure the deflection of biofilm 933 
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structures in response to changes in the fluid flow rate. Alternatively, fluorescent beads 934 

can be incorporated into the system and their movement tracked through the biofilm.  935 

 936 

Figure 3: Mechanical response of biofilms to a constant stress. Creep-recovery 937 

curves are powerful analyses that can be performed using both spinning disc rheology 938 

and time-lapse microscopy of flow cell biofilms, that can determine biofilm mechanical 939 

behavior. During this analysis a constant stress is applied to the biofilm (t1) and the 940 

resulting deformation (strain) is measured. The stress is then removed (t2) and the 941 

recovery measured. The left panel depicts typical creep-recovery curves for materials 942 

with (A) elastic, (B) viscous and (C) viscoelastic properties. The right panels depict 943 

how biofilms with these properties would respond, at different stages of the analysis. 944 

(A) Biofilms that are predominately elastic (1), in response to an applied stress will 945 

instantly deform (2) and maintain this deformed state while the stress is applied (3). 946 

However, when the stress is removed the biofilm will instantly return to the original per-947 

deformed state or structure (4). This response is akin to elastic bands being stretched. 948 

(B) Biofilms that are predominately viscous (1), in response to an applied stress display 949 

flow behavior (2), and will continuously deform and flow while the stress is applied (3). 950 

When the stress is removed, the biofilm will maintain the deformed state, and will not 951 

return to the original structure (4). This response is akin to honey being poured onto a 952 

surface. (C) Biofilms that are viscoelastic, display both elastic (blue), viscous (red) and 953 
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a combination of both, where the elastic behavior begins to transition to viscous 954 

behavior (purple), which is typically time dependent. Viscoelastic biofilms (1), in 955 

response to an applied stress, will instantly deform due to an elastic response (2). Over 956 

time this behavior will transition to a viscous response and the biofilm will begin to 957 

deform by viscous flow (3). When the stress is removed the biofilm will show an initial 958 

elastic recoil (4), however, will never return to the original pre-deformed state due to 959 

the transition to viscous recovery (5). This response is akin to silly putty. 960 

 961 

 962 

Figure 4: High shear flows induce ripple formation in biofilms. Here ripples formed 963 

in a S. mutans biofilm at 21 milliseconds exposure to a high shear jet impingement of 964 

air ejected at a velocity of 42 m/s from a 1 mm diameter nozzle positioned 965 

perpendicularly 5 mm from the biofilm. Under these high shear conditions around the 966 

impingement site the biofilm was liquefied and flowed like water. Further detail of the 967 

experimental design can be found at (Fabbri et al, 2016a, Prades et al, 2019). 968 

         969 
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 970 

Figure 5: Schematic of how biofilm mechanics can influence survival. Summary 971 

of how biofilm viscoelasticity can protect the microbial community when exposed to (A-972 

B) mechanical forces, such as shear stress, and (C-F) chemical treatment.  973 
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