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BIOFILMS 

 
Biofilms are microbial communities consisting of microbial cells surrounded by 

extracellular polymeric matrix (EPS) (6).  Biofilms are a preferred way of microbial 

existence as they provide protection to the cells against physical forces and chemical 

attacks, and provide higher chances of survival in a low-nutrient environment. 

Biofilms can form on surfaces and interfaces. Biofilm formation is beneficial in some 

cases (wastewater treatment, biochemical production) (24, 25), but in others it poses 

severe problems (equipment fouling, generation of harmful metabolites) (6). 

Consequences of biofilm formation are especially noticeable and harmful in 

medically-related fields as human lives and quality of life are directly affected.  

 

 
 
Figure 1. A graphic representation of a biofilm with a mushroom-like structure 
(adapted from a schematic by P. Dirckx, Center for Biofilm Engineering, Montana 
State University; permission for use was granted).  
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In medically-related fields, biofilms play an important role in the development 

and persistence of infectious diseases (7). More than 60% of the bacterial infections 

currently treated by physicians in developed countries occur due to biofilm formation 

(11). Oral biofilms are known to cause dental caries and periodontitis (21). Aquatic 

bacteria Pseudomonas aeruginosa can colonize lower respiratory tract and instigate 

cystic fibrosis pneumonia (15). In clinical nephrology, biofilms influence the 

development of kidney stones and affect dialysis systems, including peritoneal and 

central venous catheters (20). Fungus Candida albicans, present in human 

gastrointestinal and genitourinary tract, and in smaller amounts on human skin, can 

cause candidiasis, vaginitis and candidaemia in immunocompromised patients (2).  

Biomaterial-related infections occur when microorganisms inhabit medical devices, 

such as catheters, prostheses and heart valves. Most frequently isolated species 

from infected biomaterial surfaces are Staphylococcus epidermidis, Staphylococcus 

aureus, other pathogens include P. aeruginosa, Escherichia coli, Enterococcus, 

Streptococcus, Bacillus, and Proteus species (13). A summary of human infections 

involving biofilms is presented in Table 1. 

In order to be able to model biofilm behavior and, potentially, control biofilms 

formation, it is necessary to know the mechanical properties of biofilms. Mechanical 

properties influence how biofilms respond to external forces, cell detachment and 

dispersal from biofilms and mass transfer into biofilms.  
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Table 1. Partial list of human infection involving biofilms (adapted from  References 
7, 11). 
 
Infection or disease Common species involved 
Dental caries 

Periodontitis 

Musculoskeletal infections 

Biliary tract infections 

Osteomyelitis 

 

Native valve endocarditis 

Cystic fibrosis pneumonia 

Infectious kidney stones 

 

Biomaterial-related infections 
Contact lenses 

Mechanical heart valves 

Vascular grafts 

Arteriovenous shunts 

Cerebral spinal fluid shunts 

Endovascular catheters 

Urinary catheters 

Orthopedic prostheses 

Intrauterine devices 

Acidogenic Gram-positive cocci 

Gram-negative anaerobic oral bacteria 

Gram-positive cocci 

Intestinal bacteria 

S. aureus, Enterobacter or Streptococcus 

species 

S. aureus, Streptococcus species 

P. aeruginosa, Burkholderia cepacia 

Gram-negative rods 

 

 

P. aeruginosa, Gram-positive cocci 

S. aureus and S. epidermidis 

Gram-positive cocci 

S. aureus and S. epidermidis 

S. aureus and S. epidermidis 

S. aureus and S. epidermidis 

E. coli, Gram-negative rods 

S. aureus and S. epidermidis 

Actinomyces israelii, fungal species 

 

OVERVIEW OF PAST RESEARCH ON BIOFILM MECHANICS 

 
First reported study of biofilm mechanical properties was performed by Characklis 

(3). He conducted rheological measurements with Weissenberg rheogoniometer on 

in situ, mixed population biofilm. Weissenberg rheogoniometer is a cone-and-plate 

rheometer capable of measuring both viscous and elastic responses of polymers. 

The tangential force caused by resistance to flow when the cone turns with respect to 
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the plate is a measure of the viscous flow. The normal force perpendicular to the 

plane of rotation represents elasticity. Biofilms were grown on the plates, placed in 

the instrument and subjected to oscillating shear. Characklis (5) reported that biofilms 

exhibited viscoelastic behavior similar to the behavior of a cross-linked protein gel 

with the same water content as the biofilms.  

Viscoelasticity is the property of materials that exhibit both viscous and elastic 

behavior when undergoing deformation. Elastic behavior is typical to solids. Within 

limits, solids obey Hooke’s law, which states that stress is directly proportional to 

strain. Stress is defined as the force divided by the area over which it is applied. 

Strain is defined as the relative deformation. Elastic materials regain original shape 

upon removal of applied forces. Viscous behavior is typical to fluids. Under applied 

forces viscous materials flow and do not regain shape when applied forces are 

removed. Upon application of force, viscoelastic materials show immediate elastic 

deformation followed by time dependent flow also called creep (12). When biofilms 

are subjected to forces, they behave elastically over short periods of time (seconds) 

and there is a nonlinear relationship between applied force and resulting strain, while 

deformations are reversible. At high deformations, biofilms show viscoelastic 

behavior by resisting applied forces and displaying irreversible deformation (16, 17, 

31, 32, 34).    

Measurements of biofilms mechanical properties and the interpretation of the 

results are complicated due to the structural and biological heterogeneity of biofilms, 

usually containing multiple species of microorganisms and complex networks of 

channels and voids. Currently, no standard method for measuring mechanical 

properties of all types of biofilms has been invented. However, in attempt to quantify 

biofilms mechanical properties, numerous methods have been used (Table 2).  
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Work of Characklis was followed by Ohashi and Harada (27), who studied 

tensile and shear adhesion strength of denitrifying biofilms. Tensile force was created 

by centrifugation of biofilm-attached plates, while shear force was generated by 

colliding biofilm-attached plates by gravity. They reported that both biofilm tensile and 

shear adhesion strengths declined with biofilm age. The weakest place of the biofilms 

was at the substratum interface. Shear strength was two orders of magnitude higher 

that tensile strength. Ohashi (28) developed a tensile test device for measuring 

tensile strength of denitrifying biofilms. They concluded that biofilm tensile strength 

was independent of biofilm density and EPS content. They also found a strong 

correlation between biofilms elastic coefficients and their tensile strength, suggesting 

that biofilms can be considered as elastic materials. Stoodley (33) conducted stress-

strain and creep experiments on mixed and pure culture biofilms using controlled 

fluid shear in combination with digital time lapse microscopy. They confirmed 

Characklis’s findings that biofilms possessed viscoelastic properties and discovered 

that biofilms behaved like elastic and viscoelastic solids below the shear rate at 

which they were grown but behaved like viscoelastic fluids at higher shear rates. In 

another study, Klapper and co-workers (14) demonstrated again that biofilms are 

viscoelastic fluids with irreversible flow at long deformation times with elastic and 

viscoelastic recovery, which can be modeled as Jeffreys viscoelastic fluids. Biofilm 

shear strength was studied using cone and plate rheometer by Towler and 

colleagues (34), who showed that biofilms had behavior typical to viscoelastic fluids 

and used a 4-element linear viscoelastic Burger to model it.  

Strength of adhesion between biofilms and surfaces was measured by Chen 

and co-workers (4). They used a micromanipulator on the biofilms of P. fluorescens 

and found that adhesive strength was affected by growth conditions, namely pH, 
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nutrient concentration, surface roughness, age, and, most important, fluid shear at 

growth. Biofilms grown at higher shear adhered stronger to the surface.   

In addition to shear and tensile testing, compression testing was used in 

biofilm mechanics. Korstgens and co-workers (16, 17) used an uniaxial compression 

measurement device to study mechanical behavior of P. aeruginosa biofilms. They 

measured biofilms until their failure point and derived biofilm apparent modulus of 

elasticity and yield strength from their experiments. They also confirmed that biofilms 

were viscoelastic materials and showed that yield strength and modulus of elasticity 

are influenced by addition of calcium ions. 

Cohesive strength of biofilms was measured by Poppele and Hozalski (30) 

with the micro-cantilever method, by Ahimou and colleagues (1) with atomic force 

microscopy (AFM) and by Mohle and colleagues (22) with fluid dynamic gauging. 

Poppele and Hozalski obtained a range of values for cohesive strength of activated 

sludge, which were much higher than those measured by Ahimou and colleagues. 

Ahimou et al. showed that calcium ions influenced cohesive strength of biofilms. 

Mohle et al. used activated sludge biofilms for their tests and reported values 

intermediate of those of Poppele and Hozalski and Ahimou et al., which were 200 to 

1,100 higher than shear forces at biofilm growth.  

Several attempts were made to model biofilm mechanical behavior. Picioreanu 

and colleagues (29) used a two-dimensional model for biofilm growth and 

detachment to evaluate the effect of detachment on biofilm structures. Their model 

generated a variety of realistic biofilm-formation patterns. They showed that erosion 

(small-particle loss) made the biofilm surface smoother, and sloughing (large-

biomass-particle removal) increased surface roughness. Their results showed that 

biofilm sloughing was affected by its strength and shape and suggested that 
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sloughing could be minimized by application of high liquid shear and making sure 

that biomass growth rates were low. Laspidou and colleagues (18, 19) used an 

unified multi-component cellular automation model (UMCCA) with finite element 

analysis to model mechanical properties of biofilms. The UMCCA model represents 

biofilms in terms of three solid species: active bacteria, inert biomass and 

extracellular polymeric substances (EPS). It also includes original donor substrate, 

two types of soluble microbial products (SMP) and oxygen and introduces 

consolidation due to a fluid flow. The UMCCA model was used to describe biofilm 

mechanical behavior under tension and shear taking into consideration variations in 

time and space. 

 
Table 2. Chronological summary of studies on biofilm mechanics. 
 

Technique 
description 

 

Biofilm type Advantages Disadvantages 

 
Weissenburg 
rheogoniometer (3) 
 
 
 
 
Tensile and shear 
strength by 
centrifugation and 
collision forces (27) 
 
 
Tensile test (28) 
 
 
 
Two dimensional 
model of biofilm 
detachment (29) 
 
 
 
 

 
Mixed 
population 
biofilm 
 
 
 
Denitrifying 
mixed culture 
biofilm 
 
 
 
Denitrifying 
mixed culture 
biofilm 
 
Denitrifying 
mixed culture 
biofilm 
 
 
 
 

 
Direct 
measurements; 
applicable to 
many types of 
biofilms 
 
Tensile and shear 
strength were 
distinguished and 
measured 
separately 
 
Provided values 
for biofilm tensile 
strength 
 
Allowed 
predictions of 
biofilm structure 
and detachment 
caused by fluid 
shear 
 

 
Compressive and shear 
force was applied at the 
same time 
 
 
 
Tensile and shear forces 
were estimated 
 
 
 
 
Tensile forces stress 
could only be  estimated 
 
 
Biofilms were 
approximated as elastic 
homogeneous isotropic 
ductile materials; input 
values for model were 
taken from the literature 
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Regulated fluid flow 
combined with digital 
microscopy 
(14, 33) 
 
 
 
 
 
Uniaxial 
compression 
measurement device 
(16, 17) 
 
 
 
 
Rheometer (34) 
 
 
 
 
 
 
 
 
Micro-cantilever 
method (30) 
 
 
 
 
Modeling with 
UMCCA  (19) 
 
 
 
 
Micromanipulator (4) 
 
 
 
 
 
AFM (1) 
 
 
 
 

 
Environmental 
mixed culture 
biofilm 
 
 
 
 
 
 
P. aeruginosa 
 
 
 
 
 
 
 
Mixed species 
biofilm 
 
 
 
 
 
 
 
Activated 
sludge 
 
 
 
 
Aerobic 
heterotrophic 
biofilms 
 
 
 
P. fluorescens 
 
 
 
 
 
Activated 
sludge 
 
 
 

 
Direct in situ 
observation of 
biofilm 
deformation by 
shear; accurate 
monitoring of 
dimensional 
changes 
 
Direct 
measurement of 
yield strength 
 
 
 
 
 
Direct 
measurement of 
creep recovery; 
allows 
determination of 
shear modulus 
and viscous 
coefficients 
 
Direct 
measurement of 
cohesive strength 
 
 
 
Predicted biofilm 
structure and 
mechanical 
properties 
 
 
Direct 
measurements of 
forces required to 
remove biofilms 
from surfaces 
 
Availability of 
AFM, very little 
disturbance of a 
sample 
 

 
No direct measurement 
of shear stress, instead 
calculated theoretical 
wall shear for smooth 
pipes was used 
 
 
 
 
Viscous paraffin was 
poured on biofilms to 
allow slippage between 
sample surface and 
moving plate. Paraffin 
changes biofilm 
properties. 
 
Potential overestimation 
of shear modulus due to 
testing setup; 
measurement of 
rheological properties of 
test solution in addition 
to biofilms 
 
 
The area of force 
application was not 
known, which leads to 
over- or under-
estimation of strength 
 
Needed experimental 
input data; method does 
not apply to biofilms with 
major ecological 
diversity 
 
Measured adhesive 
strength is affected by 
the speed of scrapper 
 
 
 
Test scale is too small 
for many biofilms 
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Fluid dynamic 
gauging (22) 
 

 
Activated 
sludge 
 

 
Estimates 
cohesive 
strength; 
applicable for 
various types of 
biofilms 
 

 
No direct measurement 
of shear stress, instead 
it was estimated from 
analytical solution for 
centripetal flow 
 

 
Biofilms studies showed that biofilm strength was affected by increased EPS 

production (10), EPS chemistry (35) and presence of divalent cations (16, 26), 

growth medium (23), hydrodynamic conditions during growth (9, 32) and quorum 

sensing (8). However, majority of the studies were conducted with environmental 

biofilms. Mechanics of medically-relevant biofilms received less attention, despite 

their great importance in affecting human quality of life. The aim of this work was to 

study the influence of biological and environmental factors on the strength of 

medically-relevant biofilms, with a hope that in the future the results of this work can 

be used to improve current methods or invent new techniques for biofilm disposal. 

Biofilm mechanics were studied using low-load compression testing technique 

(LLCT), which directly measures the resistance of biofilms to compression and allows 

for accurate determination of biofilm thicknesses. Additionally, phase contrast and 

confocal laser scanning (CLSM) microscopy was used to evaluate biofilms structure 

and composition. 
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