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Bacteria are a widespread group of organisms. On the microscale, bacteria colonies are of discrete nature.
Looking from the mechanical point of view the suspension containing the bacteria may be considered as a
system of living active ultrafine particles (size: 0.1–10 lm). In order to understand the mechanical
behaviour of the bacteria system it is important to understand the behaviour of a single bacterium.
The present paper proposes an adhesive interaction model for the simulation of bacteria cells, which
can be also applied for the interaction for other biological cells. The main attention is given to describe
and numericaly simulate the interaction of a bacterium with a flat surface within a liquid medium. In
the simulations an adhesive force is taken into account. Adhesion plays a significant role, because it
can keep a bacterium on the surface. It is described by the attractive van der Waals force. In order to
achieve the stick of adhesive particles, additionally developed adhesive–dissipative models are pre-
sented. The bacterium interaction is described by an elastic–plastic model; these results are thereafter
compared with results from an elastic model. Different known models such as Derjaguin, Müller and
Toporov (DMT) and Derjaguin, Landau, Verwey, Overbeek (DLVO) models are considered. Obtained
results show the approach and deformation process of an adhesive–dissipative bacterium by presenting
force displacement diagrams. The bacterium–surface interaction model is developed in the framework of
the discrete element method (DEM). The numerical experiments confirm that force–displacement plots
exhibit a hysteresis similar to those observed in Atomic Force Microscopy (AFM) experiments. The
proposed model can be applied for the numerical simulation of the interaction process of bacteria with
a surface, as well as simulations of the sticking process.
� 2015 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

Human sneezing, coughing, as well as the operation of devices
such as humidifiers and air conditioning systems are a reason for
bacteria motion which can trigger the spread of infectious agents.
The motion of bacteria can be interpreted as the motion of micron
sized particles. Usually bacteria are contained within small dro-
plets forming an aerosol. The transmission of this aerosol was
investigated by Tang et al. [1] as well as Todd and Belteton [2].
In order to understand the bacterium behaviour during spreading,
the bacterium interaction shifts into the main focus. Thereby,
different approaches can be applied for the simulation of bacteria
motion.

The bacterium interaction is governed by numerous natural
external forces which make bacteria movement different to that
of non-living bodies looking from a classical mechanics point of
view. Nonetheless, the movement is governed by attractive and
repulsive forces. The simulation of ultrafine sized interacting
objects can be described by applying the Derjaguin, Landau,
Verwey, Overbeek (DLVO) model [3–6]. That the DLVO theory is
also valid for microbial adhesion was observed by Hermansson
[7], Azeredo et al. [8]. The latter DLVO model includes attractive
adhesive and repulsive electrostatic double-layer forces, which
act at a distance of interacting surfaces.

An important role for the bacterium interaction plays adhesion,
which can be a reason for sticking. Usually adhesion is described by
attractive van der Waals forces. A review of mechanisms of

http://crossmark.crossref.org/dialog/?doi=10.1016/j.apt.2015.04.010&domain=pdf
http://dx.doi.org/10.1016/j.apt.2015.04.010
mailto:raimondas.jasevicius@vgtu.lt
http://dx.doi.org/10.1016/j.apt.2015.04.010
http://www.sciencedirect.com/science/journal/09218831
http://www.elsevier.com/locate/apt
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bacterial adhesion to biomaterial surfaces was performed by An
and Friedman [9]. The stick of Staphylococcus aureus to mucus com-
ponents of the respiratory epithelium was investigated by Ulrich
et al. [10]. The influence of adhesion can be also observed for the
spores (Zhao et al. [11]). Adhesion to titanium surfaces of S. aureus
bacteria was investigated by Harris and Richards [12]. Different
surface roughnesses of the bacterium and of the substrate can be
a reason for the change of the van der Waals force. The roughness
of bacteria was therefore analysed by Francius et al. [13]. S. aureus
attachment patterns on glass surfaces with nanoscale roughness
were investigated by Mitik-Dineva et al. [14].

The influence of attractive forces can be a reason for the forma-
tion of bacterial structures such as biofilms. Biofilm formation bas-
ing on adhesive interaction was investigated by Cramton et al. [15].
Mechanisms of biofilm structure formation in Staphylococcus bacte-
ria were investigated by Mack et al. [16] and Ha et al. [17]. The influ-
ence of repulsion forces between interacting surfaces at a distance
reduces the probability of attraction and stick to a surface. In this
context the influence of electric double layers in bacterial adhesion
to surfaces was investigated by Poortinga et al. [18]. The existence
of a force–displacement hysteresis was observed from physical
experiments with bacteria provided by the means of the atomic
force microscopy (AFM) by Ubbink and Schär-Zammaretti [19].
Atomic force microscopy of microbial cells was performed by Butt
et al. [20] and Gaboriaud and Dufrêne [21]. Abu-Lail and
Camesano [22] investigated the elasticity and molecular surface
characteristics of Escherichia Coli via atomic force microscopy
(AFM). The Hertz theory is used not only for microparticles or
nanoparticles, but is taken into account also for bioparticles such
as cells (comp. Lulevich et al. [23] and Gaboriaud and Dufrêne
[21]). However, as bacteria are non-homogenous, it is difficult to
describe the deformation only with the nonlinear elastic Hertz
model, see Butt et al. [20]. The indentation of living cells by inter-
pretation of AFM experimental data is a difficult task, because it
can be governed by various properties, such as plastic and elastic
behaviour, viscosity and adhesion, see Sirghi [24]. Therefore, the
reason to investigate the elastic–plastic behaviour of bacteria in a
numerical framework is of high relevance. Following this idea the
comparison of elastic and elastic–plastic contact behaviour is pre-
sented below. Plastic deformation of a Staphylococcus epidermidis
bacterium was observed by Méndez-Vilas et al. [25]. Elastic–plastic
behaviour of Aspergillus nidulans spores was observed by Zhao et al.
[11] depending on the value of the applied load.

In this paper the main attention is given to the description and
numerical simulation of the interaction of a bacterium with a flat
surface surrounded by a liquid medium. Using a particle descrip-
tion for the bacterium interaction, the discrete element method
(DEM) is used to resolve the interaction process.
2. Problem formulation

A pathogenic bacterium initially placed in an aerosol droplet
(bioaerosol) has the ability to travel through the air and stick to
various surfaces. Initially, as the bacterium is dispersed within
the bioaerosol the bacterium motion depends on the bioaerosol
droplet motion. In most cases, the behaviour of a bacterium during
the contact is treated, however, in a non-unique way, and different
models may be used in the numerical analysis. It should be noted
that even the simplest adhesion process may be not only reversi-
ble; however, it can involve the adhesive dissipation of energy.
Therefore, the enhancing of the knowledge of the mechanisms of
the energy dissipation due to adhesion forces in the normal direc-
tion is the main task of the present paper.

In the performed analysis the motion of the bacterium is ideal-
ized and limited to the investigation of the interaction of a
bacterium with a flat surface dispersed in a liquid medium. This
approach must be understood as a first step towards more complex
models including e.g. the motion of the liquid of a surrounding
aerosol droplet. The chosen bacterium is the Staphylococcus aureus
which is in many ways pathogenic. The bacterium-surface interac-
tion mechanisms are not well understood, while different factors
may influence the interaction [24]. The known DLVO model may
describe bacterium interaction, when the interacting surfaces are
at a certain distance within a liquid medium. The theoretical inter-
pretation of the deformation behaviour of a bacterium during con-
tact is still missing but required, as it is essential to understand the
nature of the bacterium interaction.

In this analysis the bacterium is considered as a spherical parti-
cle. The interaction with the surface is described by normal force
components. The attraction force between interacting surfaces is
considered by van der Waals forces. Additionally short range inter-
action is taken into account, which is load dependent and related
to the adhesion energy dissipation mechanism. Physical experi-
ments with atomic force measurements (AFM) show that the S.
aureus bacterium reveals dissipative contact behaviour, as
force–displacement diagrams show a hysteretic behaviour of the
bacterium, see Touhami et al. [26] and Abu-Lail et al. [27]. The
objective of the work here is to describe the bacterium interaction
by taking into account the adhesive–dissipative mechanism into
the model. The goal of this work is the description and numerical
analysis of the adhesive normal interaction of a bacterium with a
surface by taking into account elastic and elastic–plastic mecha-
nisms. The observed model is derived based on DLVO and DMT
models for the description of the bacterium interaction. The
DLVO model is usually used only for the description of the interac-
tion without any contact deformation of colloid particles, while the
DMT model describes contact of ultrafine particles. The theoretical
basis for the bacteria movement is based on investigations of same
size non-organic ultrafine particles, see Tomas [28] and Jasevičius
et al. [29,30].

A description of the behaviour of a bacterium during interaction
is necessary for which the energy dissipation needs to be corre-
lated with the influence of the attraction. As a result this gives
the ability to stick and structures like biofilms can be formed.
Energy dissipation is presented as a mechanism, which depends
on the amount of dissipated energy and is related to adhesion. A
bacterium loses energy during the unloading and detachment pro-
cess as it is expected for the deformation of micron sized objects
(comp. Jasevičius et al. [29,30] and Jasevičius et al. [31,32]).

In order to describe the deformation process due to adhesion,
two known adhesive elastic models the Derjaguin, Müller,
Toporov (DMT) and the Johnson, Kendall, Roberts (JKR) approach
are discussed. DMT and JKR models are usually used to describe
the deformation of adhesive particles in normal direction and can
be applied for the investigation of bacterium interaction. Initially
DMT and JKR models were derived for non-biological particles,
where the elastic deformation is based on the Hertz model. The
DMT model is usually used for ultrafine particles, when particle
diameters are less than 10 lm, while the JKR model is used for
softer and larger particles. DMT and JKR models do not take into
account the van der Waals influence during the interaction at a dis-
tance when interacting surfaces are not in contact. Furthermore,
these models do not take force–displacement hysteresis effects
related to adhesion, which are observed in experiments with
AFM, into account. In fact both DMT and JKR models are not suffi-
cient to describe the influence of adhesion on microsize objects
during the sticking process, even when we investigate objects sur-
rounded by a liquid. Note, that for ultrafine particles, the JKR model
results in too little energy dissipation and therefore has its difficul-
ties explaining experimental investigations, see Jasevičius et al.
[30].



0

-aF=0

Attractive and repulsive zone

Bacterium

Background

h h
h

-hn

U

t t tS U D

Stick

Attractive and repulsive 
zone

0
t

Fig. 1. Movement of a bacterium, during interaction with a flat surface.
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We therefore use an interaction model, which is based on the
DMT model for several reasons. It was developed to include energy
dissipation mechanism related to adhesion for ultrafine size parti-
cles and is based on the DMT. The energy dissipation mechanism
related to adhesion let us get enough energy for dissipation and
let us also get a force–displacement hysteresis due to adhesion
for bacteria as obtained in experiments with AFM. Otherwise for
a better understanding of adhesive energy dissipation mechanism,
coefficients of restitution and results on impact test are needed,
while it is difficult to make such experiment with a bacterium, as
a bacterium can rupture. Because of that, previous theoretical
investigations of ultrafine particles become important for the
understanding of the influence of adhesion. In this work a model
for ultrafine particle interaction was implemented for a bacteria
cell. Here the dissipation mechanisms are bacteria load dependent
and related to the change of surface roughness and the van der
Waals force during deformation. Contrary to this DMT and JKR
models describe only the elastic particle behaviour and they are
not originally suited for elastic–plastic deformation. We assumed
that during bacterium soft interaction, adhesive elastic–plastic
contact is prevailed.

As our bacterium is of a diameter of 1 lm and because we also
want to take into account the energy dissipation related to adhe-
sion and describe the elastic–plastic deformation and the bac-
terium sticking process, we use a model which is based on the
DMT for ultrafine size particles. Otherwise the JKR model based
on an additional elastic extension during unloading for softer par-
ticles is needed for the investigation. Also implemented and
required would be an adhesion related energy dissipation mecha-
nism which is independent of the initial velocity and considers
the effect of a hysteresis to model for the attractive interaction at
the distance with the JKR model for the simulation within the
DEM. Finally not only normal, but also tangential interaction of a
bacterium is important for simulations within the DEM. For ultra-
fine particles tangential interaction models can be found in [30,35]
and can also be applied for the bacterium interaction.

Our other main task is to derive a model, which would include
typical characteristic phenomena of a bacterium and can be
applied to numerical simulations involving the discrete element
method (DEM). In this work the model is adopted for DEM simula-
tions, while DEM is also suitable for the simulation of different
shaped particles (see e.g. Kruggel-Emden and Elskamp [33] or
Kruggel-Emden and Oschmann [34]). In the present investigation
the adhesive–dissipative model, which applies DEM, offers the
opportunity to capture the dissipation effect during the contact
and simulate the interaction of a bacterium with a substrate. A col-
lision between a bacterium and a flat surface is mainly attributed
to the attractive van der Waals, double layer electrostatic force
and steric force. In order to compare different forms of deformation
behaviour of a bacterium in this paper a comparison of dissipative
adhesive elastic and elastic–plastic interactions is presented.
In most cases, the behaviour of a bacterium during contact is
not fully understood and only limited knowledge is available in sci-
entific literature. Therefore, the investigation addressing the nat-
ure of the bacterium interaction is of high relevance looking from
the spread of an infection point of view. This task is analysed from
a mechanical perspective.

3. Simulation methodology and basic relationships

3.1. Basic models

One of the models usually used to describe the behaviour of col-
loids and adopted also for the interaction of bacteria is the DLVO
(Derjaguin, Landau, Verwey, and Overbeek) approach. The DLVO
terms decay over a very short distance of 20 nm, see e.g.
Camesano and Logan [36]. The DLVO model describes the interac-
tion without any contact deformation.

Based on the DLVO theory the interaction between two bacteria
without contact (approach or detachment) is assumed to consist of
two contributions: the van der Waals attraction and electrostatic
double-layer repulsion.

FDLVOðtÞ ¼ FdlðtÞ þ FvdWðtÞ ð1Þ

Here: Fdl – repulsive double layer electrostatic force; FvdW – attrac-
tive van der Waals force.

The Derjaguin, Müller and Toporov (DMT) model takes into
account particle behaviour during deformation (loading or unload-
ing) and is used for fine and stiff particles. The deformation
depends on attractive van der Waals forces and the repulsive elas-
tic Hertz model:

FDMTðtÞ ¼ FHertzðtÞ þ FvdW ð2Þ

Here: FHertz – repulsive elastic force, Hertz model; FvdW – attractive
van der Waals force, const.

The constitutive model for normal adhesive contact of a bac-
terium on plane substrate is formulated based on a combined
DMT and DLVO model. These models involve the combined action
of the repulsive contact and an attractive adhesive force. It should
be noted that the elastic contact is an extreme case of a (stiff)
deformable particle model, which will be applied to evaluate the
upper bound of the contact behaviour of a bacterium.

The movement of a bacterium is presented in Fig. 1. Firstly, the
bacterium, is moving from a certain distance hn to a surface. The
interaction starts at time instant tS when the bacterium comes into
the attractive and repulsive zone, presented in Fig. 1 by the blue1

area. In this work we investigate only the interaction process and
the time instance tS is assumed to be the initial time t0 = 0. The
distance at which the interaction starts is described by the instance
when force equilibrium at displacement aF¼0 is acting on the bac-
terium. Here the particle has reached a displacement h < 0.
Attraction is related to the van der Waals force. When the particle
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Fig. 2. The force–displacement diagram of the normal attractive elastic dissipative
bacterium-plane contact. The bacterium approaches the plane surface, line S–L, Eq.
(5), forms an elastic contact, line L–U, Eq. (13), and is unloaded at point U, line U–A,
Eq. (21). Then it achieves the adhesion limit at point A and finally detaches, line A–
D, Eq. (23). The required material data for this diagram, including characteristic
parameters of adhesion, such as minimum distance aF¼0 and adhesion force FN

L;adh ,
electrostatic double layer force FN

dl , deformation of biological polymers on
bacterium surface describing steric force FN

steric , elasticity parameters, such as
modulus of elasticity E and Poisson ratio m, are given in the Basic Data section.
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reaches the surface with displacement h = 0, the contact area of the
interacting surfaces is under deformation and the overall process is
described as loading with displacement h > 0. During the progres-
sion of the contact the interacting surfaces of the bacterium and
the substrate reach a maximum overlap at time tU and a reversal
of the motion begins. After that the bacterium remains in the
unloading process with displacement h > 0. During unloading,
when the bacterium reaches a displacement distance of h = 0, the
contact of the bacterium with the substrate ends. At time instance
tD the bacterium leaves the attractive and repulsive zone which is
described as detachment with displacement h < 0. If the bacterium
has not enough initial kinetic energy for rebound, the interaction
continuous and the bacterium sticks to the flat surface of the
substrate. Note that our investigation is limited to the bacterium
interaction from time instance tS till time instance tD.

3.2. Simulation methodology

The discrete element method (DEM) based on Lagrangian
approach and is applied to simulate the dynamic behaviour of
the bacterium under normal impact. The bacteria are considered
as adhesive ultrafine active particles. The motion of an arbitrary
bacterium i in time t during normal contact is characterized by
the global parameters: positions xi, velocities _xi ¼ dxi=dt and accel-

erations €xi ¼ d2xi=dt2 of the centre of mass and a force F i applied to
it. The global parameters are defined in Cartesian coordinates.
Translational motion is described by the Newton’s second law
applied to each bacterium i:

mi€xiðtÞ ¼ F iðtÞ; ð3Þ

where mi is the bacterium’s mass. The resultant force acting on the
bacterium may comprise of the prescribed as well as interaction
and field forces. Consequently, for normal interaction, vector Eq.
(3) reduces to a scalar equation, while the force vector reduces to
a single normal force FN

i . The methodology for the calculation of
the interaction forces in Eq. (3) depends on the bacterium size,
shape and mechanical properties as well as on the constitutive
model of the interaction. The dynamical state of the bacterium dur-
ing interaction is tracked in space and time by integration of Eq. (3).
The numerical solution at time t þ Dt is obtained incrementally
with constant time step Dt by using a 5th-order Gear predictor–cor-
rector scheme. The discussed methodology was implemented into
an in-house DEM code. The constitutive model for the normal adhe-
sive contact of an ultrafine bacterium on a plane substrate is formu-
lated based on known models. The model involves the combined
action of the repulsive contact force and an attractive adhesive
force.

The bacterium interaction is described based on known models
by applying three different normal force components: attraction
FN

attrðtÞ, repulsion FN
repulsionðtÞ and dissipation FN

dissðtÞ. Generally the
normal force of the bacterium interaction with a surface can be
described as a sum of these forces:

FNðtÞ ¼ FN
repulsionðtÞ þ FN

attrðtÞ þ FN
dissðtÞ ð4Þ

A different combination of these forces plays a significant role
during the approach, loading, unloading and detachment of the
bacterium. Now the movement of a bacterium will be introduced.

For the description of the bacterium behaviour we compare two
different models. These models rely on different interpretations of
the deformation process. With the first model contact is adhesive
elastic dissipative and deformation is described with the time
dependent elastic Hertz model. With the second model, it is
assumed that contact is adhesive elastic–plastic dissipative. In both
cases in the non-contact deformation zone, when interacting
surfaces are at a distance, interaction is described in the same
way, with time dependent attractive van der Waals, repulsive elec-
trostatic double layer and steric forces. Hydrodynamic force is not
considered here.

The considered models of the normal interaction are described
in terms of a force–displacement relationship. If we define a nor-
mal orientation of the contact by a unit vector N, the force vector
FN ¼ FNN may be described by the time-dependent scalar variable
FNðtÞ.

Four different stages may be distinguished during the normal
interaction. They include: the non-contact approach, contact load-
ing, contact unloading and non-contact detachment. When a bac-
terium moves towards the surface, the short range interaction is
characterized as the approach, while the motion in the outward
direction is characterized as detachment. The contact interaction
comprises of loading and unloading. Four time-dependent compo-
nents of the normal force are used in the description of the contact.
The approach stage is characterized by the force FN

apprðtÞ, the load-

ing stage by FN
loadðtÞ, unloading by FN

unloadðtÞ and the detachment

stage by FN
detachðtÞ, respectively.
3.3. Adhesive dissipative elastic interaction

The normal force–displacement diagram of the bacterium is
modelled as for a particle. The constitutive interaction model
may be illustrated by the diagram (S–L–U–A–D) of force FN � FN

i

and displacement h plotted in Fig. 2. The model is restricted by
the displacement as minimum separation distance h ¼ �aF¼0.
Here, the repulsive forces are defined as positive, while attractive
forces by negative values. The negative displacement corresponds
to the interaction with no contact and no deformation, whereas
the positive displacement coincides with the interaction with con-
tact when the bacterium deforms. Firstly, contact loading and
unloading in opposite direction are shown by the arrows.

Fig. 2 presents a theoretical model for defining the normal inter-
action involving two parts. A negative displacement denotes to the
left part of Fig. 2 and covers the bacterium approach (S–L) and
detachment (A–D). A positive displacement takes place when the
right part includes loading (L–U) and unloading (U–A).

The reversible behaviour of the presented model is illustrated in
Fig. 2 by the graph of a typical force–displacement relationship
plotted in the nanoscale, where the total path of the interaction
in the forward direction of the loading is denoted by a solid curve
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passing through the points S, L and U and through the points U, L
and S in the backward direction. It is assumed that the particle’s
interaction with the plane surface occurs at the time instant tS

which is set as initial time t0. At the time instance tS the bacterium
approaches the plane surface with the velocity t0. The starting
point in Fig. 2 is denoted by S.

Beginning at the interaction distance aF¼0, up to zero (Fig. 2,
curve S–L) the bacterium is attracted to the plane by a short range
FN

adhðtÞ van der Waals adhesion force, FN
dlðtÞ electrostatic double

layer force and steric force FN
stericðtÞ without any contact. During

the approach, in time interval t0 6 t 6 tLð Þ, the particle is attracted
to the plane by this force.

FN
apprðtÞ ¼ FN

dlðtÞ þ FN
stericðtÞ þ FN

adhðtÞ ð5Þ

The adhesive short-range van der Waals adhesion force is
defined as suggested by Tomas [37,28]:

FN
adhðtÞ ¼ �

FN
L;adh

��� ���a2
F¼0

aF¼0 � hðtÞð Þ2
; ð6Þ

where FN
L;adh is the adhesion (or the so-called jump in) force of a rigid

contact without any contact deformation.
Here, displacement during approach h < 0 is negative. In Eq. (6)

the decay of the van der Waals interaction between a bacterium
and a plane is defined as inverse square of the bacterium-plane dis-
tance, while at the characteristic adhesion distance aF¼0 is
assumed. Thus, analytically the description of the path of the adhe-
sive contactless approach is relevant to two physical parameters –
the characteristic influence of adhesion distance aF¼0 and the adhe-
sion force FN

L;adh (the so-called jump-in force) defined at point zero
of the considered diagram with zero displacement h ¼ 0. The time
dependent electrostatic double-layer force FN

dlðtÞ and steric force

FN
stericðtÞ will be introduces below.

The approach continues until the particle reaches the surface at
the time instant tL with the negative displacement varying in the
range up to zero distance h tLð Þ ¼ 0 denoted by point L on the graph.
We assume that at this moment the bacterium is in contact with
the interacting surface. At the moment when the bacterium and
the surface start to get into contact it is described by force FN

L .

Theoretically the force FN
L is a sum of attractive adhesion force

FN
L;adh and repulsive electrostatic double-layer force FN

L;dl, steric force

FN
L;steric components:

FN
L ¼ FN

L;dl þ FN
L;steric þ FN

L;adh ð7Þ

The contact of the bacterium with the surface begins with the for-
mation of the adhesion force FN

L;adh. The force FN
L;adh is related to the

interfacial energy c of the interacting bodies. In the case of the
DMT model, see (Derjaguin et al. [38]), theoretically it is defined as:

FN
L;adh ¼ FDMT ¼ �4 � p � Reff � cA ð8Þ

here Reff – effective radius of interacting particles, while cA – con-
ventional surface energy standing for a physical constant.

When the approaching surface charges have the same sign, the
concentration of ions between the surfaces always increases. This
results in a repulsive electrostatic double layer force. The electro-
static double-layer repulsion force makes contact complicated
and limits the ability of the bacterium to stick to a surface. The
electrostatic double-layer force arises because of surface charges
at the interfaces. Following continuum theory Butt et al. [20] pre-
sent the potential distribution which is determined from the
Poisson–Boltzmann model, which is a second order differential
equation, to describe electrostatic interactions between molecules
in ionic solutions. This repulsive electrostatic double-layer force
FN

dlðtÞ is given as:

FN
dlðtÞ ¼ FN

L;dl � ehðtÞ=kD ð9Þ

The extended version of Eq. (9) can be found in Butt [39] and
obtained results are similar to those by Hogg et al. [40], were
potential energy between two surfaces with constant surface
potential was calculated. In Eq. 9 FN

L;dl is the electrostatic double-
layer force at a point L and distance h = 0, where the bacterium
starts to contact with a surface. At this point L, the double-layer
force is FN

L;dl:

FN
L;dl ¼ 4p � Reff ee0wiwjk

�1
D ; ð10Þ

where wi, wj are surface potentials of bacteria i and a interacting sur-
face j (in V), e the dielectric constant of the medium, e0 the permit-
tivity of free space with e0 ¼ 8:854 � 10�12 C2 J�1 m�1, kD the Debye
length (in nm). The electrostatic double-layer force decays roughly
exponentially. The effective decay length is described as Debye
length kD ¼ 0:304=

ffiffiffi
c
p

, where c is the concentration of the elec-
trolyte in mol l�1. In this work the value of the concentration of
the electrolyte c is equal to the ionic strength M.

Bacteria cells have a surface that is studded with biological
polymers and these polymer brushes can cause steric repulsion
when they are confined to a narrow space (Linke and Goldman
[41]). For the description of the steric force the modified
Alexander-de Gennes model [42,43] is used, Butt et al. [44]:

FN
stericðtÞ ¼ 50 � Reff � kB � T � L0 � C3=2e2p�hðtÞ=L0 ð11Þ

Here kB is the Boltzmann constant, T is the absolute temperature, C
is the surface density of that same polymer on the cell surface or
grafting density, L0 is the equilibrium thickness of the polymer
brush.

At the distance h = 0, at point L, the steric force is FN
L;steric:

FN
L;steric ¼ 50 � Reff � kB � T � L0 � C3=2 ð12Þ

After particle reach point L, the loading process begins and fol-
lows the path of the loading between the points L and U. As a
result, the loading stage is defined within the time interval
tL 6 t 6 tUð Þ. It is characterized by a positive values of the contact

displacement hðtÞ > 0. The contact force FN
load;elðtÞ of the loading

comprising of the repulsive and attractive contributions is
described as:

FN
load;elðtÞ ¼ FN

HertzðtÞ þ FN
L;dl þ FN

L;steric þ FN
L;adh ð13Þ

In this work we take into account adhesive elastic bacterium
behaviour. For the spherical bacterium contact, the classical
Hertz FN

HertzðtÞ model is used and describes the bacterium-surface
elastic contact:

FN
HertzðtÞ ¼

2
3

Eeff

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Reff � hðtÞ3

q
ð14Þ

Here Eeff is the effective Young’s modulus and Reff is the effective
radius. Both can be calculated as follows:

Reff ¼
1
Ri
þ 1

Rj

� ��1

; Eeff ¼ 2
1� m2

i

Ei
þ

1� m2
j

Ej

 !�1

ð15Þ

Here Ri is the radius of the bacterium. Rj is the radius of the inter-
acting target, which for a flat surface is Rj ¼ 1. The end of the load-
ing phase is characterized by the maximal displacement of the
contact point hU tUð Þ reached at the time instant tU . The unloading
and detachment of a bacterium is described by applying developed
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attractive–dissipative mechanisms, which will be introduced in the
next attractive–dissipative model section.

3.3.1. Attractive–dissipative model
The dissipation of energy is a phenomenon significantly affect-

ing the behaviour of particle systems. A major motivation for our
work is associated with the study of a specific type of dissipation,
the so-called ‘‘adhesion hysteresis’’, when the amount of energy
required to separate two surfaces is greater than the amount of
energy gained by bringing the surfaces together. This hysteresis
behaviour of fine objects is a typical result observed in atomic force
measurements (AFM), while the background of this process is still
not fully understood. We take into account the change of the adhe-
sion force during the unloading process because of the non-smooth
surface of a bacterium. The hysteresis of normal interaction can be
explained due to the inelastic deformation of the rough bacterium
surface and a resulting increase of the adhesion force, which during
deformation is presented as a time dependent function. It is known
for microparticles that the adhesion force depends on the surface
roughness, Rumpf [45], Schubert [46], Tomas [47]. Based on AFM
experiments with bacteria by e.g. Ubbink and Schär-Zammaretti
[19], Touhami et al. [26] and Abu-Lail et al. [27] it is known that
the force–displacement curve has a hysteresis and shows a dissipa-
tive behaviour. Because of the change of surface roughness during
deformation we take into account the increase of the attractive
force during the unloading and detachment process. Because of
the increase of the van der Waals force we additionally take into
account the dissipative behaviour of the bacterium.

Empirically, it has been observed that the amount of energy
WN

diss, dissipated during a complete full approach-separation loop
is characterized by the area between the approach-loading and
unloading-detachment branches of the hysteretic force–displace-
ment diagram of collision. In our case for adhesive elastic contact
whole amount of dissipated energy WN

diss during interaction is

equal to dissipated energy due to attraction WN
diss ¼WN

attr;diss. The

dissipated energy due to attraction WN
attr;diss can be related to the

critical velocity, tN
0;cr , of normal adhesive elastic interaction mea-

sured in physical experiments. If critical velocity tN
0;cr is known,

as a result, the dissipated energy can be calculated as kinetic
energy generated by the initial critical velocity:

WN
attr;diss ¼

meff � tN2
0;cr

2
; ð16Þ

where meff is the effective mass of the interacting particles.
Eq. (16) presumes that, actually, adhesion or cohesion causes

the sticking of the particles, and the dissipated energy, WN
attr;diss,

as well as the critical initial velocity, tN
0;cr , determines the threshold

of the behaviour of a bacterium during its sticking or rebound. A
bacterium does not stick if the amount of the initial kinetic
energy is higher than the amount of the critical energy dissipated
due to the interaction. If the initial normal velocity, tN

0 , is lower
than the critical velocity tN

0;cr after an impact, the bacterium
remains in the attractive zone and sticks to the interacting
surface. Otherwise, if the value of the initial particle velocity is
higher than the critical velocity tN

0;cr , the bacterium leaves the sur-

face. It is obvious that the critical velocity tN
0;cr , or the dissipated

energy WN
attr;diss defined by Eq. (16) can be regarded as the constants

of interacting bodies that do not depend on the value of the impact
velocity.

On the other hand, the dissipated energy can be calculated the-
oretically; the amount of dissipated energy due to adhesion during
deformation may be presented as a product of two physical con-
stants FN
L;adh and aF¼0, which were described earlier [29]. We take

into account a comparable amount of known adhesion related
energy dissipation in order to describe the energy dissipation
during the deformation of the bacterium surface asperities. This
product describes the adhesion work which is needed to detach
the particle from the surface. With this dissipated energy related
work we take into account the increase and change of influence
of adhesion due to deformation of asperities. The dependence of
the adhesion forces on surface roughness is a known phenomenon
(comp. Tomas [37,47]). In this work, the theoretical amount of dis-
sipated energy related to adhesion is calculated by the following
equation:

WN
attr;diss ¼ hasperity FN

L;adh

��� ��� ð17Þ

Here the amount of dissipated energy due to adhesion during defor-
mation may be presented as a product of two parameters, the adhe-
sion force FN

L;adh and initial height of asperity hasperity on the

bacterium surface. Dissipation energy WN
attr;diss is generated due to

the change of the influence of adhesion because of the change of
asperities during deformation. Because of the deformation, the
influence of adhesion the force during rebound is different.

It should be noted that the variation of the dissipative force in
the contact area due to the adhesion hysteresis has not been thor-
oughly investigated and the methodology for evaluation of this
variation has not been developed yet. Some limited contributions
could be mentioned. Feng et al. [48] have illustrated the phe-
nomenon of the adhesion hysteresis in the JKR model by FEM sim-
ulations. Along with the JKR model, Severson et al. [49] have also
considered the adhesion hysteresis by simulating the dynamics
of a particle, while the dissipative contribution was characterized
by a sudden jump of the normal force at the beginning of the
unloading phase. Sahagún and Sáenz [50] simulated the adhesive
hysteresis and presented a model for the unilateral distribution
of dissipative forces.

To capture the dissipated energy in an adhesion hysteresis, we
introduce the attractive–dissipative force FN

attr;dissðtÞ, which acts
during the rebound motion within the entire displacement interval
between the maximal displacement hU and the separation, aF¼0.
This path is denoted on the graph in Fig. 2 by points U, A and D.
To grasp the variation of this force during unloading, the additional
weighting function,

�hðtÞ ¼ ðhU � hðtÞÞ=ðhU � hAÞ ð18Þ

is introduced, where hU is the maximum normal displacement of
the interacting bodies and �hðtÞ is the relevant displacement of the
bacterium. This function linearly increases from zero at the point
U up to 1 at the point A. During detachment �hðtÞ ¼ 1. For the
adhesive elastic contact displacement hA = 0. Consequently, the sug-
gested variation implies that the maximum value of the dissipation
force FN

A;adh;diss is reached at the detachment point A, with the zero
displacement h = 0. Finally, we relate this value to the amount of
dissipated energy:

FN
A;adh;diss ¼ �

2 �WN
attr;diss

aF¼0 þ hU � hA
ð19Þ

In this paper the amount of dissipated energy WN
attr;diss is related

to the change of the influence of attraction and it is fixed and inde-
pendent of the initial velocity as outlined by Jasevičius et al. [29].

Generally, the time dependent adhesive dissipative force
FN

adh;dissðtÞ is given as:

FN
adh;dissðtÞ ¼ FN

A;adh;diss � �hðtÞ; ð20Þ
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Fig. 3. Model for the adhesive elastic–plastic interaction of a cell. Force displace-
ment relations are given for an elastic–plastic contact. The normal force–displace-
ment diagram of the characteristic contact flattening of the bacterium is modelled
by that of an ultrafine particle. The bacterium approaches, line S–L, Eq. (5), forms an
elastic contact, line L–Y, Eq. (13), starts with yielding at point Y and forms an
elastic–plastic contact, line Y–U, Eq. (26), can be unloaded at point U, line U–A, Eq.
(30), achieves the adhesion limit at point A, and finally, detaches with increasing
separation, line A–D, Eq. (34). The necessary material data for this diagram are
characteristic parameters of adhesions such as minimum centre separation aF¼0 and
adhesion force of a rigid contact without any contact deformation FN

L;adh , electro-
static double-layer force FN

dl , steric force FN
steric and elasticity parameters such as

modulus of elasticity E and Poisson ratio m, plasticity parameters such as micro-
yield strength of the bacterium pf , elastic–plastic contact area coefficient jA and
plastic repulsion coefficient jp , are given in the Basic data of the simulation section.
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here the normalized displacement �hðtÞ is needed to achieve the final
energy balance during interaction during unloading and detach-
ment. During the unloading in the time interval (tU 6 t 6 tAÞ, the
contact force follows the reversed loading path between the points
U and L (Fig. 2). Consequently, the unloading force FN

unload;elðtÞmay be
described as:

FN
unload;elðtÞ ¼ FN

HertzðtÞ þ FN
L;dl þ FN

L;steric þ FN
L;adh þ FN

adh;dissðtÞ ð21Þ

During unloading, when the bacterium reaches point A, the bac-
terium normal force and its attractive–dissipative force are equal:

FN
A ¼ FN

L;dl þ FN
L;steric þ FN

L;adh þ FN
A;adh;diss ð22Þ

After reaching point A, the detachment process begins. The
detachment describing force FN

detach;elðtÞ follows the reversed path
of the approach between the points A and D. For the bacterium this
force has a repulsive and the van der Waals force related attrac-
tive–dissipative behaviour. The detachment force FN

detach;elðtÞ is act-
ing within the time interval, (tA 6 t 6 tDÞ and is given by:

FN
detach;elðtÞ ¼ FN

dlðtÞ þ FN
stericðtÞ þ FN

A;adhðtÞ ð23Þ

Here, the load dependent adhesion force during detachment is
described:

FN
A;adhðtÞ ¼ �

FN
L;adh

��� ���þ FN
A;adh;diss

��� ���� �
� a2

F¼0

aF¼0 � hðtÞð Þ2
ð24Þ

It is important to mention here, that displacement hðtÞ during
detachment is negative h < 0. The interaction is assumed to be ter-
minated at the point D at the final time instant tD.

3.4. Adhesive elastic–plastic contact

The constitutive model for the normal contact, combining elas-
tic–plastic contact deformation behaviour and including adhesion,
is shown in Fig. 3. Generally, the particle behaves in the same man-
ner as described in the case of an elastic contact. The constitutive
interaction model may be illustrated by the diagram (S–L–Y–U–
A–D) of force FN � FN

i and displacement h plotted in Fig. 3. Here
we present a theoretical model for defining the normal interaction
involving two parts. A negative displacement occurs when the left
part covers the bacterium approach (S–L) and the detachment (A–
D). A positive displacement takes place when the right part
includes the elastic loading (L–Y) and the elastic–plastic loading
(Y–U), while the unloading is elastic (U–A). The elasticity limit is
indicated by the yield point Y. At the adhesion limit at point A,
finally, the bacterium detaches with increasing separation, line
A–D. The displacement at approach (S–L) and detachment (A–D)
corresponds to the interaction with no contact and no deformation,
whereas the displacement at (L–Y–U–A) coincides with the inter-
action with contact when the bacterium deforms. Negative normal
force agrees with attraction while positive – with repulsion. The
elastic–plastic deformation here is based on the model by Tomas,
see Tomas [28].

The particle movement starts at the minimal initial distance
aF¼0 by approaching the plane at the initial velocity t0. It could
be stated that the adhesion force FN

apprðtÞ, acting on the particle
below distance aF¼0 is defined by Eq. (5). When the particle
reaches the surface, the Hertz contact is elastic, and the normal
force during loading is defined by Eq. (13). With increasing
external normal load, the soft contact reaches the elastic–plastic
limit under pressure pf . Here this deformation limit is presented
with displacement hY and contact radius rY when it reaches the
point Y:
hY ¼
r2

Y

Reff
ð25Þ

Thereafter the nonlinear elastic–plastic contact force is described as
follows:

FN
load;el�plðtÞ ¼ FN

el�plðtÞ þ FN
L;dl þ FN

L;steric þ FN
L;adh ð26Þ

Elastic–plastic force FN
el�plðtÞ is described basing on Tomas model

[28]:

FN
el�plðtÞ ¼ p � Reff � pf � jA � jp

� 	
� hðtÞ ð27Þ

Here, jA is the dimensionless elastic–plastic contact area coefficient
which is representing the ratio of plastic particle contact deforma-
tion to the total contact deformation area, while jp is the dimen-
sionless plastic repulsion coefficient and pf is the micro-yield
strength of the bacterium. These coefficients are described in [28].
During the contact of the bacterium and the interacting surface,
the electrostatic double-layer force and steric force are assumed
to be time independent and presented as FN

L;dl and FN
L;steric. The point

Y is reached when the displacement hY is reached which can be
described by the formula (Tomas [28]):

hY ¼ Reff �
3 � p � pf � jA � jp

� 	
4 � Eeff

" #2

ð28Þ

The elastic–plastic repulsion force is obtained by integrating the
cutoff shaped contact pressure profile. The integration results may
be evaluated by introducing the dimensionless elastic–plastic
contact area coefficient jA, representing the ratio of plastic
particle contact deformation area Apl to total contact deformation
area Aarea ¼ Apl þ Ael, and expressed in terms of the displacement
as:

jA ¼ 1� 1
3

ffiffiffiffiffiffiffiffiffi
hY

hðtÞ
3

s
ð29Þ

The yield displacement reflects the propagation of yielding. The
lower limit jA ¼ 2=3 corresponds to the solely elastic contact defor-
mation Apl = 0. The upper bound jA ¼ 1 indicates the complete
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yielding of the contact ðApl ¼ AareaÞ. For simplification of the final
expression, a dimensionless coefficient jp, referred to here as a
plastic repulsion coefficient, was introduced. For rigid (ideally hard)
contacts, this plastic repulsion coefficient is infinitely small, i.e. jp �
0, while for soft or compliant contact jp ! 1.

When the bacterium reaches the maximal overlap hU , the con-
tact is elastically unloaded at point U until the deformation path
reaches the adhesion limit at point A. During unloading the pre-
scribed time dependent adhesive dissipative force FN

adh;dissðtÞ is
described in the similar way as described for the elastic one. The
resultant force during the unloading may be expressed as follows:

FN
unload;el�plðtÞ¼ FN

A;HertzðtÞþFN
L;dlþFN

L;stericþFN
L;adhþFN

adh;dissðtÞ�DFN hUð Þ;
ð30Þ

for the contact unload between hU and hA. Here elastic unloading is
described basing on elastic Hertz force:

FN
A;HertzðtÞ ¼

2
3
� E
1� m2 �

ffiffiffiffiffiffiffiffiffi
Reff �

q
hðtÞ � hAð Þ3=2 ð31Þ

During unloading, when bacterium reaches point A, normal force is:

FN
A ¼ FN

L;dl þ FN
L;steric þ FN

L;adh þ FN
A;adh;diss � DFN hUð Þ; ð32Þ

here, DFN hUð Þ presents a residual force, reflecting the elastic–plastic
deformation history. The detachment process begins, when a
bacterium reaches the adhesion limit at point A during unloading.
The adhesion limit may be expressed as follows:

FN
adh;limit hAð Þ ¼ FN

L;dl þ FN
L;steric þ FN

L;adh þ FN
A;adh;diss � pReff pvdW hA; ð33Þ

here pvdW is the attractive van der Waals pressure [28] used to
describe the adhesive interaction and can be calculated as
pvdW ¼ jppf .

The detachment of the bacterium between displacements hA

and aF¼0 (points A–D) is described as follows:

FN
detach;el�plðtÞ ¼ FN

A;dlðtÞ þ FN
A;stericðtÞ þ FN

A;adhðtÞ; ð34Þ

During detachment, load dependent adhesion force FN
A;adhðtÞ is:

FN
A;adhðtÞ ¼ �

FN
L;adh

��� ���þ FA;adh;diss

�� ��� �
� a2

F¼0

aF¼0 þ hA � hðtÞð Þ2
� p � Reff � pvdW � hA

aF¼0 þ hA � hðtÞð Þ3
� a3

F¼0

ð35Þ

During detachment, for the adhesive elastic–plastic contact, the
double-layer electrostatic force and steric force are described
below, by modifying the Poisson–Boltzmann model and
Alexander-de Gennes model by adding the displacement hA. The
double-layer electrostatic force FN

A;dlðtÞ during detachment is given
as:

FN
A;dlðtÞ ¼ FN

L;dl � e� hA�hðtÞð Þ=kD ð36Þ

The steric force FN
A;stericðtÞ during detachment is given as:

FN
A;stericðtÞ ¼ FN

L;steric � e�2�p hA�hðtÞð Þ=L0 ð37Þ

During the elastic–plastic interaction as in the elastic case, interac-
tion is assumed to be terminated at the point D at the final time
instant tD.

4. Basic data of simulation

In this work the interaction of a spherical cell with a flat surface
is investigated which involves the S. aureus bacterium interaction
with a glass surface using an attractive–dissipative model.
Detailed description of the attractive–dissipative model is given
in Jasevičius et al. [29,30]. Basic data on the parameters of S. aureus
and the glass surface are taken from Reeks et al. [51], Ibrahim et al.
[52] and Linke and Goldman [41]. A bacterium can travel in the air
in a bioaerosol, while the velocity of bioaerosol droplets can reach
values of up to 4 m/s (Paez-Rubio et al. [53]). The behaviour of the
whole bioaerosol droplet during the impact here is not analysed.
The presented investigation is limited to the interaction of a bac-
terium and a target surface within a liquid medium. The initial
impact velocity of the bacterium on the target surface is equal to
the impact velocity of the bioaerosol droplet and set to 0.1 m/s.
Initially, the S. aureus bacterium has a distance of aF¼0 ¼ 20 nm
from the glass surface. The diameter of the bacterium is
d = 1 lm, while the density is qi ¼ 1:415 g=cm3 following Bakken
and Olsen [54]. The density of the glass surface is
qj ¼ 2:470 g=cm3. The elastic modulus of native S. aureus is
1.33 ± 0.21 MPa as stated by Jin et al. [55] and set to
Ei ¼ 0:0012 GPa. Poisson’s coefficients for living cells can vary from
0.3 to 0.5 (Butt et al. [20]) and are set to mi ¼ 0:5 as proposed by
Touhami et al. [56]. The elastic modulus of glass is considered with
Ej ¼ 80:1 GPa, the Poisson’s coefficient is mj ¼ 0:27. The interaction
of the bacterium and the glass surface is investigated within a liq-
uid medium. For the interaction in water (pH 7), the ionic strength
is taken as �0.1 M following Linke and Goldman [41]. The surface
potentials of the glass surface and S. aureus are, respectively, –
35 mV and –6 mV as given by Ducker et al. [57], Prince and
Dickinson [58] and Linke and Goldman [41]. For the investigation
of the bacterium and the surface interaction the Debye length
value is chosen as kD ¼ 10 nm. The Boltzmann’s constant is
kB ¼ 1:381 � 10�23 J K�1. The dielectric constant of water is
e ¼ 78:54 at a temperature T of 298 K; the permittivity of free
space is e0 ¼ 8:854 � 10�12 C2 J�1 m�1. The valence of electrolyte
ions z = 1 for NaCl and the charge of an electron is
ec ¼ 1:602 � 10�19 C. The initial adhesion force is set to
FN

L;adh ¼ �0:25 nN, see Jin et al. [55] and Touhami et al. [26]. With
these values the theoretical forces between the S. aureus bacterium
and the glass surface were calculated. In order to describe the elas-
tic–plastic behaviour of the bacterium there are no parameters of
micro-yield strength of a bacterium known from literature.
Therefore it is freely chosen as a small value and set to
pf ¼ 100 kPa which leads to a yield limit of hY ¼ 2:89 nm. The
dimensionless plastic repulsion coefficient needed for the calcula-
tion is set to jp ¼ 0:15. The S. aureusasperity height hasperity can vary
from 1.6 ± 0.3 nm to 5.4 ± 1.2 nm (Francius et al. [13]). Here an
asperity height hasperity ¼ 2 nm was taken into account.
Equilibrium thickness of the polymer brush L0 is 90 nm
(Yongsunthon and Lower [59]) and the grafting density C is set
to 3:4 � 1014 m�2, see Linke and Goldman [41].
5. Results

The numerical results obtained describe the theoretical S. aur-
eus behaviour during the interaction with a glass surface. The bac-
terium is interpreted as an active colloid particle which has the
ability to be attracted to a surface by adhesion forces. The results
show the different behaviour of the bacterium interaction using
two models for elastic and elastic–plastic deformation. The models
are based on the DMT, DLVO and Tomas models. The two deforma-
tion models are typical for non-biological particles, while they can
be also applied for bacteria. Under the applied idealizations and the
implementation of the interaction model for the description of the
deformation process the theoretical behaviour of a bacterium
becomes similar to the behaviour of a deformed colloid particle.
The bacterium is described by two different adhesive elastic and
adhesive elastic–plastic interaction models by applying previously
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developed energy dissipation mechanisms related to adhesion.
This condition allows us to investigate the varying influences of
electrostatic forces as well as van der Waals forces during the bac-
terium interaction and deformation. The time dependent electro-
static double-layer force is described using a Poisson–Boltzmann
based model [39]. During deformation, it is assumed that in the
first case elastic deformation is described with the time dependent
Hertz model, while for the second case elastic–plastic material
behaviour is described basing on the Tomas model. The adhesive
elastic model includes energy dissipation mechanism related to
the influence of adhesion, while the adhesive elastic–plastic model
additionally includes energy dissipation mechanisms related to
elastic–plastic contact. Two energy dissipation mechanisms make
the adhesive elastic and elastic–plastic interaction models more
complicated and respectively change the behaviour of the bac-
terium during interaction. The differences of the two kinds of inter-
actions can be observed in the following results.

The bacterium interaction with elastic deformation is presented
in Figs. 4 and 5 with a red1 line, elastic–plastic with a blue line.
Interaction, when interacting surfaces are at distance, is described
with time dependent attractive van der Waals and repulsive electro-
static double-layer, steric forces. The comparisons of two different
interactions show the influence of the elastic–plastic deformation
on the bacterium during the interaction process. The presented
results in Figs. 4 and 5 show the hysteresis behaviour of the bac-
terium. The amount of dissipated energy during elastic interaction
is equal to the energy dissipation related to attraction
WN

diss ¼WN
attr;diss. This amount of energy dissipation WN

attr;diss is inde-
pendent of the initial velocity, Jasevičius et al. [29] and equal to

WN
attr;diss ¼ hasperity FN

L;adh

��� ��� ¼ 5 � 10�19 J. This amount of energy is impor-

tant to take into account for the hysteresis behaviour of the
1 Colorful Figures are presented in web version of article.
bacterium dissipative interaction and for the description of the stick-
ing process as well as to gain the initial critical sticking velocity t0;cr ,
which is t0;cr;el = �0.03674 m/s in the presented model with elastic
deformation. During adhesive elastic–plastic interaction
additional dissipation is achieved by elastic–plastic dissipation
WN

diss ¼WN
diss;attr þWN

diss;el�pl, while the value of the amount of dissi-

pated energy related to attraction WN
attr;diss is the same for both mod-

els. The larger the amount of dissipated energy WN
diss during adhesive

elastic–plastic contact the higher the value of critical velocity which
is equal to t0;cr;el�pl = �0.08961 m/s for the investigated adhesive
elastic–plastic case.

A force displacement diagram is shown in Fig. 4a, while the
time history of the normal force is presented in Fig. 4b. The first
diagram 4a shows the hysteresis behaviour of the bacterium.
These Fig. 4a and b show that the dissipation related to adhesion
and elastic–plastic deformation influences the bacterium. Here
negative force means attraction, while positive means repulsion.
Generally, positive displacement means interaction with contact
deformation, while negative displacement means interaction with-
out any contact deformation.

Basing on the DLVO model for the description of the interaction
at a distance, the positive values of the normal force can be reached
and the overall behaviour can be of repulsive manner. Results
show, that during approach and detachment ðh < 0Þ the repulsive
steric and electrostatic double-layer forces become not dominant
for a bacterium moving in a liquid medium and in both cases of
the models the approach and detachment remains to be governed
by negative forces and attractive manner. Attractive manner is typ-
ical for interacting ultrafine objects at a distance, otherwise the
approach behaviour depends on the surrounding media. The
attraction force is negative, otherwise in Fig. 4a and b it was
observed, that because of the action of the repulsive electrostatic
double-layer and steric forces, the influence of the attractive van



R. Jasevičius et al. / Advanced Powder Technology 26 (2015) 742–752 751
der Waals force decreases. At a displacement hL = 0 the normal
force value is FN

L ¼ �0:1002 nN, which is divided in the contribu-

tion of the adhesion force FN
L;adh ¼ �0:25 nN and double-layer force

FN
L;dl ¼ 0:09175 nN; FN

L;steric ¼ 0:05805 nN; FN
L ¼ FN

L;dl þ FN
L;steric þ FN

L;adh.
At a displacement of hA ¼ 2:9917 nm the normal force can be

calculated as FN
A ¼ FN

A;dl þ FN
A;steric þ FN

A;adh and for elastic contact it is

FN
A ¼ �0:1337 nN, while for elastic plastic contact

FN
A ¼ �0:2058 nN. The double-layer and steric force values are

the same as at point L, FN
A;dl ¼ FN

L;dl; FN
A;steric ¼ FN

L;steric , for an adhesive
elastic contact and an adhesive elastic–plastic contact. Adhesion
force for elastic contact is FN

A;adh ¼ �0:2835 nN, while for elastic–

plastic contact it is FN
A;adh ¼ �0:3556 nN.

During deformation different models result in a different beha-
viour of the bacterium. Using the adhesive elastic contact (red line)
higher values of the normal force than for adhesive elastic–plastic
contact (blue line) are observed. Also using an elastic–plastic
model, the bacterium becomes more deformed during loading –
this is shown by higher displacement values (Figs. 4 and 5a). In
both deformation cases, during unloading and detachment the nor-
mal force is lower. In the presented models it is assumed that an
increase of the attractive forces results out of the influence of the
surface roughness, see Jasevičius et al. [29–32]. The dissipation is
stronger at elastic–plastic contact, rebound velocity for the elastic
interaction is tr;el ¼ 0:09301 m=s and for the elastic–plastic inter-
action tr;el�pl ¼ 0:02713 m=s (Fig. 5b). The amount of adhesion
related dissipated energy is fixed and independent of the initial
interaction velocity. As the elastic–plastic model gives additional
dissipation to the bacterium interaction, the duration of the inter-
action of the bacterium with the elastic–plastic contact becomes
longer.

Further research is necessary to apply the numerical investiga-
tions of the sticking behaviour of bacteria to the formation of bio-
films, Šimkus et al. [60], which could be achieved by applying
theoretical viscous damping models used for ultrafine particles,
(Jasevičius et al. [61]), as well as oblique interaction, Jasevičius
et al. [30,35].
6. Conclusion

The adhesive elastic dissipative and adhesive elastic–plastic dis-
sipative models were introduced for bacteria plane surface interac-
tion within a liquid medium. The primary interest of this paper
was given to bacterium behaviour by applying the presented adhe-
sive elastic–plastic model. The implementation of an elastic Hertz
and elastic–plastic Tomas model for the description of the defor-
mation process, results in a theoretical behaviour of a bacterium
similar to that of a deformed body. The implemented energy dissi-
pation mechanism related to adhesion agrees with known DLVO,
DMT, Hertz and Tomas models. In the presented approach with
two different adhesive elastic and adhesive elastic–plastic models
the amount of dissipated energy was the same and it is indepen-
dent of the initial velocity and the type of the model. This beha-
viour is typical for non-biological particles, while it can be also
applied to the simulation of bacteria interaction. This condition is
useful for the description and simulation of bacteria motion as well
as for the creation of structures such as biofilms. Results show that
with the adhesive elastic–plastic model, the bacterium becomes
more deformed. In both elastic and elastic–plastic deformation
cases, during unloading and detachment the normal force is lower.
This is because in the presented models it was assumed that attrac-
tive forces increase because of the change of the surface roughness
during deformation. The implementation of the influence of adhe-
sive and electrostatic double-layer forces was needed for the
description of the interaction of the bacterium at a distance of
the surface. By applying a repulsive electrostatic double-layer force
and steric force models, during the bacterium approach process,
positive values of the normal force were not reached and the over-
all behaviour was of dominant attractive manner. Finally, the
attractive manner during interaction at a distance can be observed
for different natural ultrafine objects, both non-biological as well
as biological such as bacteria.
Acknowledgments
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