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Abstract. The aim of this study is to simulate the self-assembly of the surfactant

1. Introduction

material properties of cells, such as deformability in red
blood cells [1]. Lipid bilayers systems behave extremely
complex as they have a heterogeneous structure and
dynamics and biological behavior of a wide range of
spatial and temporal scales [2].
In biological lipid bilayers, the lateral pressure
pro le has an important function and it becomes the
topic of discussions about the structure and role of
proteins in membranes [3] or in the mechanism of
anesthesia [4]. However, to determine the pressure
pro le for lipid bilayers, only the simulations or theories can be used, because there are no experimental
results available [4]. Moreover, dynamic processes in
a membrane occur on long distances compared to the
molecular size, and on time scales much longer than

DPD;
Biological membrane;
Lipid bilayer;
Flory-Huggins
parameters.

molecules with special chemical structure and bending sti ness into bilayer membranes
using a mesoscopic Dissipative Particle Dynamics (DPD) method. The surfactants are
modeled with special chemical structure and bending sti ness. To con rm that the
novel model is physical, we determine the interaction parameters based on matching the
compressibility and solubility of the DPD system with real physics of the uid. To match
the mutual solubility for binary uids, we use the relation between DPD parameters and
-parameters in Flory-Huggins-type models. Unsaturated bonds can change the sti ness
of a lipid membrane, which is modeled by introducing a bond bending potential. To verify
our model, we investigate the e ect of surfactant structure, like chain length and sti ness
of the molecules, on the properties of the modeled membrane as area per surfactant. To
validate our results, we also compare them with the theoretical calculations as well as with
the experimental and other existing simulations results. We show that there is a good
coincidence between all of the results.
© 2016 Sharif University of Technology. All rights reserved.

The function of lipid bilayer membranes is extremely
essential for living cells. They surround living cells and
must be strong enough to protect their interior parts
from the outside and also to prevent the penetration
of unwanted ions and molecules. Because of special
composition and dynamics, they have much more
e ective contribution to the considerable structural and
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the period of molecular vibrations. To investigate
an all atom model of a membrane, it is possible to
use molecular simulations and even some theoretical
approaches. For example, lattice-based Monte Carlo
(MC) simulations have been applied to consider the
microstructures in systems containing water with the
surfactants [5], and the structural properties of long
or short lipid chains within a bilayer [6]. Meaneld technique is another example which is used by
several groups to study the lipid bilayers [7]. Using
this technique, they explore the dependence of membrane stability on some properties like the area per
head group [8] and the length hydrocarbon tail [6].
Shillcock and Lipowsky [9] stated that \Both these
approaches have certain limitations. Lattice based
simulations lack the full Galilean invariance of a uid,
while mean- eld theories ignore uctuations within
a system." Moreover, atomistic level methods such
as Molecular Dynamics (MD) simulations have another limitation. They can be used for simulating
systems with small sizes and short times [10]. Even
with coarse-grained MD, the computer time that
is required to simulate a sizable membrane is too
large. Therefore, a new particle-based mesoscopic
simulation method has been used for the problem of
simulating large membrane. The Dissipative Particle Dynamics was introduced for the rst time in
1992 by Hoogerbrugge and Koelman [11]. Groot
and Warren [12] modi ed this algorithm and used
DPD method to study the phase separation of immiscible polymeric uids. Espanol and Warren [13]
introduced the uctuation-dissipation theorem in this
method.
Because of some advantages in using DPD method
relative to other methods such as Molecular Dynamics
(MD) or even coarse-grained MD simulations, we prefer
this method to simulate the self-assembly of a model
membrane. For example, since the potential function
used in DPD method is softer than the potential used
in MD simulations, the required time step in this
method is signi cantly larger than the one used for the
molecular dynamics simulations. Another challenge in
simulating a biological membrane is choosing suitable
boundary conditions. It is shown by Goetz and
Lipowsky [14] that using periodic boundary conditions
for simulating a bilayer leads to a membrane with a
speci ed value of the surface tension. The amount of
surface tension depends on the number of surfactants
per area in the simulation. In our work, we used trial
and error to make a membrane with zero tension. It is
because of the state of biological membranes which are
essentially tensionless [15].
Several groups have applied di erent methods to
simulate self-assembly of the bilayer. For example,
Goetz and Lipowsky in 1998 used Monte Carlo and
Molecular Dynamics for simulating self-assembly of
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the bilayer and calculating the interfacial tension [14].
In 1999, Venturoli and Smit [16] simulated the selfassembly of surfactant bilayers using DPD method,
but in their simulation, they did not use any special
structure for their membrane.
Although in previous works, self-assembly of the
surfactants into bilayer was modeled, in this work,
we incorporate the surfactants with special chemical
structure and bending sti ness, which makes our work
distinct from the other studies. To this purpose, in
practice, our model must agree with real physics. So,
we nd the interaction parameters based on matching
the compressibility and solubility of the DPD system
with real physics of the uid. To match the mutual
solubility for binary uids, we use the relation between
DPD parameters and -parameters in Flory-Hugginstype models introduced in polymer chemistry. Eventually, to verify our model, we calculate the surface
tension of the membrane to check to make sure it
is tensionless as it is in real biological membranes.
Also we investigate the e ect of surfactant structure,
like chain length and sti ness of the molecules, on
the properties of the modeled membrane as area per
surfactant. We observe that the location of the sti ness
in the chains has signi cant e ect on the properties
of the bilayer. To validate our results, we compare
them with the theoretical calculations as well as the
experimental and other simulations results. We show
that there is a good agreement between them.
The paper is organized as follows: The outline
of dissipative particle dynamics method is brie y presented in Section 2; the required assumptions and
simpli cations to our model are discussed in Section 3;
the equations that relate our simulations in DPD unites
to physical unites are presented in Section 4; and
in Section 5, the interaction parameters used in our
simulations are described. Finally, the obtained results
are given and discussed in Section 6.

2. Simulation methodology outline of the DPD
method
DPD is a particle-based method for simulating uids
that considers uid elements as soft beads which interact via speci ed forces. A soft bead represents at least
several molecules or molecular groups. With this coarse
grained system to have a correct hydrodynamic behavior, soft beads must interact via e ective forces. These
pair wise additive forces conserve momentum and have
no hard core. DPD is distinguished from Brownian
Dynamics (BD) by use of momentum-conserving forces.
These forces include repulsion conservative force,
dissipation force, and random force. All of these forces
are e ective within a certain cut-o radius, rc . The
force acting on a particle i is then given by the following
relation:
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X

j 6=i



FijC + FijD + FijR ;

(1)

where the sum runs over all other particles in a sphere
with cut-o radius rc . Similar to many other DPD
simulations, we have used Eq. (2) for the conservative
force [12]:
FijC =

8
<aij (1

rij =rc )^rij (rij < rc )

(rij  rc )

:0

(2)

where aij is the repulsive parameter or a maximum
repulsion between particle i and particle j , rij = rj ri
and rij = jrij j. Dissipative or drag force and random
force are given by [12]:
FijD = !D (rij )(^rij :vij )^rij ;
FijR = !R (rij )ij r^ij ;

(3)

where !D and !R are r-dependent weight functions
which are equal to zero for r > rc , vij = vj vi , and
ij (t) is a randomly uctuating variable with Gaussian
statistics.
Espa~nol and Warren [13] showed that as the DPD
thermostat consists of random and dissipative forces,
the uctuation-dissipation theorem must be satis ed:
!D (r) = [!R (r)]2 ;

2 = 2kB T:

(4)

As a simple choice, we take:
!D (r) = [!R (r)]2 =

8
<(1

r)2 (r < 1)

:0

(r  1)

(5)

It is assumed that all beads have the same mass m. We
choose the particle mass, temperature, and interaction
range as units of mass, energy, and length, respectively.
Hence, m = kB T = rc = 1, and for a time unit, we use
the following expression:
p

 = rc m=kT :

If the parameter  is put at  = 0:5, this scheme will
be the velocity-Verlet algorithm [17]. However, in the
modi ed version of the velocity-Verlet algorithm, we
use  = 0:65.
As mentioned above, we need to calculate the
surface tension. The stress tensor leads to the surface
tension via:
=

Z

=A

pxx (x) 1=2(pyy (x) + pzz (x))dx
1

X

i<j

(Fij;x xij

1=2 (Fij;y yij + Fij;z zij )) : (8)

Suppose the bilayer is oriented perpendicular to the
x-axis. Then, the local density of each component is
measured in thin slabs perpendicular to the x-axis, and
the stress tensor is averaged locally and over the whole
system. Finally, in Eq. (8), A is the area of the yz plane, and Fij is the total conservative force between
particles i and j . In our work, we must measure and
control it to provide a tensionless membrane.

3. Simulated system
The simulated system includes water and some surfactant molecules with a special structure. Each surfactant contains one chain of hydrocarbons connected to
a phosphate group. Thus, three types of particles are
presented in the simulation: particles that model water
(w), the hydrophilic head (h), and hydrophobic tail (t)
which are parts of the surfactants. The molecule with
its mapping on the coarse-grained DPD model is shown
in Figure 1.
For simplicity in this work, we have chosen methyl
phosphate (CH2 -O-PO3 H) as the head of the surfactant
and every three CH2 as one tail bead. A surfactant
molecule includes a linear chain of h and t units
which are connected via harmonic springs based on the
following relation:

(6)

In DPD, if the uctuation-dissipation relation is satised, this method will produce correct values for (N , V ,
T ) ensemble [12,13]. At each time step, the positions
and velocities fri ; vi g must be updated by the positions
and velocities at earlier time using the modi ed version
of the velocity-Verlet algorithm:
ri (t + t) = ri (t) + tvi (t) + 1=2t2 fi (t);
v~i (t + t) = v~i (t) + tfi (t);
fi (t + t) = fi (ri (t + t); v~i (t + t));
vi (t + t) = vi (t) + 1=2t(fi (t) + fi (t + t)):

(7)

Figure 1. The simulated single chain and its mapping on
the DPD model.
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kr 2
r
;
(9)
2 i;i+1
where kr = 10. This constant was chosen in order to
have a bilayer with less surface tension. A linear chain
with one head group and for example seven tail units
is denoted by ht7 . The number of tail units will change
and the e ect of chain length on the bilayer's properties
will be studied.
The sti ness of a lipid membrane depends on the
unsaturated carbon bonds. Here, unsaturated bonds
are modeled by introducing a bond bending potential
to represent the sti ness of the chain like the following:
k
Ubend (ri 1;i ; ri+1;i ) =  ( 0 )2
2
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Uspring (ri;i+1 ) =

=

k
2



ri 1;i :ri+1;i
1;i j jri+1;i j

jri

0

2

;

(10)

where  is the angle between two successive bonds and
the constants are set to k = 0:1 and 0 = . The
presence of the bond bending potential is denoted by a
capital T for the ith atom in the above equation. For
example, ht3 T t is a surfactant molecule which contains
6 beads with the bond bending potential in last three
atoms of the tail. Both the Hookean spring and bondbending potential are parts of the conservative forces in
a DPD simulation. In the following section, we describe
the procedures used to encompass these potentials in
the simulation.

3.1. Hookean spring forces

In this simulation, we assume that surfactant molecules
are constructed by connecting h and t atoms via harmonic springs. Then, we exert Hookean spring force
as a pair wise force between these two beads based on
their positions.

3.2. Bond bending forces

If the bond bending potential in Eq. (10) is di erentiated with respect to , the bending moment on this
bond will be achieved. Suppose the moment acts on a
bond connecting particles i and i 1, then the reaction
moment is exerted on the adjacent bond connecting
particles i and i + 1, as shown in Figure 2.
The bond bending moment is obtained as:
M = k ( 

0 ) :

(11)

Figure 3. Illustration of replacing bond bending moment
with coupled forces.

For the coding purpose, the moment is replaced by a
pair of coupled forces. According to Figure 3, these
forces are given as:
M
M
F1 = ;
F2 = ;
L1
L2
where L1 and L2 are the distances between two adjacent particles and the bond bending moment is exerted
on the spring between them. Since M1 and M2 are
perpendicular to the plane containing particles i 1, i,
and i + I , the equivalent pair wise forces, F1 and F2 ,
are also exerted in the same plane.

4. Physical length and time scales
To construct a mesoscopic model and determine the
length scale, at rst, it is necessary to determine the
volume of the simulated beads. We choose a coarsegraining particle, such as three carbon atoms which
are supposed to be together into one bead. It is needed
to justify the volumes of (CH2 )3 and water molecules.
The volume of (CH2 )3 is 90 
A3 and the water beads
(w) have to represent the same volume. As the volume
of a water molecule is 30 
A3 , the water beads (w) must
represent three water molecules. Hence, each (w or c-)
bead represents a liquid volume of 90 
A3 . We choose
3
the bead density rc = 3. It means a cube of rc3
contains three beads and then it equals a volume of
270 
A3 . Thus, we nd the physical size of the cut-o
radius as:
p
A = 6:4633
A:
(12)
rc = 3 270
In general, if we take the coarse graining parameter as
Nm and suppose that a cube of volume rc3 represents
 beads, then the physical volume of this cube is
30Nm 
A3 and the length scale rc follows as:

Figure 2. The bond bending moment in a pair wise
manner.

rc = 3:107(Nm )1=3 [
A] :

(13)

We can calculate the reference mass for water as
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follows:

we can use the following relation:

mref = mDPD = Nm  mwater ;

(14)

where mwater is the mass of each water molecule, which
is calculated in our simulation with Nm = 3 to be 3:9 
10 26 kg.
The reference time is de ned as the ratio of
reference length rc to the reference velocity of the
system and is given by the following ratio:
r
tref = tDPD = c :
(15)
uref
For the reference velocity, however,
q many researchers
B T [13,18,19].
have used the thermal velocity, mkDPD

5. Interaction parameters
As it has already been mentioned, the bead density is
xed at  = 3 and all the simulations have been performed at kB T = 1. Following Groot and Warren [12],
a modi ed velocity-Verlet algorithm is used that allows
us to use time steps of dt = 0:06 and we also use the
xed noise amplitude  = 3.
In our simulations, we use 200 surfactants. The
surfactant concentration Cs is de ned as:
Cs =

Nh + Nt
;
Nw + Nh + Nt

(16)

where Nh , Nt , and Nw are the numbers of heads, tails,
and water particles, respectively. We set this parameter
approximately equal to 0.39 for our simulations. At
such density and concentration, the volume of the box
has been chosen and a bilayer is formed.
To nd the interaction parameters for this model,
in practice, we need to match the compressibility
and solubility of the DPD system with those in real
physics. Following Groot and Warren [12], an equation
is used in which the conservative interaction parameter
a is related to the thermodynamic de nition of the
isothermal compressibility T using the equation of
state.
The isothermal compressibility is de ned in a
process where the temperature T is constant as follows:
T =

1
V



@V
@p



T

=



1 @
 @p



T

;

(17)

where  is the bead density in the simulation. It is
convenient to match the DPD system with real physics
using the de nition of the dimensionless parameter  1
by:
 1=

1 @p
1
=
:
kB T T kB T @

(18)

As the above parameter is a dimensionless parameter,



1
kB T



@p
@ sim

1
kB T





@p
1
=
@ sim kB T



 

1
kB T T



sim

=



@p
= const.
(19)
@n exp
Here, n = Nm : denotes the molecular number density
of the physical system; \exp" denotes the experimental
value, and the subscript \sim" refers to the simulation
value. In general, while the DPD bead corresponds to
Nm of the water molecules, the system should satisfy:

=

1
kB T









@n
@p
:
@
@n exp


@p
= const. ;
(20)
@n exp
where, Nm is the number of water molecules per DPD
bead.
The equation of state relates the pressure to the
particle number density . As Groot and Warren [12]
mentioned for densities  > 2 in reduced units (more
than 2 particles in a box with length rc ), the following
equation of state is a good approximation to the
numerical simulations:

=

Nm
kB T

p = kB T + a 2 ;

= 0:101  0:001:

(21)

From Eqs. (20) and (21) at constant temperature, we
obtain the following relation:
Nm
kB T



@
@




kB T + a 2 = const.

(22)

The compressibility of water at room temperature is
matched at 16. Then, for Nm = 3, the repulsion
parameter in Eq. (2) must be equal to [12]:
aii = 78;

(23)

where i denotes the type of the particle. Following
Groot and Rabone [20], the repulsion parameter between particles of the same type is taken the same for
all liquid components; it is because the volumes of all
liquid components are equal.
The next parameter which needs to be matched
is the mutual solubility. In polymer chemistry, mutual solubility is speci ed by the Flory-Huggins parameters.
The Flory-Huggins -parameters can be written
in the following form:
 = (0:231  0:001)a;

(24)

where a = aAB aAA is the excess repulsion [19].
Using appropriate relations in polymer chemistry, the
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-parameters are determined. They need to match relevant thermodynamic data to the same Flory-Huggins
model. According to Groot and Rabone [20], we use
the following parameters:
0
Bhwi
=B
@ hti
hhi
0

hwi hti hhi
0
6
0: 5

6
0
6

1
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It is important to note that in both bilayer
illustration and density pro le (Figures 6 and 7), we see
a symmetrical location for all kinds of DPD particles.
This arrangement for gathering the particles in this
simulation makes us con dent about the results in

0:5C
C
6 A;
2

hwi hti hhi

1

Bhwi
78 104 75:8C
C
aij = B
@ hti 104
78 104 A :
hhi 75:8 104 86:7

(25)

Due to the above equation, we can specify the repulsion
parameters based on Flory-Huggins -parameters and
relevant thermodynamic data. Therefore, we continue
our simulations with a special chemical structure.

6. Results, discussion, and veri cation
Using the forces and parameters described above,
we could construct a single surfactant molecule. In
Figure 4, we illustrate the single surfactant molecule.
For instance, we use ht6 surfactants to examine the
self-assembly. We start our simulations in the rst
step with a random distribution of surfactants (see
Figure 5). The bilayer is formed for these surfactants
after approximately 80000 iterations, as shown in
Figure 6.
The density pro le for the bilayer with these surfactants consists of seven beads without any sti ness,
(i.e. completely exible), as presented in Figure 7. As it
is clear, according to the diagram, the water molecules
are completely out of the space, where occupied by
the membrane (head and tail groups). Also, we see
that the density of water molecules in this region is
approximately 3 (the mean density of the simulation).
Closer to the middle axis of the bilayer, it is obvious
in the pro le that the density of the water molecules
decreases suddenly, although head groups converge
more. It is because of hydrophilic head groups and
their inclination to the water molecules. Further, near
the middle axis, the tail groups converge as well.

Figure 4. A single surfactant molecule, ht6 .

Figure 5. Initial con guration of the simulation of the
self-assembly of a bilayer.

Figure 6. A bilayer starting from a random distribution
of surfactants (ht6 ).

Figure 7. Density as a function of the distance from the
middle of the bilayer z axis for 200 ht6 surfactants.
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Figure 8. Pressure as a function of the distance from the
middle of the bilayer z axis for 200 ht6 surfactants.

simulating bilayer. These results are also in good
agreement with that of Smit and Venturoli's [16]. They
have simulated self-assembly of the surfactants with
no special chemical structure. Also, our parameters
qualitatively lead to the similar density pro le to those
reported by Groot [20]. According to the density
pro le in Figure 7, we can evaluate the thickness of
the bilayer. The thickness of this bilayer, with the
properties mentioned in the text, is approximately
equal to 4rc . Note that we determined the amount
of rc above.
The pressure pro le for this exible surfactant
consists of seven beads, as presented in Figure 8. We
de ne the pressure pro le as the local surface tension:
(Z )  T (Z ) N (Z );

(26)

where N (Z ) and T (Z ) are the normal and tangential
components of the pressure tensor, respectively.
As it is a symmetrical pro le, we add one-half
of the pressure pro le, symmetrically. Note that our
simulation is for zero surface tension and the integral
of this pressure pro le is zero. We nd a procedure
for changes in the pressure pro le versus z axis very
similar to what Goetz and Lipowsky [14] and also Smit
and Venturoli [16] presented. It means that close to the
head group, there is the rst minimum in the pressure
pro le. If we move into the interior of the bilayer, we
nd that it is followed by a large maximum and in the
middle of the bilayer there is a maximum again.
A very important criterion to validate the simulating membranes is the ratio of area per surfactant.
Nagle and coworkers [21] pointed that the surface area
of DPPC bilayers at 323 K is very close to 63 
A2 per
lipid. Our simulation leads to an averaged area of
64.7 
A2 per lipid. In Comparison with [21] (which is
listed literature values for area/lipid for di erent lipids,
temperatures, and methods), we can also understand
that our result is in good agreement with them.

Figure 9. (a) Our simulation results. (b) Venturoli and
Smit [16] results.

The in uence of the tail length and sti ness on
the average area per surfactant is shown in Figure 9.
We compute the average area and divide this by
half of the number of surfactants (because we have a
bilayer) during the simulation to calculate the area per
surfactant in this diagram. When the tail length increases, the area per surfactant is obviously increased.
We compare our results with that of Venturoli and
Smit [16]. They reported their membrane simulation
and also the dependence of area per surfactant to
tail length. As it is already explained, a signi cant
di erence between our simulation and Venuroli's work
is the kind of membrane. In our study, simulation is
based on a special surfactant with a speci c chemistry
structure. So, we nd the interaction parameters based
on matching the compressibility and solubility of the
DPD system with real physics of the uid. To match
the mutual solubility for binary uids, we use the
relation between DPD parameters and -parameters
in Flory-Huggins-type models introduced in polymer
chemistry.
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In Figure 9, we also show the e ect of the sti ness
on the area per surfactant. This gure shows that the
e ect of the location of the bond bending potential is
considerable. As it is obvious in the diagram, when the
potential is close to the head, the area per surfactant
becomes smaller than those of the exible chains.
However, when it is located at the end of the tail, the
area per surfactant is approximately similar to that of
the exible chains. The smaller the area per surfactant
for potential near the head, the stronger ordering of the
molecules and it results in a more compact structure for
the membrane.
We see that our results are very similar to the Venturoli and Smit's simulations [16]. To compare these
two simulations and to see the similarities, Venturoli
and Smit's pro le is shown in Figure 9(b).
To validate our results, we also compare the
results with the theoretical calculations of Cantor [22].
These calculations were done on a lattice model. To
have a similar length scale in all three studies, like
Venturoli and Smit, we have scaled the areas in such
a way to have the same area per surfactant for chains
with length seven. Figure 10 shows that all studies
predict that the area increases linearly with chain
length and they have a very good correspondence to
each other.

7. Conclusions
In this paper, we have shown that by using DPD
method, we can simulate the self-assembly of bilayers.
Also, we were able to give a chemical structure to
our membrane and do this membrane simulation more
real. So, we nd the interaction parameters based
on matching the compressibility and solubility of the
DPD system with real physics of the uid. To match
the mutual solubility for binary uids, we use the

Figure 10. Our simulation results are comprised with
Venturoli's work [16] and also the calculation of
Cantor [22] considering completely exible chains in a
membrane.
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relation between DPD parameters and -parameters
in Flory-Huggins-type models introduced in polymer
chemistry. It makes our work quite distinct from most
of studies. Then, we validated our results with previous
simulations and theoretical works. All studies predict
that the area per surfactant increases linearly with
chain length. We have also studied how the physical
properties of the membrane were a ected by changes
in the structure of the surfactants. In addition to the
tail length, the sti ness has a large e ect on the bilayer
properties, provided that this sti ness is located near
the head group of the surfactants.
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