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 Complexity and heterogeneity of bone tissue require a multiscale modelling 

to understand their mechanical behaviour and their remodelling mechanism. 

Human cortical bone structure consists of six structural scale levels which are the 

(macroscopic) cortical bone, ostéonal, lamellar, fibrous, fibrillose and micro-

fibrillose. In this paper, a 3D model based on finite elements method was achieved 

to study the nanomechanical behaviour of collagen Microfibril. The mechanical 

properties and the geometry (gap, overlap and diameter) of both trocopollagen 

and mineral were taken in consideration as well as the effects of cross-links. An 

inverse identification method has been applied to determine equivalent averaged 

properties in order to link up these nanoscopic characteristics to the macroscopic 

mechanical behaviour of bone tissue. Results of nanostructure modelling of the 

nanomechanical properties of strain deformation under varying cross-links were 

investigated in this work.  

Keywords: Cortical bone; Nanostructure; Multiscale modelling; Finite 

elements; Mechanical properties; Microfibril; Inverse identification method. 
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Atomistic simulations at the interface between titanium surfaces 
and the physiological environment 

Lucio Colombi Ciacchi,1,2 and Julian Schneider1 
 

1Hybrid Materials Interfaces Group, Faculty of Production Engineering, Bremen Centre for 
Computational Materials Science and ISIS Sensorial Materials Scientific Centre, 

University of Bremen, Am Fallturm 1, 28359, Bremen, Germany 
2Fraunhofer Institute for Manufacturing Technology and Applied Materials Research IFAM, 
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A comprehensive understanding of the behaviour of materials interfaced with 
physiological solutions is of great importance for the development of biomaterials, 
biosensors, pharmaceutical products or electrodes for medical use. However, a 
realistic atomistic picture of the structural and chemical details of the interfaces 
between metallic materials and the physiological environment is so far lacking. 
This is due to the intrinsic complexity of the heterogeneous interface systems, 
which naturally call for a multi-scale approach bridging at least the quantum scale 
(to describe accurately chemical reactions going on at the interface) with large-
scale classical force-field simulations (to realistically investigate the dynamical 
behaviour of systems of representative sizes). In this talk, I will present results of 
our effort devoted to an accurate description of the oxidation chemistry at the 
interface between titanium surfaces and a wet environment, as well as to the 
development of a simple, yet reliable and transferable “force field” potential to 
simulate the Ti/TiOx/Water interface. The potential will be applied to calculate the 
hydration energy of oxidised Ti surfaces, which presents at the same time a good 
mean of comparison with experiments and a challenge both to theoretical 
simulations and experimental investigations. Moreover, simulations of the 
adhesion of small peptides to titanium surfaces will be presented in the context of 
biomimetic material functionalisation for a better performance of implants surfaces. 
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Arthropod cuticle: a biological multi-functional composite used 

as template for nano-to-macro-scale hierarchical modeling 

Martin Friák1*, Michal Petrov1, Svetoslav Nikolov2, Christoph Sachs1, 

Helge Fabritius1, Pavlína Elstnerová1, Duancheng Ma1, Liverios Lymperakis1, 

Dierk Raabe1, Sabine Hild3, Andreas Zigler4 and Jörg Neugebauer1 
 

1Max-Planck-Institut für Eisenforschung GmbH, Max-Planck-Strasse 1, D-40237, 
Düsseldorf, Germany 

2Institute of Mechanics, Bulgarian Academy of Sciences, Acad. G. Bonchev Str. Bl. 4, 
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3Department of Polymer Science, Johannes Kepler University Linz; Altenbergerstrasse 69; 
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Biological structural materials receive increasing attention by material scientists 
because they have been optimized during evolution and they are therefore ideally 
suited to study the efficiency of nature's design principles. These materials differ 
fundamentally from most man-made structural materials in being structurally 
heterogeneous by combining different in/organic constituents into composites with 
hierarchical organization. We propose a hierarchical model for the prediction of the 
elastic properties of a mineralized arthropod cuticle using ab initio calculations to 
find the elastic properties at the nanoscale and employing hierarchical 
homogenization to find the cuticle properties at all hierarchy levels. Based on our 
results we suggest that the mineral-protein matrix possesses a microstructure (so-
called symmetric cell material) which exhibits extremal properties in terms of 
stiffness. We also discuss the role of chitin and the multifunctional optimization of 
the cuticle in terms of a trade off between stiffness and transport capacity of the 
pore canal system (Nikolov et al., Advanced Materials 22, 519 (2010)). 

605



A New Approach to Modeling Biological Tissue at the Mesoscale: 
Shockwave-Induced Rupture in Cell Structures 

Georg Ganzenmüller, Stefan Hiermaier and Martin O. Steinhauser 
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The exposure of soft human tissue to shockwaves is nowadays routinely used as 
a medical procedure to treat cancer, and improve the healing processes in difficult 
lesions. Whilst this method has been empirically found to work well, the reasons 
for its success have not been explained. From a theoretical perspective, it is not 
well understood how the highly nonlinear interaction of shockwaves with soft 
biological tissue can be described.  
 
This situation calls for computer simulation, however, the computational treatment 
of the physics involved is far from trivial due to the spatial heterogeneity of 
biological tissue. Even a single building block of this tissue, a cell, is comprised of 
structural elements whose rheological properties change rapidly on length-scales 
that are very small compared to the entire cell. Thus, a numerical treatment with 
standard continuum methods is not possible [1].  
 
We have therefore opted to study the dynamic processes occurring in the 
interaction of shock waves with soft tissue systems by means of a particle-based 
method: Dissipative Particle Dynamics at constant energy (DPDE) [2]. Here, one 
DPDE particle represents a flock of many molecules, thus facilitating coarse-
graining with a corresponding increase in computational efficiency. At the same 
time, the advantages of particle-based methods are preserved, such as a proper 
statistical-mechanical foundation, and spontaneous thermal fluctuations, which are 
important for the dynamic damage processes.  
 
We present results for the choice of DPDE particle parameters, which facilitate 
faithful modeling of lipid bilayer membranes and the cell interior, reproducing 
experimentally measured macroscopic observables, such as elasticity coefficients 
and structure factors. Based on such a parameterized model, we report on the 
dynamic behavior of soft tissue cells under shock-wave exposure. 
 
 [1] M. O. Steinhauser and S. Hiermaier, Int J. Mol. Sci., 10, 5135 (2009) 
 [2] A. D. Mackie et al, Phys. Chem. Chem. Phys., 1, 2039 (1999) 
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Formation and structure of lipid microdomains: Roles of 
thermodynamics, non-equilibrium processes, and hydrodynamics 

Mikko Haataja1 
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Compositional lipid microdomains (“lipid rafts”) in lipid membranes are believed to 
be important components of many cellular processes. The biophysical 
mechanisms by which cells regulate the size, lifetime, and spatial localization of 
these domains are rather poorly understood at the moment.  Over the years, 
experimental studies of raft formation have inspired several phenomenological 
theories and speculations incorporating a wide variety of thermodynamic 
assumptions regarding lipid-lipid and lipid-protein interactions, and the potential 
role of active cellular processes on membrane structure. In the first part of the talk 
I will critically review and discuss these theories, models, and speculations [1].  In 
particular, I will focus on non-equilibrium lipid transport processes to and from the 
membrane as a possible raft controlling mechanism [2,3].    
 
In the second part of my talk, I will discuss a theoretical method to experimentally 
falsify existing theoretical models for microdomain formation [4].  In particular, 
based on simulations of a generalized continuum model, which incorporates all 
existing theoretical scenarios, I will demonstrate that the combination of the spatial 
correlation and temporal fluctuation spectra of the lipid domains can be employed 
to unambiguously differentiate between the existing theoretical scenarios. 
Furthermore, the differentiation of the raft formation mechanisms using this 
methodology can be achieved by collecting data at physiologically relevant 
conditions without the need to tune control parameters. 
 
Finally, in the third part of my talk, I will discuss the role of hydrodynamics on lipid 
microdomain formation.   While the thermodynamic basis for domain formation has 
been explored extensively in the past, the roles of membrane and exterior fluid 
hydrodynamics on domain formation kinetics have received less attention.   A case 
in point is the impact of hydrodynamics on the dynamics of compositional 
heterogeneities in lipid membranes in the vicinity of a critical point.   I have 
recently argued that the asymptotic dynamic behavior of a lipid membrane system 
in the vicinity of a critical point is strongly influenced by hydrodynamic interactions 
[5]. More specifically, a mode coupling argument has been developed which 
predicts a novel scaling behavior of lipid transport coefficients near the critical 
point for both symmetric and asymmetric bilayers immersed in a bulk fluid.  I will 
also discuss the role of hydrodynamics on domain formation for multicomponent 
membranes undergoing phase separation. 
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Hemodynamics at the Mesoscale: a Coarse-Grained Lattice

Boltzmann-Molecular Dynamics Approach
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ABSTRACT

Computer simulations of blood are demanding due to its nature as a suspension of deformable

red blood cells in blood plasma. Typical models either describe blood as a homogeneous fluid or

restrict themselves to relatively small numbers of highly resolved cells. We develop a simplified

yet still particulate model for the simulation of millions of cells on current supercomputers. The

model is based on a lattice Boltzmann (LB) solver for the plasma and describes the cells as rigid

particles with additional model potentials which account for their deformability.

1. Introduction

Human blood can be approximated as a suspension of deformable red blood cells (RBCs, ery-

throcytes) in a Newtonian liquid, the plasma [1]. Typical physiological concentrations are 40
to 50 %. In the absence of external stresses, erythrocytes assume the shape of biconcave discs

of approximately 8 µm diameter [1]. An understanding of their effect on the rheology and

the clotting behavior of blood is necessary for studying pathological deviations in the body.

Well-established simulation methods for blood flow either consist of an elaborate model of de-

formable cells or restrict themselves to a purely continuous description. We bridge the gap

between both classes of models by an intermediate approach: we keep the particulate nature of

blood, but simplify the description of each cell as far as possible [2]. The ultimate goal is to

perform large-scale simulations that allow to study the flow in realistic geometries but also to

link bulk properties to phenomena at the level of single cells. The main idea is to distinguish

between long-range hydrodynamic coupling of cells and short-range interactions that are re-

lated to the complex mechanics and the chemistry of the membranes. The short-range behavior

of RBCs is described on a phenomenological level by means of anisotropic model potentials.

Long-range hydrodynamics is accounted for by means of the LB method [2].

2. Simulation method

We apply a D3Q19/BGK LB method for modeling the blood plasma. For a description of the

hydrodynamic interaction of cells and plasma, a method similar to the one by Aidun et al. is

applied [3]. Instead of the biconcave equilibrium shape of physiological RBCs we choose a

simplified ellipsoidal geometry that is defined by the half-axes R‖ and R⊥ parallel and perpen-

dicular to the axis of rotational symmetry of a cell. We allow the cell-fluid interaction volumes

to overlap and add phenomenological pair potentials that account for the complex behavior of

real RBCs at small distances. As a simple way to describe elastic deformability, for each two

cells i and j with a scalar displacement rij a repulsive Hookian spring potential

φ(rij) =

{

ε (1 − rij/σ)2 rij < σ
0 rij ≥ σ

(1)
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is implemented. With respect to the disc-shape of RBCs, we follow the approach of Berne and

Pechukas [4] and choose the energy and range parameters

ε(ôi, ôj) =
ε̄

√

1 − χ2 (ôiôj)
2

, σ(ôi, ôj, r̂ij) =
σ̄

√

1 − χ

2

[

(r̂ij ôi+r̂ij ôj)
2

1+χôiôj
+

(r̂ij ôi−r̂ij ôj)
2

1−χôiôj

]

(2)

as functions of the orientations ôi and ôj and the normalized center displacement r̂ij . We

achieve an anisotropic potential with a zero-energy surface that is approximately that of ellip-

soidal discs. Their half-axes parallel σ‖ and perpendicular σ⊥ to the symmetry axis enter Eq. 2

via σ̄ = 2σ⊥ and χ = (σ2
‖
− σ2

⊥
)/(σ2

‖
+ σ2

⊥
) whereas ε̄ determines the potential strength. For

modeling the cell-wall interaction we implement similar forces as for the cell-cell interaction.

Using

σ(ôi, r̂ix) =
σ̄w

√

1 − χw (r̂ixôi)
2

(3)

as a range parameter with σ̄w =
√

σ2
⊥

+ σ2
w and χw = (σ2

‖
− σ2

⊥
)/(σ2

‖
+ σ2

w) allows to scale

a potential with radial symmetry to fit for the description of the interaction of a sphere and an

ellipsoidal disc [4]. The parameter ε(ôi, ôj) = ε̄w remains constant in this case. r̂ix is the

normalized center displacement of cell i and a wall node x. For more detailed information

concerning the model we refer to our earlier publication [2].

3. Results

We investigate the influence of the different model parameters on the effective dynamic viscos-

ity µeff for a homogeneous suspension of cells in plane Couette flow as a function of the shear

rate (system size: 128 × 40 × 40 lattice units or 85 × 272 µm3 of real blood. First the influence

of the volume of the cell-fluid interaction is studied. Fig. 1(a) shows the viscosity as a func-

tion of the shear rate for different R‖ and R⊥ at a cell number concentration that varies by less

than 5 %. Generally, shear thinning is visible, but both the absolute viscosities and the change

in viscosity per shear rate increase significantly for larger interaction volumes. Based on this

result we choose the largest investigated value of R⊥ = 11/3 µm but with respect to Fig. 1(a)

modify the aspect ratio to R⊥ = 3R‖. We now define R⊥/σ⊥ = R‖/σ‖ = 11/12 and achieve

values for the cell-cell interaction diameters 2σ‖ and 2σ⊥ and the associated volume 4πσ‖σ⊥
2/3

that closely resemble the respective values of physiological erythrocytes [1]. Further the effect

of the stiffness parameter ε̄ is studied. The viscosity as a function of the shear rate as plotted

in Fig. 1(b) increases with increasing ε̄. This is in asymptotic consistency with experimental

results [1] where the effective viscosity of a suspension of RBCs was found to be significantly

increased yet mostly constant. We find best agreement for ε̄ = 1.47 × 10−15 J. To demonstrate

the effect of confinement we study steady flow through a periodic cylindrical channel with a

radius of 31 µm and a length of 43 µm. We choose a cell-fluid volume concentration of 42 %
and ε̄w = 1.47×10−16 J for the strength of the cell-wall interaction. Fig. 2(a) visualizes the cells

as the volumes defined by the cell-cell interaction and the channel wall. A strong alignment of

the cells with shear is present. In Fig. 2(b) it is shown, that the radial velocity profile can be

well explained by a two-viscosity model with a high hematocrit in the center region and a cell-

depleted layer close to the vessel walls. In the following study of the flow of nine RBCs through

branching capillaries with a radius of 4.7 µm particulate effects play an even more important

role. One branch features a stenosis with only 2.7 µm radius. We vary the cell-wall interaction

stiffness ε̄w and find that the constricted branch gets clogged for ε̄w = 1.47 × 10−15 J. This

can be seen from the RBC trajectories displayed in Fig. 3(a) together with a cut through the
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Figure 1: µeff in dependence on the shear rate γ̇ for Couette flow and different sets of model

parameters. In (a), σ⊥ = 4 µm, σ‖ = 1 µm, and ε̄ = 1.47 × 10−14 J is kept fixed and the

volume implementing the cell-fluid interaction is varied by means of R‖ and R⊥. The cell-fluid

volume concentration varies within 2.6 % and 36 %. Larger volumes 4πR2
⊥
R‖/3 lead to more

pronounced shear thinning and generally higher µeff. In (b), σ⊥ = 4 µm, σ‖ = 4/3 µm, and

R⊥/σ⊥ = R‖/σ‖ = 11/12 is kept constant and ε̄ is varied at a cell-fluid volume concentration

of 43 %. Increasing ε̄ seemingly leads to a shift of the curve to higher γ̇ while the viscosity for

a given shear rate generally becomes larger yet more stable.
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Figure 2: Steady flow through a cylindrical channel with radius 31 µm at 42 % volume concen-

tration. In (a), the volumes defined by the cell-cell interaction and the channel are shown. The

flow pointing into the drawing plane has a maximum velocity of 1.08 × 10−2 m/s. Layering of

the cells in shear flow can be observed. (b) demonstrates how the radial velocity profile can be

explained by a two-viscosity model. The cell-depleted layer leads to apparent slip (from [2]).

geometry and from the development of the relative flow rate in the respective branch over time

in Fig. 3(b). For ε̄w = 1.47× 10−17 J, however, the erythrocytes easily pass the constriction and

the flow rate does not change except for fluctuations induced by the mutable configuration of

RBCs. In the case of an intermediate value of ε̄w = 1.47 × 10−16 J, cells are initially stopped

but due to pressure fluctuations get squeezed through the stenosis eventually. The cell-depleted

boundary layer and the behavior visible in capillaries could hardly be reproduced by a homoge-

nous fluid. Our model allows to account for clearly particulate effects like clogging or local

changes of flow rate and pressure. In Fig. 3(a), the interplay of both of them prevents further
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cells from entering the constricted branch after its closure as expected from the literature [1].
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Figure 3: Flow through a branching capillary. The channel radius is Rs = 2.7 µm at a stenosis

in the upper branch and 4.7 µm otherwise. (a) compares the center trajectories of nine cells for

a cell-wall interaction stiffness of either ε̄w = 1.47 × 10−15 J or ε̄w = 1.47 × 10−17 J. Also

visualized is a cut of the midplane between wall and fluid nodes. The flow direction is pointing

from left to right. (b) depicts the time evolution of the relative volume flow rate through the

constricted branch for different values of ε̄w. The clogging in the case of ε̄w = 1.47 × 10−15 J

becomes visible both in the trajectories and in a drop of the relative flow rate to less than 10 %.

While ε̄w = 1.47 × 10−17 J leads to a continuous flow situation, there are temporary drops

and sharp peaks of the flow rate for ε̄w = 1.47 × 10−16 J. They can be explained by RBCs

being initially stopped at the stenosis and eventually squeezed through due to local pressure

fluctuations. Taken from [2].

4. Conclusion

The results presented above suggest that our model bears the potential to reproduce the particu-

late behavior of blood on a large range of spatial scales. Clearly, our motivation is not to replace

models with higher resolution but to bridge the gap between them and continuous methods. For

this task, the reproduction of effects related to simple confined flows is a proper way to cali-

brate and validate the model. We are confident that our new method will prove both an efficient

tool for coarse-grained yet particulate simulations of flow in complex geometries and a valuable

contribution to the improvement of macroscopic blood modeling.
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ABSTRACT

We here present a systematic coarse-graining method that is not only applicable to nonequil-

brium dynamics but that also allows us to derive closed-form and thermodynamically consistent

constitutive equations for complex fluids starting from microscopic models. A first and essen-

tial ingredient of the proposed approach are thermodynamically guided simulations within a

consistent coarse-graining scheme. In addition to this new type of multiscale simulations, we

reconstruct the building blocks that constitute the thermodynamically consistent coarse-grained

model. We illustrate the method for low-molecular polymer melts, which are subject to different

imposed flow fields. The constitutive equation we obtain shows rheological behavior including

shear thinning, normal stress differences, and elongational viscosities in good agreement with

reference results.

1. Introduction

The presence of internal structures in complex fluids with several time- and length scales in-

volved gives raise to their peculiar flow properties1. The huge gap between microscopic and

macroscopic scales, however, severly limits brute-force simulation approaches. Therefore, it

would be highly desireable to derive a closed description on a coarser level and ultimately ob-

tain constitutive equations starting from the underlying microscopic model2,3. We propose a

method that is able to tackle exactly this issue by combining a thermodynamically consistent

coarse graining approach based on projection operators with newly designed hybrid simula-

tions4,5. Having established the building blocks on the coarse-grained level numerically, we

obtain explicit analytical expressions for the coarse-grained model in a reconstruction step6.

2. Thermodynamically consistent coarse graining

Point of departure is a classical Hamiltonian system H(z), with z = (rj,pj) ∈ Γ a point in

phase space Γ, where rj and pj denote the position and momentum of particle j, respectively.

This system serves as the underlying microscopic model without any dissipation built in. The

dynamics of phase space functions A(z) is given in terms of the microscopic Poisson bracket

Ȧ = {A, H} ≡
N

∑

j=1

(

∂A

∂rj

· ∂H

∂pj

− ∂A

∂pj

· ∂H

∂rj

)

. (1)

On a much coarser level, the system is described by a small set of collective variables

xk(t) = 〈Πk(z(t))〉 =

∫

Γ

dz Πk(z)ρ(z; t), (2)
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k = 1, . . . , n, with n ¿ N and ρ(z; t) the microscopic probability density at time t. We assume

that the set of collective variables Π1, . . . , Πn is large enough to specify the macroscopic or

thermodynamic state of the system out of equilibrium. In particular, we follow7 and choose the

generalized canonical distribution as the relevant density,

ρ(z; t) = ρ0(z) exp [−
n

∑

k=1

Λk(t)Πk(z) − Λ0(t)] = ρΛ(t)(z). (3)

The Lagrange multipliers Λk are determined from Eq. (2) upon substitution of ρ(z; t) for ρ(z; t)
and Λ0 is a normalization constant. For Λk = 0, ρ reduces to the equilibrium distribution ρ0.

Note that the time evolution of ρ is solely carried by the collective variables.

With the help of projection operators, the time evolution of the collective variables xk can be

decomposed into a deterministic drift vk and a memory term Kk
7, ẋk(t) = vk(t)+

∫ t

0
dsKk(t, s).

The determinisitc drift is given by a coarse-grained Poisson bracket vk(t) = 〈{Πk, H}〉. Instead,

the memory term describes the influence of the (rapid) dynamics that is not captured by the

relevant ensemble (3). While this equation for ẋk is still exact, it is a complicated integro-

differential equation that is difficult to use in practise. If there is a strict time-scale separation

between the chosen collective variables xk and the remaining degrees of freedom, the memory

integral collapses, resulting in a Markovian dynamics7,8

ẋk = 〈{Πk, H}〉 +
∑

l

MklΛl; Mkl =

∫ τs

0

ds 〈Π̇f
k(s)Π̇

f
l(0)〉. (4)

The friction matrix Mkl is of a Green-Kubo type, where Π̇f
k denote the fast fluctuations of

Π̇k relative to those of ẋk. The existence of a separating time scale τs intermediate between

the fast and slow dynamics is essential for the Markovian approximation. Equation (4) is of

the GENERIC form that holds if a nonequilibrium thermodynamic description in terms of the

collective variables is possible8.

3. Thermodynamically guided simulations

From the above derivation, we find that Eqs. (4) and (3) provide a closed-form description of

the system in terms of the collective variables only. The coarse-grained Poisson bracket can

often be constructed analytically9,8,10. For the friction matrix Mkl, however, this is possible

only in oversimplified cases. Therefore, we use thermodynamically guided simulations4 in

order to extract Mkl and the Lagrange multipliers Λk numerically from Eqs. (4) and (3). In

these simulations, nonequilibrium molecular dynamics simulations are performed in order to

extract Mkl from the correlated fluctuations given in Eq. (4). Initial conditions are prepared

by Monte-Carlo simulations in the generalized canonical distribution (3). We find consistent

values of xk, Λk and Mkl from stationary solutions to Eq. (4), ẋk = 0, by an iterative scheme

including a reweighting method4. Thereby, we benefit from the analytical form of 〈{Πk, H}〉.

4. Example application: dynamics of low-molecular polymer melts

As an illustration of the general coarse-graining approach described in Sects. 2 and 3, we con-

sider the case of low molecular polymer melts. As a microscopic model we choose the popular

Kremer-Grest model, i.e. a Hamiltonian system of many interacting polymers composed of

nonlinear bead-spring chains11. We limit ourselves to low-molecular melts, where the aver-

age conformation tensor x = 〈Π〉 provides a valid coarse-grained description8,12. In this case,

614



the macroscopic Poisson bracket can be evaluated analytically, resulting in the well-known

upper-convected derivative, 〈{Π, H}〉 = κ ·x+x ·κT , where κ denotes the transpose velocity

gradient10. The viscous stress tensor is available on the coarser level via σ = −2npkBTx·κ10,8.

For a number of given homogeneous flows κ of interest, we performed thermodynamically

guided simulations as described in Sect. 3 for this model. Our numerical results for structural

and rheological properties are in good quantitative agreement with reference results obtained

via standard nonequilibrium molecular dynamics simulations4,5. Fig. 1 shows the zero-shear

rate viscosity η0 and first normal stress coefficient Ψ1 as a function of the chain length N . The

theoretically expected scalings η0 ∼ N and Ψ1 ∼ N3 are observed.
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Figure 1: Zero-shear rate viscosity η0 and scaled first normal stress coefficient Ψ1 as a function

of chain length on double-logarithmic scale. Symbols denote simulation results, while dashed

lines are the theoretical predictions. Adapted from Ref.4.

Also the nonlinear, shear-thinning behavior is correctly recovered with our method. This is

illustrated in Fig. 2 for the shear viscosity η as a function of shear rate.

−4 −3.5 −3 −2.5 −2 −1.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

log
10

 shear rate

lo
g

1
0

 s
h

e
a

r 
v

is
co

si
ty

 

 

N=10

N=20

N=30

NEMD (ref)

Figure 2: Shear viscosity η as a function of shear rate for chain lengths of N = 10, 20, and

30. The shaded lines indicates results from reference nonequilibrium dynamics simulations for

N = 30. Adapted from Ref.4.
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5. Reconstructing Constitutive Equations

From the numerical values for the building blocks xk, Λk and Mkl that we have obtained via the

procedure described above, we can approximately reconstruct the functional form Λk(x) and

Mkl(x). We find that the Lagrange multipliers can be described by κ = Θ31 + Θ1x, where Θ3

is a constant but Θ1 depends on x and describes the entropic nonlinear spring force. The friction

matrix can be approximated by M = 4νxeq1 + 2µx, where µ, ν are relaxation frequencies and

xeq the equilibrium value of the conformation tensor. The differential constitutive equation

resulting from these builiding blocks can be interpreted as a modified Giesekus model with

conformation- and rate-dependent coefficients6. The proposed constitutive model shows shear

thinning (shear viscosity exhibiting fractional power laws in the range −0.40 to −0.86, the

corresponding range for the first viscometric function is −1.20 to −1.43), stress overshoots,

normal stress coefficients and elongational viscosities in agreement with reference results.
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The relation between atomistic structure, architecture, molecular weight and 
material properties is a basic concern of modern  soft matter science. This 
longstanding aim by now goes far beyond standard properties of bulk materials. A 
typical additional focus is on surface interface aspects or the relation between 
structure and function in nanoscopic molecular assemblies. Here computer 
simulations on different levels of resolution play an increasingly important role. To 
progress further adaptive schemes are being developed, which allow for a free 
exchange of particles (atoms, molecules) between the different levels of 
resolution. The lecture will concentrate on the coupling between microscopic and 
coarse grained particle based methods, however will also include first approaches 
to connect particle based simulations to continuum as well as to include quantum 
effects.  

This work was done in collaboration with mainly L. Delle Site, M. Praprotnik, R. 
Delgado-Buscalioni (Madrid), C. Clementi (Rice), S. Poblete, C. Junghans and A. 
Poma. 

For a general review on part of the methodology see: M. Praprotnik, L. Delle Site, 
and K. Kremer, Multiscale Simulation of Soft Matter: From Scale Bridging to 
Adaptive Resolution, Annu. Rev. Phys. Chem. 59, 2008 
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Amorphous carbonaceous char produced from the pyrolysis of polymer solids has many 

desirable properties for ablative heat shields for space vehicles.  Molecular dynamics 

simulations are presented to study the transformation of the local atomic structure from 

virgin polymer to a dense, disordered char [1].  Release of polymer hydrogen is found to be 

critical to allow the system to collapse into a highly coordinated char structure. 

Mechanisms of the char formation process and the morphology of the resulting structures 

are elucidated.  Thermal conductivity and mechanical response of the resulting char are 

evaluated [2].  During reenty, the optical response and oxidative reactivity of char are also 

important properties. Results of ab initio computations of char optical functions [3] and 

char reactivity [4] are also presented. 
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We introduce a coarse-grained rigid nucleotide model of DNA that reproduces the 
basic thermodynamics of short strands: duplex hybridization, single-stranded 
stacking and hairpin formation,  and also captures the essential structural 
properties of DNA: the helical pitch, persistence length and torsional stiffness of 
double-stranded molecules, as well as the comparative flexibility of unstacked 
single strands [1].  We apply the model to calculate the detailed free-energy 
landscape of one full cycle of DNA `tweezers', a  simple  machine driven by 
hybridization and strand displacement.   We also study other nanomachines as 
well as processes such as force-induced melting, cruciform formation and the self-
assembly of DNA tetrahedra. 
 
[1] T.E. Ouldridge, A.A. Louis and J.P.K. Doye,arXiv:0911.0555 (to appear in 
Phys. Rev. Lett.) 
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In the presence of multivalent counterions, like-charged colloids experience an 
effective attraction that can lead to aggregation and self-assembly.  We first 
address this effect from the perspective of pairwise interactions.  Because of the 
large size asymmetry between the colloids and the ions, conventional modeling 
methods are inefficient.  To overcome this, we extend the generalized Geometric 
Cluster Algorithm [1] to allow for the efficient simulation of systems with 
electrostatic interactions.  Applying this algorithm, we find that like-charge 
attraction between colloids occurs above a threshold colloid charge, which 
increases with increasing colloid size. 

Subsequently, we investigate the experimentally observed crystallization of Qbeta 
viruses.  These virus particles are monodisperse and have identical, anisotropic 
surface charge distributions.  In the presence of divalent salt and non-adsorbing 
polymer, they have been observed to organize into different crystal structures that 
cannot all be explained from simple isotropic pair potentials.  We employ a 
detailed model of the surface charge distribution of the virus particles as well as 
grand-canonical Monte Carlo methods that can account for salt partitioning [2] to 
explain how the interplay between virus charge distribution and lattice symmetry 
results in the observed crystal structures. 

[1] J. Liu and E. Luijten, Phys. Rev. Lett. 92, 035504 (2004). 

[2] C. Guáqueta, L.K. Sanders, G.C.L. Wong and E. Luijten, Biophys. J. 90, 4630–
4638 (2006). 
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Introduction 

Fiber reinforced nano-composites are gaining conspicuous importance in several 

industrial fields due to their superior strength to weigh ratio, fatigue and fracture 

resistance and damping characteristics. Since experimental procedures in 

determination and characterization of material properties at nano-scales are 

considerably expensive, development of modeling and simulation techniques is an 

ongoing research area and numerous related researches have been carried out during 

the past decade.  In this paper, mechanical properties of a silver nano-composite has 

been studied. 

Methods 

 In this investigation, a hybrid Molecular Dynamics (MD) - Finite Element (FE) modelling 

has been utilized in order to study the mechanical response of aligned silver (Ag) nano 

fibber composites. Then the effects of nano fibers aspect ratio and volume fractions on 

the nano-composite stress-strain response and its energy absorption during 

displacement controlled loading conditions are studied. The presented Hybrid MD-FE 

method includes two main steps: the first step includes MD modelings of uniaxial 

tension of Ag FCC nano specimens in order to obtain their stress-strain response, which 

can be utilized in the second step, to develop three-dimensional FE models of nano-

composite unit-cells. The Sutton-Chen potential is used in MD simulations combined 

with periodic boundary conditions and the Velocity Verlet formulation of Nose-Hoover 

dynamics to fix the temperature during the loading condition.  

Results 

The results clearly illustrate a major improvement in the mechanical properties of the 

fiber-reinforced composit. Also the results of a sensitivity analysis on the aspect ratio 

and volume fraction of the fibers are presented.  

Conclusion 
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It has been demonstrated that the governing parameter is the volume fraction of the 

fibers while the aspect ratio and other factors do not have a remarkable effect on the 

mechanical properties of silver nano-composites. 
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ABSTRACT

We study the effect of oxidation on the properties of atactic polystyrene surfaces by molecular

dynamics simulations using GROMACS software package. The chemical modification of the

polymeric surface changes its hydrophobic/hydrophilic character. We analyze the change in

surface roughness upon oxidation and upon water presence. Additionally, we study the change

in water structure near the surface as function of the hydrophilic character of the surface.

1. Introduction

An important direction in in-vitro diagnostics is the development of novel lab-on-a-chip biosen-

sor technologies that are more rapid, more integrated, and more functional. A key challenge in

this development is the understanding and control of interactions between polymer surfaces and

proteins. In this way the non-specific loss of molecules inside the device and the appearance of

non-specific signals in the assays are minimized. Protein repellent surfaces are required along

the entrance channel in a biosensor system and the suppression of non-specific adsorption on the

sensor surface is of crucial importance for the detection sensitivity. A first step in this direction

is understanding how the properties of the polymeric surface change upon chemical modifica-

tion and water presence. Our approach combines information from experiments and computer

simulations, the second being presented here.

By means of molecular-dynamics simulations we study the polystyrene surface in both vac-

uum and water surrounding. We modify the surface of the atactic polystyrene (aPS) film by

attaching oxygen atoms to the phenyl rings, in a fashion which is similar to the experimental

photo-oxidation of aPS [1]. By tuning the added number of oxygen atoms we obtain a range of

surfaces with different hydrophobic/hydrophilic character. We calculate the surface roughness

of the aPS films in order to characterize the biomaterial. We also analyze the ordering of the

polymer monomers near the aPS surface. We discuss the influence of water presence and of the

chemical modification on the surface properties. Finally, we study the water density profile and

orientation near the surface as function of the hydrophobic/hydrophilic character of the surface.

Here we report on preliminary results. The reader can find more details elsewhere [2].

2. Methodology

We model the polystyrene film as a united-atom system of 32 chains of 80 monomers each. The

system is equilibrated in melt at 540K, cooled down to 300K with constant cooling rate and

equilibrated again. The films obtained in this way have the size 10nm in X and Y directions

and a thickness of approximately 6 nm. Afterwards we prepared 4 systems with concentration

of oxygen in a 1 nm layer near the surface ranging from 0 to 18%. The oxygen content is con-

sistent with the values measured by XPS after UV-ozone oxidation of spin-coated polystyrene.
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We simulated the systems in vacuum and water, at 300K. We considered the systems to be in

NVT ensemble in the case of simulations in vacuum and in NPT ensemble in case of water

surrounding. After equilibration, we performed simulations with a time step of usually 4 fs,

with a total length of the simulation of at least 1 ns. The simulations are performed with the

GROMACS [3] package of programs, using the GROMOS 53a6 force field parameter set [4].

3. Results

The interface between polystyrene and vacuum is considered to be the Gibbs dividing surface;

see [5] for its definition. The surface topography is obtained by scanning the surface and con-

sidering the highest atoms on it. The height profile is then plotted on a XY grid (Fig. 1, left).

We can also plot the same top view while differentiating between different atom types on the

surface (C and O, e.g.). An example is shown in Fig. 1, right.

Figure 1: Surface topography of oxidized polystyrene. Left: Height profile; Right: Top view:

white spots represent the area around oxygen atoms.

At this point we should mention that the increase in oxygen concentration on the surface cor-

responds to a change in the hydrophobic/hydrophilic character of the surface. The atactic

polystyrene surface with 0% oxygen content is considered to be completely hydrophobic; the

more oxygen the surface contains, the more hydrophilic it becomes. This is in good agreement

with contact angle measurements performed on spin coated polystyrene, before and after con-

trolled UV-oxidation. We observe no saturation in the number of hydrogen bonds between the

polar groups on the surface and the water molecules up to an oxygen concentration of 18% in

the simulations. It is worth mentioning that the oxygen atoms are distributed randomly on the

surface (see Fig.1, right)

The height profiles are further analyzed by plotting the surface roughness distribution. The

surface roughness is obtained by fitting the roughness distribution with a Gaussian function.

y = y0 +
A

σ
√

2π
exp

[

−2

(

x − µ

σ

)2
]

(1)

The obtained width of the distribution, σ can be represented as function of oxygen concentration

for the simulations in vacuum and in water (see Fig. 2, left). We observe that the roughness,

characterized by σ, decreases upon water presence. We can define the smoothening of the sur-

face by the quantity ∆σ := σvacuum−σwater. We also observe that ∆σ decreases with increasing
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oxygen content. That is an indication that the oxidized surface changes less its topography upon

transition from vacuum to water.

Figure 2: Left: Surface roughness of oxidized polystyrene in both vacuum and water as a

function of oxygen concentration; Right: Ordering of phenyl rings in the polystyrene layer near

the surface as function of the degree of oxidation.

We analyze the polystyrene surface also in terms of orientation of the phenyl rings near the in-

terface. In order to do so we calculate the angle θ between the vector associated with the phenyl

ring and the Z direction (perpendicular to the aPS surface). The order parameter obtained by

averaging the cos(θ) calculated in a thin layer near the interface is plotted as function of oxygen

concentration for the polystyrene film, both in vacuum and water (see Fig. 2, right). We also

calculated the control order parameter for the middle region in the polystyrene film. The values

of this order parameter, corresponding to the orientation of phenyl rings in bulk polystyrene,

are around 0. From the graph showed in Fig. 2 (right), we observe that the phenyl rings have a

slight orientation out of the surface plane for all the systems in vacuum. Upon interaction with

the water the phenyl rings change their orientation in the case of the hydrophobic system. With

increasing the oxygen content the order parameter increases, showing again an slight average

orientation of the phenyl rings towards the interface.

Figure 3: Water structure near the interface with the aPS film. Left: Density profile; Right:

Orientation of water molecules.

By analyzing the water structure near the interface with the polymeric film we can say some-

thing about the affinity of the water molecules towards the polymer and compare this for aPS

films with different oxygen content. The density profile of the water near the aPS surface is

represented in Fig.3, left. We observe that the decay in density is steeper near the hydrophobic

surface (black squares) as compared to the decay in water density near the hydrophilic surfaces.
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There is also an increase in the orientation of the water molecules near the hydrophobic surface.

The ordered layer represented by the maximum value of cosθ is also shifted away from the

surface. All these aspects suggest the existence of a depletion layer accompanied by a higher

ordering of the water molecules near the hydrophobic surface. There are no relevant changes in

the water structure near the hydrophilic surfaces as function of the oxygen content.

4. Conclusions

The polystyrene surfaces become smoother upon water presence. The smoothening is more

pronounced for the hydrophobic surfaces and decreases with increasing oxygen content on the

surface. It is worth noting that the water near the hydrophobic surface induces an orientation

of the phenyl rings away from the interface. The water density near the hydrophobic surface is

less dense. The water forms an oriented shell around the aPS which is more pronounced for the

hydrophobic aPS. The shell is also shifted away from the hydrophobic surface as compared to

the shell around the oxidized aPS.
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ABSTRACT

Recently, we have developed a simulation technique of multiscale Lagrangian fluid dynamics

to deal with history dependent physical properties of polymeric fluid (J. Polym. Sci. B, 48,

886–893 (2010)[1]). To apply the simulation technique to entangled polymer melts, we have

incorporated a slip-link model as a coarse-grained polymer simulator on a fluid particle. Using

the multiscale simulation method, we have simulated flow behaviors of polymer melts between

two flat plates for different pressure gradients.

1. Introduction

Polymer melts exhibit a wide variety of flow behaviors due to the history dependent properties

between the stress and strain (strain rate). The historical dependency comes from intricately

entangled polymer chains whose configurations influence their macroscopic rheological proper-

ties. To comprehend the complex behaviors of polymer melts, we need to consider microscopic

dynamics of entangled polymers and macroscopic dynamics of flow simultaneously.

The dynamics of entangled polymer chains in a bulk of polymer melts are explained by the

reptation theory[2-4] where the entanglements constrain the transverse movements of polymer

chains and a polymer chain diffuses along a confining tube in a way analogous to the motion

of a snake. The reptation theory has been developed involving several physical mechanisms

relating to the entanglements, e.g. contour length fluctuation and constraint release. In recent

years, fast coarse-grained techniques based on the reptation theory for polymeric liquids have

been developed and have nicely reproduced rheological properties of many polymeric materials

which have branches and/or molecular weight distributions[5,6]. These techniques are very

useful in predicting the bulk rheology of polymer melts, but they are not applicable to the

macroscopically inhomogeneous flow behaviors only by themselves.

Usually, macroscopic flow behaviors of polymer melts are predicted by a fluid dynamics simu-

lation with a constitutive equation which has a nonlinear relation between the stress field and the

strain rate to represent complex fluids. However, there is no general constitutive equation which

is applicable to various polymer melts because a general polymer melt has extremely complex

molecular structures which make the stress unpredictable even on a single fluid element.

As an alternative to use of the constitutive equation, we propose a new kind of simulator in-

corporating the very fast simulators mentioned above into a fluid dynamics simulation similar

to Calculation of Non-Newtonian Flow: Finite Elements and Stochastic Simulation Technique

(CONNFFESSIT)[7] which has been developed for polymer solutions. Our approach uses a

Lagrangian fluid particle method, and therefore the historical dependency between the stress
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and strain rate is directly involved without any special treatments which are necessary in CON-

NFFESSIT based on an Eulerian reference frame.

2. Numerical Methods

To maintain the information of entanglements and deformations of polymer chains, we perform

a Lagrangian fluid particle simulation whose fluid particle has a polymer simulator[1]. Assum-

ing that the polymer melt is isothermal and incompressible fluid, the governing equations for

polymer melts are given as the following equations;

ρ
dvi

dt
= ∇ · σp

i −∇pi + F
b, (1)

dri
dt

= vi, (2)

pi ≡ pi({ρi}), (3)

σ
p
i ≡ σ

p
i (κi), (4)

where κi is the velocity gradient tensor at the position of i-th particle, and is defined as κi ≡
(∇v)Ti . These equations are solved by using macroscopic values except for Eqn. (4). The local

stress tensor σ
p
i can be evaluated from microscopic variables describing polymer dynamics

under a local strain rate. The reptation theory of polymer dynamics developed by Doi and

Edwards[4] has explained the bulk rheological behavior of polymer melts which shows non-

linear relation between the stress tensor and the velocity gradient tensor. However, it is difficult

to treat theoretically the microscopic information; length and/or shapes of polymer chains (with

or without branches), different molecular weights and polydispersities. The slip-link model[6]

is one of simulation models considering polymer entanglements based on the reptation theory.

Applying the macroscopically obtained velocity gradient tensor κi to the slip-link model, we

can obtain the local stress tensor σ
p
i at the position of i-th fluid particle. We will mention the

slip-link model in the following subsection.

Main procedures in our simulation are summarized as follows; (1) Update {vi}, {ri}. (2)

Calculate {ρi}, {κi}. (3) Obtain {pi}, {σp
i }. (4) Calculate {∇ · σp

i } and {∇pi}. (5) Return to

(1). Integrating Eqs. (1) and (2), we update {vi}, {ri}. From a new configuration of particles,

we calculate the density at the position of each particle in similar fashion to the usual smoothed

particle hydrodynamics[8]: ρi =
∑

j mjW (|rj − ri|, h), where mi is mass of i-th particle and

W (|r|, h) is a Gaussian shape function with cutoff length 2h. The density difference from the

initial density ρ0 results in the local pressure force ∇p. To obtain the derivative of the velocity

field, stress field, and pressure field (∇v,∇ · σp,∇p), we use a technique which is developed

in the modified smoothed particle hydrodynamics[9] (alternatively, called as the finite particle

method[10]).

2.1 Polymer simulation part

We adopt the slip-link model[6] as a microscopic polymer simulator. The slip-link model is

composed of confining tubes with some entanglement points called as slip-links which confines

a pair of chains and represent effective constraints in virtual space. In our simulation, we trace

the configurations of confining tubes constrained by the slip-links. The slip-links are relatively

convected each other and the confining tubes are deformed according to the macroscopically

obtained local velocity gradient tensor κ. The reptations of polymer chains generate (or elim-

inate) slip-links. For a given configuration of the chains, the stress tensor σp is calculated by
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σp

αβ = σe

∑

i〈r
s
iαr

s
iβ/|r

s
i|〉 where rsiα is an α-component of the i-th tube segment vector connect-

ing between adjacent slip-links along a chain and σe is unit of stress in the slip-link model. All

polymer simulators on the fluid particles maintain polymer configurations at every time steps,

and the saved configurations are used as the initial conditions at the next time step.
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Figure 1: Velocity profiles between two parallel walls at steady-states.
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Figure 2: Weissenberg numbers between two parallel walls at steady-states.

3. Numerical Results

We consider two dimensional flow problem between two parallel plates. In case of Newtonian

fluid, the velocity profile at steady-state represents a parabolic shape. Four different flows with

slip-links 〈Z〉 = 10 under the different body forces Fb (A:0.01, B:0.05, C:0.1, D:0.2 [σ0/Ly])

are shown in Fig. 1 where σ0 is the plateau modulus related to σe as σ0 = (4/45)σe[6]. These
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flows are different from the parabolic shape except for a flow A. The figure 2 shows the profiles

of Weissenberg number at steady-state. Weissenberg number is calculated by We = τ10κxy

where τ10 ∼ 2000τe where τe is time unit of slip-link model. Apparently, the flows B,C and

D exceed We = 1, and the magnitude of gradient of Weissenberg number |dWe/d(y/Ly)| in

the region where |We| > 1 is larger than that in the region where |We| < 1. In the region

where |We| > 1, the shear viscosity η = σxy/κxy decreases compared to that in the region

where |We| < 1. In the low Weissenberg number region, the configurations of confining tubes

are randomly distributed since contour length fluctuation and constraint renewal processes are

dominant compared to the shear deformation. On the other hand, the confining tubes are aligned

to the flow direction in the high Weissenberg number region. We are able to obtain similar

results in case of different length of polymer chains.

4. Summary

We have developed a multiscale simulation technique for polymer melts and discussed flow

behaviors of them. The numerical result of polymeric flow has shown non-linearlity in veloc-

ity field near the walls, and has resulted in shear-thinning behavior in cases of high pressure

gradients. We will apply this simulation technique to a variety of polymer melts, e.g. poly-

dispersed systems or branched polymers, and more complex flow problems (three dimensional

cases and/or free surface flows).
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ABSTRACT 

In this paper, a novel multiscale hierarchical model based on finite element analysis and 

neural network computation was developed to link mesoscopic and macroscopic scales to 

simulate bone remodeling process. The finite element calculation is performed at macroscopic 

level and trained neural networks are employed as numerical devices for substituting the finite 

element computation needed for the mesoscale prediction. Based on a set of mesoscale 

simulations of representative volume elements of bone taken from different bone sites, a 

neural network is trained to approximate the responses at meso level and transferred at macro 

level.  

 

Keywords: Multiscale, Hierarchical, Bone remodeling, Finite element, Neural network 

 

1. Introduction 

The bone adaptation process called remodeling process must address changes in its 

morphological and mechanical properties over time, at multiple levels, allowing for a more 

accurate description of the bone architecture [1-2]. This process occurs at different time and 

spatial scales in hierarchical way with interacting phenomenon between the different scales 

[1-2]. Therefore, an accurate simulation of bone remodeling should include different length 

scales. In the last few years, a general strategy has emerged for the design of multiscale 

methods in order to capture the macroscale behavior of the solutions. A large number of 

methods are based on numerical homogenization procedure [3], others introduce a new 

methods, and among them the artificial neural networks (NN) has attracted a growing interest 

in recent years [4]. In this paper, a hybrid method for bone remodeling multiscale simulation 

using finite element analysis and NN computation is proposed. The motivation to develop 

such hierarchical approach in the frame work of bone modeling is that a part of the 

mechanisms affecting bone strength are observed at trabecular level and cannot be described 

in precise way at macro level like microcracks accumulation, stress concentration du to 

tabecular network, bone cells activities and mass or chemical transport. Meshing the entire 

femur with its trabecular architecture generates some millions of finite elements with a huge 

computational time. The NN approach is beneficial if the numerical analysis of the complex 

model is time consuming or unfeasible [4].  

 

 

2. Method 

 

The hybrid FENN method is a simulation procedure in which a continuum model is 

discretized into smaller submodels composed of RVE (fig. 1). Changes in the material 

distribution at macro level will have an effect on the stress/strain field, thus affecting the 

mechanical state of each RVE in the subsequent iteration. At the completion of every 
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Figure 2.Contour of trabecular bone density predicted by the hybrid method. (a) Macroscopic 

contour predicted by NN computation. (b) RVE predicted results are averaged and passed to 

the macroscopic finite element level. 

 

Conclusion 

 

 In this study, the focus was on the development and the implementation of a novel 

multiscale approach for bone remodeling simulation using finite element simulation and 

neural network computation. The NN algorithm has been incorporated into a finite element 

code to link meso and macro scales and provide local and rapid computation at the meso 

scale. Actually, the proposed multiscale approach doesn’t take into account biological 
mechanisms. The aim was to provide a framework using FE and NN methodology for a rapid 

and accurate multiscale modeling of bone.  
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Animal cells can quickly change their state in response to signals from their 
environment, including their mechanical properties and their shape. This adaptive 
response of cells is unsurpassed by synthetic materials and to a large extent 
results from the structural versatility of the actin cytoskeleton. During periods of 
expansion, for example during cell migration, the actin cytoskeleton is mainly 
organized into a highly cross-linked network pushing the cell envelope forward. 
During periods of retraction, for example in mature adhesion to adhesive patterns, 
the actin cytoskeleton is strongly contracted by myosin molecular motors. In this 
contribution, we discuss theoretical models especially suited for these 
complementary situations of expansion and retraction, respectively. 
 
The growth of an expanding actin network is based on the microscopic processes 
of filament growth, branching, and capping. Branching is initiated by the protein 
complex Arp2/3 which nucleates a daughter filament with a 70 degree angle 
relatively to the mother filament. Motivated by the reported long activation time of 
the branching agent Arp2/3, we have explored the consequences of modeling 
branching as a cero order reaction in the number of actin filaments. Using both 
stochastic network simulations and a rate equation approach, we found that this 
assumption leads to the stability of two distinct network architectures, namely a +/- 
35 degree and a +70/0/-70 degree orientation pattern, respectively. Changes in 
network velocity induce transitions between these two patterns and eventually lead 
to hysteresis in the macroscopic force-velocity relation of the growing network [1]. 
 
Cells adhering to micro-patterned substrates are strongly retracted as evidenced 
by their inward curved shape. Using quantitative image processing, we have 
demonstrated that the invaginations are very close to circular, with arc radius 
increasing with spanning distance, indicating an intricate interplay between tension 
and elasticity effects. Using computer simulations and a self-consistent 
geometrical approach, we found that cells behave as actively contracting cable 
networks. While active contractility represents the tension generated by myosin 
motors, the filamentous network mechanics represents the fact that the actin 
cytoskeleton effectively does not resist compression [2]. 
 
 [1] J. Weichsel and U. S. Schwarz. Two competing orientation patterns explain 
experimentally observed anomalies in growing actin networks. PNAS, published 
online before print March 22, 2010. 
 
[2] I. B. Bischofs, F. Klein, D. Lehnert, M. Bastmeyer, and U. S. Schwarz. 
Filamentous network mechanics and active contractility determine cell and tissue 
shape. Biophys. J., 95:3488-3496, 2008. 
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In this work we investigated the percolation in systems containing long flexible polymer 

chains with explicit solvent molecules. The polymer chains were represented by linear, 

branched and cyclic sequences of lattice points restricted to a two-dimensional triangular 

lattice. The Monte Carlo simulations were performed applying the cooperative motion 

algorithm. The percolation thresholds and the critical exponents of chains and solvent 

molecules were determined and the influence of the chain length on the percolation was 

discussed. It was shown that the percolation threshold deceased strongly with the chain length 

what is closely connected with changes of chains’ structure with the decreasing polymer 

concentration. The critical exponents for all chains under consideration and for solvent 

molecules were found almost constant and close to the theoretical values. The structure of the 

formed clusters was analyzed. 
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ABSTRACT

We outline the first stages in the multiscale modeling of biopolymer materials, starting with

the statistical mechanics of single stiff chains. In the first coarse graining step, we demonstrate

how to integrate out the single polymer degrees of freedom in supramolecular assemblies of

such semiflexible polymers to arrive at an effective network mechanical model for the linear

and nonlinear behavior of crosslinked assemblies of such polymers.

1. Introduction

Intimately involved in the function of cells and tissues is the mechanics of their constituent and

surrounding elements. For instance, inside animal cells, the cytoskeleton is a dynamic structure

that maintains cell shape, protects the cell, and enables cellular motion. The principal com-

ponents of the cytoskeleton are intermediate filaments, microtubules and actin filaments, each

of which possesses unique mechanical properties. The tissue that often surrounds animal cells

is called the extracellular matrix, its defining component being the connective tissue, which

among other functions provides structural support for the cell. The main ingredient of connec-

tive tissue is collagen and it is the most abundant protein in mammals forming about 25% of

total protein content. Like many biological filaments, collagen structure is highly hierarchical

- see Fig. 1. One of the central goals in tissue and cell mechanics is to understand and explain

the constitutive behavior of these hierarchical materials, at macroscopic scales, in terms of the

underlying microstructural properties and architecture1.

In biological materials, a jump across the scales often involves translating or re-interpreting

results from statistical mechanics in terms of effective, continuum-mechanical quantities such

as the shear modulus. The reader will note, that few results in this contribution are new or - for

that matter - ours. Our intention is to provide a brief introduction to the subject and demonstrate

in some detail how to actually compute properties in various situations. Several entries into the

literature are provided at the end.

2. Single polymer mechanics

Modeling the mechanical properties of hierarchical biological structures ranging from individ-

ual polymeric molecules such as tropocollagen to large-scale macroscopic tissues is currently an

active area of research3,4. The primary challenge is the very large number of degrees of freedom

and the many different length scales inherent in their structure that need to be taken account of

in order to perform a fully atomistic simulation of a sufficiently large sample of tissue. But even

for the fastest computers today atomic-level simulations of such hierarchical polymeric systems

is impossible, hence there is a need for coarse-graining approximations at multiple scales in
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Figure 1: Material properties of a variety of biological materials (right hand side, from14) arise

from the structure and properties at molecular and supramolecular lengthscales. In the case

of collagen (right hand side, from H.A. Campbell Biology (1995)), the fibrillar hierarchy is

particulary spectacular.

which only coarse-scale features of the molecular conformations are tracked, while small-scale,

fast dynamics are assumed to remain at local equilibrium, subject to the constraints imposed by

the slow variables being tracked2. The results gleaned at one scale may be fed as input into the

next highest scale in the hierarchy, and so on until a complete analysis of the tissue sample at

all its relevant multiple scales has been characterized, hence the term multiscale. In biophysics,

the most commonly used coarse-grained models of polymer chains are the freely-jointed chain

(FJC) and the worm-like chain (WLC)6,7,8,9. The FJC may be described as a linear series of

a large number N of connected rigid rods t1, t2, . . ., tN of fixed length b interlinking the se-

quence of points r0, r1, . . ., rN , so that the i-th bond ti = ri − ri−1. Each rod is free to rotate in

any direction with respect to its nearest neighbor(s). The FJC is often used to represent highly

flexible polymers for there is no correlation in orientation between any of the rods. Though real

polymers are not FJCs, an FJC will have the same equilibrium mean square end-to-end length

〈R2
0〉 and fully extended length ℓc as any real polymer if the freely jointed step length b and the

number of steps N of the freely jointed chain are chosen appropriately.

Now imagine that the FJC is tethered to a fixed wall at one end while the other end is pulled

so that the end-to-end vector of the polymer is always in a fixed orientation (This is a typical

scenario in an optical bead pulling experimental setup in the laboratory). The puller will expe-

rience an average reaction that depends on the rate of change of the chain’s free energy with

end-to-end distance R of the chain. As each of the FJC’s rods are free to rotate thus costing no

energy, the free energy F (R) of the FJC is entirely entropic depending only on the number of

conformations Ω(R) that possess an end-to-end distance R:

F (R) = −kBT log Ω(R) = −kBT log(P (R; N, b)) + F0, (1)

where kB is Boltzmann’s constant and T is the absolute temperature. In the second equality

we have used the fact that the number Ω(R) is directly proportional to the probability density

P (R; N, b) of the chain having an end-to-end distance between R and R + dR. In the limit of

large N (N ∼> 30), it is well approximated by a Gaussian distribution:

P (R; N, b) =

(

3

2πNb2

)3/2

exp

(−3R2

2Nb2

)

. (2)

For Nb ≫ R the force-extension relation is straight-forwardly obtained as

〈f(R)〉 =
∂F (R)

∂R
= kBT

3R

Nb2
, (3)
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which corresponds to the expression for an entropic spring with spring constant ke = 3kBT/(Nb2).

Note that the above expression is valid for the average force 〈f(R)〉 applied by a puller in order

to keep the FJC at a fixed end-to-end distance R from its other end: the so-called Helmholtz

ensemble. Another ensemble, namely the Gibbs ensemble, instead fixes the external force f

(with magnitude f ) and measures the average end-to-end distance 〈R(f)〉. The Hamiltonian

of the Gibbs ensemble for the FJC is H = −
N
∑

i=1

f · ti, and it can be shown by computing the

configurational partition function Zf ≡
∑

{ti}

exp(−H/kBT ) that

〈R(f)〉 = kBT
∂ logZf

∂f
= NbL

(

fb

kBT

)

, (4)

where L(x) ≡ coth(x) − 1/x is the Langevin function. For small x, L(x) ≈ x/3 and thus for

fb ≪ kBT we obtain

f = kBT
3〈R(f)〉

Nb2
, (5)

which is equivalent to the relation obtained for the Helmholtz ensemble in Eqn. (3) for small

extensions. From Eqn. (4) we deduce that for large applied forces, the FJC exhibits R(f) ∼
1 − kBT/(fb) asymptotic behavior.

Even though the FJC force-extension relations are known to work well in the small force/extension

regime of many real polymers, they do not correctly describe those of stiff polymers near full

extension or with large applied forces (fb ≫ kBT ). This discrepancy is demonstrated in the

force-extension data plot (see Fig. 2) of double-stranded DNA. To explain the discrepancy,

we first note that as the extensional force increases, it becomes more and more possible to

straighten out the shorter wavelength fluctuations of the chain. However, the FJC does not de-

scribe chain fluctuations with wavelength shorter than b. Therefore when the extensional force

reaches fc ∼ kBT/b it amounts to more extension in the chain than it would if there were still

more fluctuations of wavelength b or shorter to cancel out .

Another polymer model, due to Kratky and Porod6, which incorporates these short wavelength

fluctuations is the worm-like chain (WLC). The WLC better describes the mechanics of stiff

polymers. It is specified by a continuously differentiable space curve r(s) of length ℓc parame-

terized by the arc length parameter s. It is further endowed with a Hamiltonian that quantifies

the cost of bending the curve:

H [r(s)] =
κ

2

∫ ℓc

0

ds

(

d2
r(s)

ds2

)2

, (6)

where κ is the bending modulus. Hidden in this definition is the constraint of local inextensibil-

ity, that is, the local tangent magnitude
∣

∣t̂
∣

∣ = |dr/ds| is unity. An important length-scale that

arises from this model is the persistence length ℓp which is the characteristic length governing

the decay of tangent-tangent correlations and provides a quantitative measure for a polymer’s

flexibility. The persistence length is defined through the relation

〈̂t(s) · t̂(s + ∆s)〉 ≡ exp (−∆s/ℓp) = exp (−∆s kBT/κ) . (7)

Thus for the WLC ℓp = κ/kBT . Though the specification of the WLC model appears to be

simple, the constraint of local inextensibility leads to considerable mathematical difficulty when

attempting to obtain a closed form expression for its force-extension curve without making
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further simplifying assumptions. One such assumption we will consider when we treat the

semiflexible chain model.

We can however, using Eqn. (7), obtain the average square end-to-end distance:

〈R2
0〉 =

〈

(
∫ ℓc

0

ds t̂(s)

)2
〉

=

∫ ℓc

0

ds

∫ ℓc

0

ds′〈̂t(s) · t̂(s′)〉 = 2ℓ2
p

(

ℓc

ℓp

+ e
−

ℓc
ℓp − 1

)

. (8)

It follows that for highly flexible WLCs where ℓc ≫ ℓp we have

〈R2
0〉 ≈ 2ℓpℓc. (9)

Comparing the right-hand-side of the above expression with the FJC result: 〈R2
0〉 = Nb2, and

furthermore recognizing that ℓc = Nb we may obtain the equivalent FJC of the flexible WLC

by setting b = 2ℓp. Using Eqn. (5) the small force-extension relation for the flexible WLC

(ℓc ≫ ℓp) thus becomes

f = kBT
3〈R(f)〉
2ℓpℓc

. (10)

A semiflexible chain model (SF-WLC) is the worm-like chain model which has the further

assumption that its persistence length ℓp is so large in comparison with its contour length ℓc

to the extent that, even when it is not under tension, the WLC’s backbone thermal undulations

allow only infinitesimal deviations from its fully extended state. In such a case, consider that the

SF-WLC is tethered at the origin while the other end is being pulled along the z−axis. Any unit

tangent vector t̂(s) at any point along the backbone thus has a z-component tz close to unity

while its transverse component t̂⊥(s) = {tx(s), ty(s)} is infinitesimal. With such assumptions

and under the subjection of a constant extensional force of magnitude f along the z-axis the

Hamiltonian of the WLC becomes, to leading order in t̂⊥(s),

H
[

t̂⊥(s)
]

≈ κ

2

∫ ℓc

0

ds

[(

dt̂⊥(s)

ds

)2

− f

(

1 − 1

2
|̂t⊥(s)|2

)]

. (11)

As the inextensibility constraint is implicit in this formulation of the SF-WLC, it lends itself

very well to Fourier analysis. We will not detail all of the steps here, but the end result is well

known: the Equipartition Theorem yields the Fourier spectrum of transverse fluctuations as

〈|tq|2〉 =
4kBT

ℓc

1

κq2 + f
, (12)

where t(s) ≡ tx + ity ≡∑q tq sin(qs), q = nπ
ℓc

(n = 1, 2, 3, . . . ). Summing all the modes

to reconstruct 〈|̂t⊥|2〉, we find

〈|̂t⊥|2〉 =
2kBT

ℓc

∑

q

1

κq2 + f
=

2ℓc

ℓp

∞
∑

n=1

1

(πn)2 + ϕ
=

(

ℓc

ℓp

)

1

ϕ
[
√

ϕ coth(
√

ϕ) − 1] , (13)

where ϕ = fℓc
2/κ. From this we infer the extension-force curve:

〈ℓ〉(ϕ) = ℓc

(

1 − 1

2
〈|̂t⊥|2〉

)

= ℓc −
(

ℓc
2

2ℓp

)

1

ϕ
[
√

ϕ coth(
√

ϕ) − 1] . (14)

In the high force limit, f ≫ κ/ℓc
2, we obtain to leading order

〈ℓ〉(ϕ) ∼ ℓc

(

1 − 1

2

√

kBT

ℓpf
,

)

, (15)
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Figure 2: Fit of numerical exact solution of WLC force-extension curve to experimental data

of Smith et a1.l (97004 bp DNA, 10 mM Na+). The best parameters for a global least-squares

fit are ℓc = 32.8 pm and ℓp = 53 nm. The FJC result for b = 2ℓp ≈ 100 nm (dashed curve)

approximates the data well in the linear low-f regime but scales incorrectly at large f and

provides a qualitatively poorer fit. Inset: f−1/2 vs z for the highest forces; the exact WLC

result (solid line) is in this plot a straight line extrapolating to ℓc = 32.8 pm from which the

experimental points begin to diverge above z = 31 pm. Image taken from7

which turns out to be the correct behavior for the high force limit of the extension-force curve

for flexible WLCs (see inset of Fig. 2) since the only assumption we have made in this derivation

is that transverse fluctuations are infinitesimal, a situation that also occurs with low ℓp WLCs

subjected to high forces. An approximate interpolation formula that summarizes the low-force

and high-force limits of the WLC force-extension curve and gives a maximum relative error of

10% in between these limits is

f(ℓ) =
kBT

ℓp

[

1

4(1 − ℓ/ℓc)2
− 1

4
+

ℓ

ℓc

]

. (16)

From Eqn. (14) we can also compute the equilibrium length of the SF-WLC:

ℓeq = lim
ϕ→0

〈ℓ〉(ϕ) = ℓc

(

1 − ℓc

6ℓp

)

, (17)

and use this to extract the extension away from the equilibrium length at a given force. Scaling

this extension by ℓc
2/ℓp in order to make everything dimensionless we obtain

〈δℓ̃〉(ϕ) =

(

ℓc
2

ℓp

)−1

(〈ℓ〉(ϕ) − ℓeq) =
ϕ − 3

√
ϕ coth

(√
ϕ
)

+ 3

6ϕ
, (18)

which is the extension-force relation for a SF-WLC in universal form. For small ϕ, that is,

f ≪ κ/ℓc
2 we obtain

〈δℓ̃〉(ϕ) =
ϕ

90
, (19)

which implies an effective linear entropic spring with spring constant kSF = 90kBTℓ2
p/ℓc

4.

Real polymers, and certainly all biologically relevant ones, are not perfectly inextensible. Rather,

they have a fairly high but non-infinite modulus for the extension of the backbone itself. As

we have seen, the entropic elasticity displays a true divergence near full extension. At some
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point, therefore, no matter how energetically costly it might be, the enthalpic stretching of the

backbone will take over. Without going into details, we quote here the result for the modified

force-extension relation of a semiflexible polymer with backbone stretching modulus K:

〈ℓ〉K(f) =

(

1 +
f

K

)

〈ℓ〉K=0

(

f

(

1 +
f

K

))

. (20)

3. Bulk Mechanical Properties

Now that we have outlined how to extract the force-extension behavior for single, semiflexible

polymers, we are ready to assemble many such polymers into a network. The key question

is, obviously, what this network will behave like when deformed. Clearly, the single-filament

properties will feature crucially in this response.

In the Lagrangian formulation of continuum mechanics, the deformation of a material is fully

characterized by the strain tensor

uij =
1

2

[

Λ
T
Λ − 1l3

]

, (21)

with Λ the Cauchy deformation tensor. In terms of this strain tensor, the harmonic elastic free

energy is (the Einstein summation covention is assumed throughout this paper)

Fel =
1

2

∫

dxCijkl uij(x) ukl(x) =
1

2

∫

dxσij(x) uij(x) ≡
∫

dxf. (22)

The fourth-rank elastic constant tensor Cijkl, in principle, possesses 34 = 81 independent com-

ponents. Symmetries reduce this number to 21, and the requirement that for an isotropic mate-

rial, it should be invariant under arbitrary rotations and reflections leaving only two:

Cijkl = λδijδkl + µ(δikδjl + δilδjk). (23)

Inserting this form into the expression for the free energy, we recover the Lamé formula for the

elastic energy density (for completeness, we note that u2
ij =

∑

ij uijuij = Tr(uTu))

f =
1

2
λu2

kk + µu2
ij. (24)

The Lamé coefficients λ and µ are related to the moduli of the material, which we recover upon

splitting the strain tensor into traceless and diagonal parts:

f =
1

2

(

λ +
2µ

3

)

u2
kk + µ

(

uij −
1

3
δijukk

)2

≡ 1

2
Ku2

kk + µ

(

uij −
1

3
δijukk

)2

. (25)

K is the bulk modulus, and µ the shear modulus. In rheology, it is common practice to designate

the shear modulus with G, and we shall follow this convention in the remainder. The constitutive

equation, relating the stress tensor σ to the strain tensor and the material moduli, reads

σij = Kδijukk + 2G

(

uij −
1

3
δijukk

)

. (26)

Let us consider the example of an isotropic 3D material, loaded in simple shear, for which the

(bulk) Cauchy deformation tensor, the (bulk) strain tensor and the stress tensor, respectively,

read

ΛB(γ) =





1 0 γ
0 1 0
0 0 1



 ; uB =
γ

2





0 0 1
0 0 0
1 0 0



 ; σB = G γ





0 0 1
0 0 0
1 0 0



 . (27)
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We see that the strain tensor u has ukk = Tr(u) = 0 and u2
ij = Tr(uTu) = 1

2
γ2 and, according

to Eqn. (25), we may therefore write that f(γ) = 1
2
G γ2. In (strain controlled) rheological

experiments, the modulus in practice is extracted from the shear stress tensor component σxz

(which, from Eqn. (27), is equal to Gγ) , and may be measured in two distinct and different

ways: the so-called secant shear modulus is defined as the ratio of instantaneous shear stress to

strain GS = σxz/γ, while the differential or tangential modulus is defined as the instantaneous

derivative GT = ∂σxz/∂γ. For nonlinear materials, we generalize these definitions to arbitrary

strains: GS(γ) = σxz(γ)/γ and GT (γ) = ∂σxz(γ)/∂γ. The latter modulus is sometimes denoted

K(γ), and is not to be confused with the bulk modulus.

The object of all multiscale theories which seek to connect the molecular and bulk lengthscales

is to rederive the elastic free energy density in terms of molecular properties and architecture.

Note that, for notational convenience, we will always consider simple shear deformations (cf.

Eqn. (27)) in what follows. Formally, f(γ) is readily obtained from statistical mechanics:

f(γ) =
1

V

N
∑

i=1

f1,i(r
0
i ,
{

r
×

ij

}

, ri; γ) −−−→
N→∞

ρN〈f1(r
0,
{

r
×

j

}

, r; γ)〉, (28)

where ρN is the number density of chains, V is the volume, N the number of chains and

f1(r
0,
{

r
×

j

}

, r; γ) is the single-chain free energy as a function of the chain’s initial position

r
0, the positions of any crosslinkers along its contour

{

r
×

j

}

, its original end-to-end vector r and

the applied shear strain γ. To keep things manageable in this paper, we restrict ourselves to sys-

tems where this full function may be approximated by a free energy f1(r; γ), a function of the

initial end-to-end length and the strain only. This we may compute as the work done to stretch

the single chain from a reference position x0 (generally, the equilibrium position although in

the case of rubber elasticity it is not) to a deformed position x(γ):

f1(x(γ)) =

∫

P

〈ϕ1〉 (q) · dq, (29)

with P (any) path from x0 to x(γ). 〈ϕ1〉 (q) is the single polymer force-extension curve from

section 2. You may note that this is, actually, the first example of coarse graining step: we

are replacing the full, fluctuating single-chain behavior by that of a (nonlinear) spring with a

force-extension curve identical to the polymer. In doing so, we average over (or integrate out)

the configurational degrees of freedom along the single chains to compute a bulk free energy

density.

f(γ) = ρN

∫

R3

dr P1(r) f1(R(r; γ)). (30)

This expression for f(γ) does not yet assume anything regarding the magnitude of the strain,

the symmetries of the material, or the linearity of the filament force-extension behavior. What

it does neglect, however, is persistence through crosslinkers. It is instructive to see how various

limiting behaviors may be extracted from it. To this end, we extend the definition of the Cauchy

deformation tensor to include spatial variations, writing r
′ = R(r; γ)i = Λij(r; γ)rj . The new

tensor Λ(r; γ) may be called the local Cauchy deformation tensor. We are now ready to discuss

three key questions that determine how to actually compute the integral for a given system.

• Is the system affine?: It is if Λ(r; γ) = ΛB(γ). The local Cauchy deformation tensor is

everywhere equal to the bulk deformation tensor. The deformation inside the material

exactly tracks that of the boundary. If not, then it is non-affine.

• Is the system mechanical?: It is if f1(R(r; γ)) = ε1(R(r; γ)), with ε1 the energy density

rather than the free energy density. If not then it is thermal (and one needs to consider

entropic effects).
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• Is the system isotropic?: It is if P1(r) = P1(|r|). If not then it is an anisotropic/ordered

system - we need to consider more than two independent moduli.

Let’s consider some examples. Historically, the most important example is the theory of rubber

elasticity. Essentially, this is an affine, thermal and isotropic model for the elastic response of

a system of identical Gaussian (ideal) chains. We evaluate the single-chain free energy, which

for lack of internal energy is simply −TS.

〈f1(r; γ)〉
r

= −T

∫

R3

dr P1(r)S1(ΛB(γ) · r). (31)

Using the expressions for the probability distribution and the entropy of ideal chains. It is now

completely straightforward to compute the free energy change incurred upon shearing from

γ = 0 to a finite γ:

∆f(γ) = f(γ) − f(γ = 0) =
1

2
(ρNkBT )γ2, (32)

from which we immediately read off that the shear modulus, in rubber elasticity, is

G = ρNkBT =

(

ρ

λℓ0

)

kBT ∼ kBT

ℓ3
0

. (33)

In this last step, we express the result in more accessible quantities - ρ the mass density, λ the

linear mass density of the polymer and ℓ0 the typical length between crosslinkers. They are

related via ρN = ρ

λℓ0
. This result shows the soft nature of biopolymer materials: The typical

energy per typical volume (ℓ3
0) is kBT - much smaller than the ∼ 10 eV per (lattice constant)3 in

crystalline materials. As a second example, let’s consider now a network of ordinary, Hookean

springs, each of which has length ℓ0. The energy for such a spring is simply ε = 1
2
k(ℓ − ℓ0)

2,

with k the spring constant. This system is an example of an affine, mechanical and isotropic

model. Each of the identical springs has rest length ℓ0, and the initial orientations are uniformly

distributed. Working out Eqn. (30) now yields

f(γ) =
ρN

4πℓ2
0

∫

∞

0

r2dr

∫ π

0

sin θdθ

∫ 2π

0

dφ

[

1

2
k
(

|ΛB · r| − ℓ0

)2
δ(r − ℓ0)

]

. (34)

In general, this needs to be evaluated numerically but for small γ, we can compute the integral

exactly:

f(γ) ≈ 1

2

(

1

15
ρNkℓ2

0

)

γ2, (35)

from which we read off, again, the small-strain shear modulus

G0 =
1

15
ρNkℓ2

0 =
1

15

(ρ

λ

)

kℓ0. (36)

This result also allows us to connect to the affine, linear theory of semiflexible filaments: as we

have seen in Eqn. (17),

ℓeq = ℓc

(

1 − ℓc

6ℓp

)

. (37)

We identify this equilibrium length with the ℓ0 of the Hookean springs. The spring constant must

be interpreted as the initial inverse slope of the semiflexible extension-force curve Eqn. (19),

from which we compute off the appropriate linear spring constant. This immediately yields the

correct result for the G0 of a network of semiflexible worm like chains

G0 = 6
(ρ

λ

)

kBT

(

ℓ2
p

ℓc
3

)

. (38)
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f str

Figure 3: Non-affinity reveals itself in various forms. Upper left: the typical nonlinear stiffening

response is both delayed and attenuated in non-affine materials (upper curve) as compared to

affine systems (lower three curves). Note, too, that even the linear modulus is affected by the

non-affinity. Upper right: non-affine deformations allow the material to order in response to

strain. Locking in this order may be an important patterning mechanism. Lower panel: non-

affinity occurs in burst-like events that closely resemble the coherently rearranging regions in

glassy materials. Shown are before, during and after images where the thickness of the filament

indicates the local strain - clearly, it is highly heterogeneous. Images from20

Although we compute here only the linear moduli, the integral is straightforwardly evaluated for

arbitrary shear strains γ. In14 we demonstrate how the universality of the force-extension curve

translates into universal nonlinear behavior of the modulus - Fig. 1(a) shows the predictions

from this affine, thermal, isotropic theory of networks of semiflexible filaments.

The extension of the modeling to anisotropic materials is straightforward. At the level of

Eqn. (30), these simply amount to a non-radially symmetric initial distribution P1(r). Some

care must, however, be taken when interpreting the results in terms of a shear modulus, as sys-

tems lacking isotropy possess more than two independent elastic coefficients - the exact amount

depending on the number of remaining symmetries.

A far more challenging extension of the modeling is to include non-affinity. For such systems,

the local Cauchy tensor does vary from place to place. That it is, ultimately, very important

however is borne out by Fig. 3, which shows three important aspects of non-affinity from our

simulations20: non-affinity changes can order filamentous networks, non-affinity can soften

semiflexible networks, and non-affinity can take the form of a highly localized, coherent defor-

mation mode.

4. Outlook

We have really only scratched the surface of the mechanical properties of hierarchical bioma-

terials. Even for far more complicated structures, such as collagen fibril meshworks or ordered

composites like the blood vessel wall, the general philosophy remains the same. First, identify

the key physical design features of the individual filaments. Then, at the aggregate level, inte-

grate out the intrafilamentous degrees of freedom, and take the architecture into account via the

orientational distribution function. Non-affinity must be accounted for by a spatially varying

deformation tensor, which contributes to the elasticity right from the very beginning17,18,19.

645



Acknowledgements

It is a pleasure to acknowledge valuable interactions with Liesbeth Huisman, Chase Broedersz,

Adrian Cioroianu, Gerard Barkema, Fred MacKintosh, Paul Janmey and Tom Lubensky.

References

Single polymer models and composite fibers

[1] J.P.R. O. Orgel, T.C. Irving, A. Miller, T.J. Wess, Proc. Natl. Acad. Sci. USA 103, 9001

(2006).

[2] R.G. Larson, Mol. Phys. 102, 341 (2004).

[3] M.J. Buehler, Proc. Natl. Acad. Sci. USA 103, 12285 (2006).

[4] Y. Tang, R. Ballarini, M.J. Buehler, S. J. Eppell, J. R. Soc. Interface 7, 839 (2010).

[5] P.-G. de Gennes, Scaling Concepts in Polymer Physics, Cornell University Press, Ithaca,

NY (1970).

[6] O. Kratky and G. Porod, Recl. Trav. Chim. Pays-Bas 68, 1106 (1949).

[7] J.F. Marko, E.D. Siggia, Macromolecules 28, 8759 (1995).

[8] J. Wilhelm, E. Frey, Phys. Rev. Lett 77, 2581 (1996).

[9] C. Storm, P.C. Nelson, Phys. Rev. E 67, 051906 (2003).

[10] M. Bathe et al., Biophys. J. 94, 2955 (2008).

Cytoskeletal and ECM Mechanics

[11] F.C. MacKintosh, J. Käs, P.A. Janmey, Phys. Rev. Lett. 75, 4425 (1995).

[12] R.L. Satcher, C. Forbes Dewey, Biophys. J. 71, 109 (1996).

[13] D.A. Head, A.J. Levine, F.C. MacKintosh, Phys. Rev. E 68, 061907 (2003).

[14] C. Storm, J.J. Pastore, F.C. MacKintosh, T.C. Lubensky, P.A Janmey, Nature 435, 191

(2005).

[15] A.R. Bausch, K. Kroy, Nature Phys. 2, 231 (2006).

[16] Y-C. Lin et al., Phys. Rev. Lett 104, 058101 (2010).

Non-affine theory and experiment

[17] B.A. DiDonna, T.C. Lubensky, Phys. Rev. E 72, 066619 (2005).

[18] C. Heussinger, B Shaeffer, E. Frey, Phys. Rev. E 76, 031906 (2007).

[19] J. Liu et al., Phys. Rev. Lett. 98, 198304 (2007).

[20] E.M. Huisman, C. Storm, G.T. Barkema Phys. Rev. E 78, 051801 (2008).

646



Simulating membrane defects and lipid flip-flop 
 

 

W.F.D. Bennett
1
 and D.P. Tieleman

1
 

 
1
Department of Biological Sciences, University of Calgary, 2500 University Dr. N.W., Calgary, 

Alberta T2N 1N4, Canada. E-mail: tieleman@ucalgary.ca. 

 

 

ABSTRACT 

 

Biological membranes consist of two monolayers made primarily of phospholipids. Lipids are 
arranged so that the two monolayers form a bilayer with a hydrophobic interior with lipid head 
groups facing the interior and the exterior of the cell or organelle. The properties of the resulting 
bilayer are important in a range of biological processes, including transport of polar molecules 
across this membrane and lipid flip-flop from one monolayer to the other, which plays roles in 
establishing and maintaining membrane composition and in signaling. We combine direct atomistic 
simulations and free energy calculations to study these processes in molecular detail. We are also 
using coarse-grained simulations with the MARTINI model to investigate a larger range of lipid 
compositions. Lipid flip-flop involves transient water defects that are challenging to reproduce with 
a coarse-grained model. We will present recent results with improved coarse-grained water models. 
Our simulations give insight in lipid behavior from very fast time scales of picoseconds to flip-flop 
at a time scale of seconds to hours. 
 
 

1. Introduction 
 
Biological membranes form the boundaries of cells and organelles. They regulate what can enter 
and leave a cell, communicate signals across the membrane, provide structural support, localize 
distinct chemical environments, and allow electrochemical gradients, which are necessary for 
energy transduction and nerve propagation. The core structure of membranes, the lipid bilayer, 
consists of a thin (3 nm) hydrophobic slab that forms a semi-permeable membrane, preventing ions, 
polar and charged molecules from crossing. Several biologically important processes involve the 
interactions of polar or charged molecules and lipid bilayers. A few examples are electroporation, 
where an applied electric field induces hydrophilic pores in membranes; antimicrobial peptides, 
which have been shown to cause pore formation [1]; and lipid translocation. The interaction 
between a membrane and polar molecules depends on its lipid composition, which varies 
significantly between cell types and organelles [2].  
 
Lipid translocation, or flip-flop, between monolayers is an important process in cells. It involves a 
high free energy barrier for polar and charged lipid head groups crossing the hydrophobic bilayer 
interior. Flip-flop is important for the growth of membranes, as most lipids are synthesized on one 
side of the membrane and must flip for balanced growth. The plasma membrane of cells displays an 
asymmetric distribution of lipids, with SM (sphingomyelin) and PC (phosphatidylcholine) enriched 
in the extracellular leaflet, and PE (phosphatidylethanolamine) and PS (phosphatidylserine) in the 
intracellular leaflet [2]. How this asymmetry is created and maintained has yet to be determined. 
Disruption of this asymmetry is involved in many signaling pathways. For example, the exposure of 
PS to the extracellular side is involved in signaling processes, such as blood coagulation and 
apoptosis [3]. The flip-flop rate of PC and other phospholipids is very slow, on the time scale of 
hours to days [4-6]. Therefore, it has been proposed that membrane proteins mediate lipid flip-flop, 
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although identification and characterization of specific proteins have proven difficult. Other lipids, 
with smaller and less polar head groups, such as cholesterol and ceramide, have been shown to flip-
flop on the sub-second [7, 8] to minute time scale [9].  
 
We are investigating the mechanism, thermodynamics, and kinetics of the process of lipid flip-flop 
using computer simulations. Molecular dynamics simulation describes the interactions between 
atoms by empirical potentials and generates a trajectory based on classical equations of motions. 
The standard approach uses a force field that describes interactions at the level of individual atoms 
(AA for all-atom). Typical trajectories on systems with ca. 20,000 atoms can reach a time scale on 
the order of a microsecond. More recently, a number of coarse-grained (CG) models have been 
developed that retain some chemical specificity but operate at a lower level of resolution. We use 
the MARTINI model [10], in which typically four non-hydrogen atoms are grouped together into a 
single interaction site. This allows simulations on a scale that is 2-3 orders of magnitude larger than 
AA simulations with a comparable computational cost, but achieving a balance between detail and 
computational efficiency is a major challenge. MARTINI maps four water molecules to a single 
water bead, without a dipole or partial charge. One limitation of such a model is its inability to 
reproduce small-scale defects, for instance during lipid flip-flop [10]. A recently developed 
MARTINI water model [11] (CG-pol) combines four water molecules into three beads that 
represent a dipole. CG-pol simulations show pores in membranes during electroporation, in 
agreement with AA simulations [11]. This suggests CG-pol might be better suited to study lipid 
translocation. Here we describe simulations of phospholipid flip-flop in different membranes using 
three models: AA, CG, and CG-pol. We also briefly describe the complimentary use of AA and CG 
simulations to investigate cholesterol flip-flop.      
 
 
2. Methods 

  
All atom (AA) simulations. Computational methods can be found in detail in [12, 13]. We use the 
GROMACS software package [14]. For lipid parameters we use the united-atom Berger force field 
[15]. We have simulated: DLPC, dilauroylphosphatidylcholine; DAPC, diarachidonyl-
phosphatidylcholine; DPPC, dipalmitoylphosphatidylcholine; DOPC, dioleoylphosphatidylcholine; 
POPC, 1-palmitoyl-2-oleoyl-phosphatidylcholine; and cholesterol (parameters from [16]). We use 
small bilayer patches of 64-72 lipids and ~3000-4000 water molecules. Small bilayers are necessary 
for free energy calculations, which require 40-50 replicates for 10-100 ns to determine a single PMF 
(see Umbrella Sampling below). Unless otherwise stated, simulations were run at 323 K for 
comparison with DPPC, which has a high melting temperature (314 K) [17]. We use periodic 
boundary conditions with a semi-isotropic pressure coupling algorithm with a reference pressure of 
1 bar [18]. Temperature is maintained with a weak coupling scheme and a coupling constant of 0.1 
ps [18]. We use the particle mesh Ewald method for long range electrostatic interactions [19, 20]. 
Coarse grained simulations. For CG simulations, we use the MARTINI model [10] and the recently 
developed polarizable MARTINI water model (CG-pol) [11]. The parameters used for the CG 
simulations can also be found in references [10, 13, 21]. For the CG-pol model, we have used 
mostly the same parameters as standard MARTINI, with the exception of the dielectric coefficient, 
which is 2.5 instead of 15 [11]. We have used the same types of lipids as the AA simulations.  
Umbrella Sampling. With current computers, we are able to simulate up to 1 !s for the AA model, 
and to the 100 !s and nearly millisecond time scale for the CG model. As mentioned in the 
introduction, the time scale of phospholipid flip-flop is hours to days. To simulate these slow 
processes we use umbrella sampling. We run a series of ca. 50 simulations in parallel with a 
harmonic restraint placed on the head group of the translocating lipid with respect to the distance 
from the center of the bilayer, spaced by 0.1 nm increments. The harmonic restraint is placed on the 
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polar or charged head group to ensure that the molecule samples the center of the bilayer, which is 
likely to be energetically unfavorable. We determine the potential of mean force (PMF) using 
weighted histogram analysis [22]. In each system, we pull two separate lipids, staggered by at least 
5 nm, to increase computational efficiency by getting two PMFs at a time. We have determined the 
PMF for a single DPPC lipid, and it was within the error of the PMF calculated by pulling two 
DPPC lipids (data not shown). We plot the mean from the two independent PMFs and the standard 
error, after aligning the PMFs to zero at their free energy trough. In all the figures, we have shown 
the PMF and its mirror image that corresponds to the opposite leaflet. As the bilayers are all 
symmetric, the PMFs should be the same in both monolayers.        
 

 

3. Results 

 
3.1 Phospholipid flip-flop 

 

Figure 1. Snapshot and partial density profile for an AA (A and C) and CG (B and D) DPPC 
bilayer at equilibrium. Water is shown as small balls, head groups as thick balls, and lipid as  tails 
thin lines. Head group includes the choline and phosphate groups, tails include all the carbons after 
the carboxyl group.    
 
Fig 1A and 1B show snapshots of AA and CG DPPC lipid bilayers. Fig 1C and 1D show the partial 
density profiles for the two bilayers. Water penetrates into the head group region and a small 
amount into the carbon tail density. This is followed by an increase in the tail density until a 
maximum, after which the density decreases near the center of the bilayer. The CG model 
reproduces the general features of the density profile, although the CG model does not have as large 
of a decrease near the bilayer center compared to the AA model. 
 
Fig 2A shows potentials of mean force (PMFs) for AA DPPC flip-flop [4]. We used umbrella 
sampling (see Methods) to determine the free energy profile for transferring a single DPPC from 
equilibrium to the center of the bilayer, with umbrellas centered on the phosphate group. There is a 
large free energy trough corresponding to the equilibrium position of the phosphate in the bilayer   
(Fig 2A). Moving the lipid either into the bilayer or out of the bilayer into bulk water has a large 
free energy cost.    
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Figure 2. PMFs for phospholipid flip-flop. A. DPPC flip-flop in a DPPC bilayer. B. DLPC flip-flop 
in a DLPC bilayer. C. A PMF for DOPG flip-flop in a pure DOPC bilayer. Error bars represent the 
standard error between two independent lipids PMFs. The PMF is mirrored at the center of the 
bilayer for clarity.  
 
As we move the phosphate of DPPC into the hydrophobic bilayer core, a water defect forms. Water 
and other PC lipid head groups move into the bilayer to prevent the DPPC from becoming 
desolvated. Restraining the zwitterionic head group of DPPC inside the bilayer significantly 
perturbs the lamellar structure. Similar structures and free energy slopes have been observed for 
other charged and polar molecules entering the interior of lipid bilayers [23-25]. When the 
phosphate is restrained at the center of the bilayer, a pore spanning the bilayer is observed (Fig 3A). 
We assume this is the transition state for lipid flip-flop. Estimates for the life-time of pores are on 
the order of 10 - 100 ns. From the free energy barrier for pore formation (80 kJ/mol) and the flux of 
lipids across a preformed pore, a rate for DPPC flip-flop was estimated to be 4-30 hours, in good 
agreement with experimental estimates of 1 to 90 h [5, 6].      
 
The PMF for CG DPPC flip-flop shows a similar shape as the AA model (Fig 2A) and has a similar 
barrier for flip-flop. As the DPPC is moved into the bilayer a small water defect does form, 
corresponding to a steep free energy slope. No water pore is observed when the phosphate bead is 
restrained at the bilayer center, although a small, unstable water defect does occasionally form (Fig 
3C). We have determined a PMF for DPPC flip-flop using the CG-pol model (Fig 2A). Compared 
to the non-polarizable model, the shape of the PMF and the free energy barrier are quite similar. Fig 
3B shows that a small water defect is formed when the phosphate is at the bilayer center, although a 
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pore is still not observed. The defects formed for CG-pol occur more often, and appear slightly 
more stable than for CG. We determined the number of contacts (distance of less than 1 nm) formed 
between water beads and the phosphate bead restrained at the center of the bilayer. For CG, 98% of 
the time there were no contacts, 1.2% with one contact, and a maximum of 4 contacts. There were 
no contacts for the CG-pol model 92% of the time, 6% with one contact, 2% with two contacts, and 
a maximum of 7 contacts.    
 

 
Figure 3. Snapshots for a phospholipid restrained at the center of bilayers. Water is shown as dark 
licorice, lipid tails grey lines, the restrained lipid thick lines, and head group phosphate 
(phosphorous), choline (nitrogen), and glycerol (oxygen) as balls. A, C, and E are atomistic 
simulations, while B, D, and F are CG simulations. A and B: DPPC in a DPPC bilayer. C and D: 
DLPC in a DLPC bilayer. E and F: DOPG in a DOPC bilayer.  
 
We have calculated PMFs for PC flip-flop for a series of different lipid tails, including shorter, 
saturated tails (DLPC and DMPC), as well as tails with one mono-unsaturated hydrocarbon chain 
(POPC) and two mono-unsaturated chains (DOPC) [26]. All of the lipid PMFs shared common 
features: deep free energy troughs at the equilibrium position for a lipid in the bilayer, steep 
increases in free energy as a lipid is moved inside the bilayer, corresponding to the formation of 
water defects, or as a lipid is removed from the bilayer into the water phase.  
 
From the AA model, shorter lipids, such as DLPC, had lower free energy barriers for pore 
formation compared to DPPC. Fig 2B shows the PMF for DLPC. Similar to DPPC, there is a free 
energy trough at DLPC’s equilibrium position and a steep slope as the PC head group moves into 
the bilayer center corresponding to water defect formation. When the lipid was ca. 0.6 nm from the 
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bilayer center the water defect became a pore, causing the PMF to plateau. Once a pore forms, the 
lipid is able to diffuse across it at no free energy cost. This indicates that pore formation is the 
primary free energy barrier for flip-flop. Fig 3D shows the water pore formed at the center of the 
DLPC bilayer, which has many lipid head groups and water molecules in the bilayer interior. From 
the AA model, we calculate a free energy barrier for DLPC flip-flop of 16 kJ/mol. This low free 
energy barrier translates into a rate of flip-flop on the !s time scale [26]. Using the CG and CG-pol 
model, we calculated the PMF for DLPC flip-flop in a DLPC bilayer (Fig 2B). The PMFs for DLPC 
flip-flop is the same for both CG and CG-pol. There is a deep free energy minimum, and a large, 
smooth increase in free energy to the center of the bilayer. The free energy barrier for DLPC flip-
flop is 73 kJ/mol. 
 
The large difference between the CG models and the AA model is due to pore formation in the AA 
model. In contrast to the AA model, we did not observe pore formation in either the CG or CG-pol 
bilayers (Fig 3D). At the bilayer center a small water defect forms, to keep the DLPC head group 
solvated.  
 
To see the effect of a charged head group we calculated PMFs for DOPG flip-flop across a DOPC 
bilayer. For the AA model, the free energy barrier for DOPG (105 kJ/mol) flip-flop in a DOPC 
bilayer increased compared to DOPC (87 kJ/mol) in a DOPC bilayer. At the center of the bilayer, 
DOPG formed a water defect, and a pore was not observed (Fig 3E). This is similar to DOPC flip-
flop, where we did not observe pore formation, but a water defect was present. The PMF for CG-pol 
DOPG flip-flop in a DOPC bilayer is shown in Fig 2C. The shape of the PMF closely matches the 
AA PMF until ca. 0.6 nm, where the PMF suddenly flattens. A water defect was observed before 
this position, but near the center of the bilayer a defect does not form (Fig 3F). Occasionally a 
single water bead enters the bilayer to interact with the charged PG head group. The PMF for 
DOPG flip-flop across a DOPC bilayer using the CG model is shown in Fig 2C. The PMF matches 
the shape of the CG-pol PMF, until ca. 0.75 nm from the center where it plateaus. Again, the 
plateau region corresponds to water defects breaking, exposing the DOPG to the bilayer interior 
along with an occasional single water bead. The free energy barrier for DOPG flip-flop was closer 
to the AA model (104 kJ/mol) for the CG-pol model (77 kJ/mol) than the CG model (59 kJ/mol).    
 
 

 3.2 Cholesterol flip-flop 
 

We also determined free energy profiles for cholesterol flip-flop in a series of lipid bilayers [13]. 
Fig 4A shows PMFs for cholesterol flip-flop in AA bilayers. Similar to the PC PMFs, there is a free 
energy trough at cholesterol’s equilibrium position in the bilayer, and a steep increase in free energy 
as it is moved into the hydrophobic interior. There is a much lower free energy barrier for 
cholesterol flip-flop compared to phospholipids, due to the small hydroxyl head group of 
cholesterol. The steep increase in the free energy corresponds to the formation of transient water 
defects, with occasionally only 1 or 2 water molecules entering the bilayer to hydrogen bond with 
the hydroxyl of cholesterol. Near the bilayer center the free energy plateaus, and has a slight 
decrease for the 40% cholesterol DPPC system. This plateau corresponds to the complete 
desolvation of the cholesterol head group, as seen by the drop in hydrogen bonds to zero at this 
position. After cholesterol is desolvated, it can diffuse across to the other leaflet with no free energy 
cost. There is a minimum at the center of the 40% cholesterol DPPC bilayer, likely because of the 
low density in this region (Fig 1). The free energy barrier for cholesterol flip-flop was lowest in 
poly-unsaturated DAPC (18 kJ/mol), followed by DPPC (24 kJ/mol), and was the highest in the 
DPPC bilayer with 40 mol% cholesterol (41 kJ/mol). As the structure of a membrane becomes more 
ordered and rigid, the free energy barrier for cholesterol flip-flop increases.  
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Using the MARTINI model, we determined PMFs for cholesterol flip-flop in a more extensive set 
of bilayers [13]. Fig 4B shows PMFs for cholesterol flip-flop using the CG model for the same 
bilayers as in Fig 4A. The trend we observed in the AA simulations was reproduced with the CG 
model: the free energy barriers increased for the DAPC (1 kJ/mol), DPPC (16 kJ/mol) and 40 mol% 

cholesterol DPPC (25 kJ/mol) bilayers. By running equilibrium simulations with cholesterol placed 
at center of the bilayer, we determined the rate for cholesterol to move from the center back to its 
Figure 4. PMFs for cholesterol flip-flop in different bilayers. A. Using AA simulations. B. Using 
CG simulations. We have restrained the hydroxyl group of the cholesterol with respect to the center 
of the bilayer for our reaction coordinate. The legend is the same for both panels. 
 
equilibrium position. From the free energy difference between equilibrium and the center of the 
bilayer, and the rate to return to equilibrium, we estimated the rate of cholesterol flip-flop. We 
found that a cholesterol molecule is able to translocate on a fast time-scale 105 flips/s in the DPPC 
bilayer. Cholesterol molecules can flip-flop much faster in poly-unsaturated bilayers, such as DAPC 
(106 flips/s) and are drastically slower in more ordered and rigid 40 mol% cholesterol DPPC 
bilayers (100 flips/s). The rate of cholesterol flip-flop is fast on a physiological time scale, but 
strongly dependant on its membrane environment. We conducted long time scale equilibrium CG 
simulations and were able to observe spontaneous cholesterol flip-flop. We compared the observed 
rate to the rate we estimated from the free energy, to validate the method [13].  
 
 

4. Discussion 

 
We have studied the process of lipid flip-flop using molecular dynamics simulations with three 
force fields. The AA model predicts that water defects or pores form as the head group of a 
phospholipid is transferred into the hydrophobic interior of a membrane. These membrane defects 
are hydrophobic in nature, lined with other lipid head groups and water molecules. The free energy 
for desolvating the charged or zwitterionic head group is higher than the cost of forming a water 
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defect or a bilayer-spanning pore. For DPPC, the free energy barrier for lipid flip-flop was 80 
kJ/mol (AA), 83 kJ/mol (CG), and 89 kJ/mol (CG-pol). 
 
There is good agreement between the AA and CG models on the shape of the PMFs and free energy 
barriers. Both CG models observe water defects as the DPPC is moved into the bilayer core, but 
near the center of the bilayer a pore does not form and the defects become unstable. The CG-pol 
model is more hydrated at the bilayer center, indicating an improvement over the standard 
MARTINI model. It is not obvious that the two models would give such similar results and the 
physical properties are likely much different. CG water has no dipole or polarizability, so 
simulations are run with a dielectric constant of 15 for implicit screening of electrostatic 
interactions. This means that the interaction of polar molecules is underestimated in hydrophobic 
environments, e.g. when a lipid head group is placed in the interior of a bilayer. In the AA model, 
with explicit water and dielectric screening, charge interactions are much stronger in an apolar 
medium, causing water pores to form when a DPPC is placed at the center of the bilayer. The CG-
pol water model has explicit polarizability and a dielectric of 2.5 is used, which means that the 
interaction between water and charged molecules is physically more realistic.  
 
Our preliminary results suggest that water pores are still not observed during DPPC flip-flop, in 
contrast to AA simulations. The large size of CG-pol water beads (4 to 1 mapping) might prevent 
the formation of the small water pores seen in AA DPPC flip-flop, where on the order of tens of 
waters are involved. As suggested in [11], using a different Lennard-Jones potential (currently a 12-
6 potential), particularily a less repulsive form, might improve the model. It is likely that the CG-
pol will be useful for modeling phenomena where much larger pores are observed, such as the 
electroporation of membranes [11].  
 
The similar results we obtained for DLPC flip-flop using both the CG and CG-pol model were not 
expected. There is a large discrepancy between the AA barrier for DLPC flip-flop (16 kJ/mol) and 
both CG models (73 kJ/mol). The low free energy barrier for the AA could be partially due to the 
small system size that we use, which might stabilize the formation of pores. We are currently 
working on determining the effect of box size on the PMFs for lipid flip-flop. Intuitively, we expect 
defects and pores should form more readily in the thinner DLPC bilayer, compared to the DPPC. 
The DLPC bilayer is sufficiently thin, and the CG beads large enough, that when the phosphate 
bead is restrained at the center of the bilayer its choline bead can almost reach the interface region. 
We may need to use a different reaction coordinate to observe and compute the free energy barrier 
for pore formation in a CG-pol and CG DLPC bilayer. 
 
We observed the largest difference between CG and CG-pol lipid PMFs for DOPG flip-flop in a 
DOPC bilayer. This might be due to DOPG having a negative charge, while PC lipids are 
zwitterionic. The CG-pol model forms water defects to the DOPG until it is ca. 0.5 nm from the 
bilayer center, compared to ca. 0.75 nm for the CG model. This results in an 18 kJ/mol difference in 
the free energy barriers for flip-flop. Near the center of the bilayer neither model shows a water 
defect, although an occasional water bead does enter the bilayer to interact with the head group, in 
contrast to the AA model where a defect is present at the center. It might be worthwhile to 
investigate using long-range electrostatics algorithms, such as PME (particle mesh Ewald) [19] with 
the CG-pol model for lipid flip-flop. Currently electrostatic interactions are computed using a 
shifted Coulomb potential from 0.0 nm to 1.2 nm. A DOPG head group at the center of a DOPC 
bilayer might be too far from the interface to form strong electrostatic interactions with polarizable 
water and other head groups. The use of PME with standard MARTINI has been shown to improve 
accurately modeling dendrimer [27] and antimicrobial peptide [28] interaction with membranes.       
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Combining AA and CG simulations for the study of cholesterol translocation has proven to be a 
useful strategy [13]. From the AA simulations, we obtain accurate thermodynamic data and 
atomistic details on the mechanism, such as specific interactions with water. The long time scale 
accessible to the CG model allows us to investigate more bilayers, and directly observe flip-flop for 
molecules such as cholesterol. We do not anticipate that the CG-pol model will have significantly 
different results for cholesterol flip-flop than the CG model given that current MARTINI 
cholesterol does not have a charge or dipole.  
 
Due to the computational demands of AA simulations and umbrella sampling calculations, it is 
useful to have a CG model that can used to study membrane defects and pores. It was shown that a 
recently developed polarizable water MARTINI model was able to form pores across bilayers and 
hydrophobic slabs by applying an electric field, in agreement with AA simulations [11]. We have 
compared standard MARTINI and the new polarizable water MARTINI ability to model the 
process of lipid flip-flop. This work suggests that during phospholipid flip-flop the new polarizable 
model forms defects only slightly more readily than standard MARTINI, in closer agreement with 
AA simulations. The similarities between the CG and CG-pol simulations and PMFs are somewhat 
surprising, and future work is needed to understand and model charged and polar molecules 
partitioning in lipid bilayers.    
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ABSTRACT

The flow behaviors of polymer melt composed of short chains with ten beads between paral-

lel plates are simulated by using a hybrid method of molecular dynamics and computational

fluid dynamics. Three problems are solved: creep motion under a constant shear stress and

its recovery motion after removing the stress, pressure-driven flows, and the flows in rapidly

oscillating plates. In the creep/recovery problem, the delayed elastic deformation in the creep

motion and evident elastic behavior in the recovery motion are demonstrated. The velocity pro-

files of the melt in pressure-driven flows are quite different from those of Newtonian fluid due

to shear thinning. Velocity gradients of the melt become steeper near the plates and flatter at the

middle between the plates as the pressure gradient increases and the temperature decreases. In

the rapidly oscillating plates, the viscous boundary layer of the melt is much thinner than that

of Newtonian fluid due to the shear thinning of the melt. Three different rheological regimes,

i.e., the viscous fluid, visco-elastic liquid, and visco-elastic solid regimes, form over the oscil-

lating plate according to the local Deborah numbers. The melt behaves as a viscous fluid in a

region for ωτR ≪ 1, and the crossover between the liquid-like and solid-like regime takes place

around ωτα ∼ 1 (where ω is the angular frequency of the plate and τR and τα are Rouse and α
relaxation time, respectively).

1. Introduction

Many of the products in our daily lives contain soft matters (e.g. colloids, polymers, and liquid

crystals). One of the important properties of soft matters is that they have both the solid-like

and liquid-like mechanical properties. In the computer simulation of fluid, either computational

fluid dynamics (CFD) or molecular dynamics (MD) is usually used. In CFD simulations, the

mechanical properties of fluid are modeled in advance, and the model formulas are incorporated

in the simulations. CFD simulations are efficient for the case that flows and mechanical prop-

erties of fluid are simple enough. Polymer melts, however, have very complicated mechanical

properties in general, and their flows are also complicated in many devices which have very

fast moving parts, e.g. consider the lubrication oils in the Hard Disk drive or Micro Motor.

In MD simulations, on the contrary, any formulas for the mechanical properties of fluid are

not required. In MD simulations, the molecular systems (e.g. shapes, bonds, or interaction

forces of molecules) are modeled, and the dynamics of the model molecules are numerically

solved. The macroscopic mechanical properties are resulted in by the simulations. Hence, MD

simulations are applicable even for the complex flows of fluids with complicated mechanical

properties. However, the scale to be simulated is restricted to be very microscopic since the

enormous computational time is required to solve the dynamics of all of the molecules. (In

order to simulate a gram of fluid it takes at least over one hundred years.) Molecular dynamics

is not relevant to the macroscopic scale far beyond the molecular size, which are concerned

with the present study. We develop a multi-scale simulation method which overcomes the over-

all difficulties involved in each simulation method.1,2,3 The basic idea of the present multi-scale

simulation method is proposed by E and Engquist4, where the heterogeneous multiscale method
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(HMM) is presented as a general methodology for the efficient numerical computation of prob-

lems with multiscale problems. The HMM is also applied to the simulations of complex fluids.
6 The equation-free multiscale computation proposed by Kevrekidis et al. is also based on the

similar idea and applied to various problems.5 De et al. develop the hybrid method, which is

called scale bridging method in their paper, that can correctly reproduce the memory effect of

the polymeric liquid and demonstrate the non-linear viscoelastic behaviors of polymeric liquid

between oscillating plates.7 The methodology of the present hybrid simulation is same as the

scale bridging method. We have analyzed the behaviors of polymer melt in parallel plates and

clarified their complicated mechanical properties and flow behaviors.

2. Problem and Multi-scale modeling

y
2H

x

Polymer melt

non-slip

non-slip

(a) Geometry

∆ t

∆ τ

M steps
∆t = M∆τ

MD cell

∆x

lMD

y=2Hy

(b) Mesh system (c) Time evolution

macro level

micro level

Figure 1: Schematics for geometry of problem, mesh system, and time-evolution scheme.

We consider the model polymer melt composed of short chains with ten beads with a uniform

density ρ0 and a uniform temperature T0 between two parallel plates (see Fig. 1(a)). The width

between the plates is represented by 2H . All of the bead particles interact with a truncated

Lennard-Jones potential, and consecutive beads on each chain are connected by an anharmonic

spring potential, say the Kremer-Grest model polymer.8 The temperature of the melt is fixed

at kBT0/ǫ=0.2, where kB is the Boltzmann constant. The number density of the bead particles

is fixed at ρ0/m=1/σ3, where m is the mass of the bead particle. With this number density

and temperature the configuration of bead particles becomes severely jammed, resulting in the

complicated non-Newtonian viscosity and long-time relaxation phenomena typically seen in

glassy polymers. Hereafter, unless otherwise stated, we measure the quantities with the units

of length σ, time
√

mσ2/ǫ, and temperature ǫ/kB. We assume that the macroscopic quantities

are uniform in the x- and z-directions, ∂/∂x=∂/∂z=0. Thus, the macroscopic velocity vα

is described by the one-dimensional momentum transport equation, i.e., ρ0
∂vx

∂t
= ∂σxy

∂y
, and

vy=vz=0, where t is the time and σxy is the shear stress tensor. We also assume the non-slip

boundary condition on each plate.

We investigate the behaviors of model polymer melt by using the hybrid simulation of the

molecular dynamics (MD) and computational fluid dynamics (CFD). The details of method can

be referred in Ref. 3. Here, we briefly explain the hybrid simulation method. We calculate

the macroscopic velocity by using a usual finite volume scheme with a uniform mesh system

(See Fig. 1(b) ). However, instead of using any constitutive equation for σxy, we calculate the

local stresses in small MD cells associated to each mesh interval according to the local strain

rates, which are calculated at the CFD level, at each time step of the CFD simulation. The MD

simulations are performed in each MD cell for a duration which corresponds to the time-step

size of the CFD calculation, and the molecular configurations obtained in each MD cell after

one MD run are memorized as the initial configurations of molecules for the next MD run in

each MD cell (See Fig. 1(c) ). By using this method, one can reproduce the memory effect

caused by the slow dynamics of molecular configuration correctly. For the MD simulation,
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we use a cubic MD cell with a side length lMD=10 so that each MD cell contains 1000 bead

particles. The time-step size of CFD calculation ∆t and that of the MD calculation∆τ are fixed

as ∆t=1 and ∆τ=0.001, respectively. Thus, one thousand time steps are carried out in each MD

run at each time step of CFD simulation (M = 1000 in Fig. 1 (c) ).

3. Results
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Figure 2: The comparison of the velocity profile of

melt and that of Newtonian fluid for ω0=6.1×10−3.

In the present proceedings, we only show the

result for the behaviors of melt in the rapidly

oscillating plates. The upper- and lower-pate

oscillate with an angular frequency ω0 in the

x-direction with the opposite phase as vw =
±v0 cos(ω0t), respectively. The results for

ω0=6.1 × 10−3 and 2.5 × 10−2 are shown in

the present proceedings. The amplitude of the

oscillating velocity of the plate v0 is given as

v0=0.5ω0H and the width between the plates

is as H=1600 for ω0=6.1 × 10−3 and H=800

for 2.5 × 10−2, respectively.

Figure 2 shows the comparison of the veloc-

ity profiles of melt and that of Newtonian

fluid. In the figure, lν represents the length

of viscous boundary layer, which is defined

as |vx(lν)|/v0=0.01. It is seen that the boundary layer of melt is much thinner than that of New-

tonian fluid. This is caused by the shear thinning of melt. In the vicinity of the oscillating plate,

the melt becomes thinner (or less viscous) due to the large strain.

We also measure the local mechanical properties of melt in terms of the storage modulus G′,

which represents elasticity, and loss modulus G′′, which represents viscosity. Figure 3 shows

the spatial variations of G′ and G′′ and the amplitude of the local strain γ0. It is seen that the

shear thinning of the melt occurs near the plate, i.e., the both moduli are less as the local strain

increases near the plate. In the close vicinity of the plate, the melt behaves as a viscous fluid

since the loss modulus is much larger than the storage modulus, G′′ ≫ G′. The storage modulus

increases more rapidly than the loss modulus with the distance from the plate, and the crossover

of G′ and G′′ occurs spatially. Thus, the three different rheological regimes, i.e. the viscous, the
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Ĝ
′

Ĝ
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Ĝ
′′

γ0

γ0<2%

ŷ
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Figure 3: The spatial variations of the local moduli G
′ and G

′′ (lower axis) and the amplitude of the

local strain γ0 (upper axis). The dashed and dash-dotted lines show the values of G
′ and G

′′ for the linear

regime, respectively. The long-dashed line represents γ0=2%. The left arrows on the right-side vertical

axis show the positions that the local Deborah numbers, defined as De
α=ω0τα and De

α=ω0τR (where

τα and τR are α and Rouse relaxation time, respectively), are equal to unity.
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liquid-like viscoelastic, and the solid-like viscoelastic, form over the rapidly oscillating plate.

The crossover of the rheological property is also characterized by the local Deborah numbers

defined as Deα=ω0τα and Deα=ω0τR, where τα and τR are α and Rouse relaxation time which

depend on the amplitude of the local strain rate, respectively. The crossovers occur at the

position where the local Deborah number are equal to unity. The local moduli are in the linear

regime at a far distance from the plate, where the local strain is less than about 2 %.
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Figure 4: Benchmarks for parallel compu-

tations using the hybrid simulation method.

tNCPU
is the computational time of parallel

computation with NCPU CPUs. Square sym-

bols, �, show the results obtained by the

parallel computations performed on Fujitsu

HX600 and triangle symbols, △, show those

on Fujitsu PrimeQuest.

Finally, we show the benchmark for the paral-

lel computation of the present hybrid simulation

method in Fig. 4.3 It is seen that the parallel com-

putations are performed nearly ideal until the num-

ber of CPUs NCPUis NCPU=640. In the parallel al-

gorithm of the MD calculation, the computational

domain is usually divided into sub-cells that are as-

signed to each processor. Communication between

different processors is needed to take into account

the interactions with molecules in the neighbors of

each sub-cell, and it increases as the number of sub-

cells. Thus, the communication loads between dif-

ferent processors become critical for massive par-

allel computations. On the contrary, in the present

method, exchanges of molecular information do not

occur between different MD cells. The MD calcula-

tions in each MD cell are performed independently

over the duration of CFD time step. Information

concerning local macroscopic quantities is only ex-

changed once between MD cells in the duration of

the CFD time step, via the macroscopic transport

equation. Thus, the communication loads between different processors are quite reduced in the

present algorithm, compared to that for the full MD simulation.
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Biological membranes are involved in numerous intriguing biophysical and 
biological cellular phenomena of different length scales, ranging from nanoscale 
raft formation, vesiculation, to microscale shape transformations. With extended 
length and time scales as compared to atomistic simulations, solvent-free 
coarse-grained membrane models, representing an amphiphilic molecule by a 
chain of multiple beads, have been exploited in mesoscopic membrane 
simulations.  In this study, we present a one-particle-thick fluid membrane model, 
where each particle represents a cluster of lipid molecules.  The model features 
an anisotropic inter-particle pair potential with the interaction strength weighed by 
the relative particle orientations.  Three potential parameters separately and 
effectively control diffusivity, bending rigidity, and spontaneous curvature of the 
model membrane.  Despite its simple mathematical form, the pair-wise inter-
particle interaction potential is very simple in its mathematical form but highly 
tunable, able to robustly self-assemble into fluid membranes with biophysically 
relevant properties.  The accessible length and time scales of the model is at 
least one order of magnitude larger than the existing coarse-grained models, 
making the model computationally very efficient. We demonstrate that this new 
model accurately predicts fluid vesicle shape transformation and naturally 
simulates diffusion-driven phase separation and budding with great ease. The 
simple mathematical form along with its comprehensive capabilities endows this 
model as a model system for 2D fluids. 
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