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Abstract. The membrane’s dynamics is very important for cells. A membrane in 2-
dimensional space can be seen as an incompressible closed curve in a plane or a cylin-
drical surface in 3-dimensional space. In this paper, we design a second-order accurate
numerical algorithm to simulate the shape transformation of the membrane. In the al-
gorithm, we use the tangent angles to present the curve and avoid the difficulties from
the constraint of curve’s incompressible condition. A lot of interesting phenomena are
obtained. Some of them are very like the life processes of cells, such as exocytosis
and endocytosis. Furthermore, we can see the relation between two dynamic models
clearly. At last, considering the influence of the inner incompressible fluids partially,
we add a constraint: the area circled by the membrane maintain invariable. The nu-
merical results show the dynamic motions of a curve remaining its local arc length and
inner area constant.
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1 Introduction

The membrane is probably the most important component in the cell. It surrounds all
living cells and their organelles to maintain the cell’s shape and regulate transport in and
out of cells or subcellular domains. It also plays major role in many vital actions of cells,
such as segmentation.

Recently, there has been a lot of experimental and analytic research on the configura-
tion and deformation of elastic bio-membranes. In nature, a membrane consists chiefly
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of lipids, proteins and carbohydrates. The structures and properties of membranes are
very complex. One common method to simplify the structural analysis is to consider the
membrane bilayers formed by certain amphiphilic molecules dissolved in water. In 1973,
Helfrich [2] recognized that this lipid bilayer has the structure of a smectic liquid crystal.
Based on the elastic theory of liquid crystals, he discovered the curvature elasticity model

EH:/(u—l—b(H—co)—l—cG)ZdS,
r

where a is the surface tension, b,c are the bending rigidities and ¢y is the spontaneous
curvature which describes the asymmetry effect of the membrane or the environment.
A lot of work has been done in modeling the membrane using the theories for elas-
tic shells. Steigmann [5, 6] considered the fluid films with curvature elasticity without
viscous effects. Waxman [7-9] developed a kinetic model of the fluid dynamics on an
evolving surface. Cai and Lubensky [10] derived a system of hydrodynamical equations
for a fluid membrane and considered the renormalization of the compressibility and the
dissipative coefficients. Pozrikidis [11-16] developed Waxman’s model [9]. He consid-
ered the membrane as a compressible shell with bending resistance. Miao and his co-
partners [26-28] presented a general and systematic theory of non-equilibrium dynamics
of multi-component fluid membranes. Hu et al. [1] developed an elastic energy model
based on the Frank energy of the smectic liquid crystal by introducing the director field.
The energy of the lipid directors balances the tendency to point parallel with neighbors
and the normal vectors of the surface. If all the directors are constrained artificially on
the direction of normal vectors, the energy will be reduced to Helfrich’s curvature elastic
energy as shown above. When the elastic coefficient in the director model tends to infin-
ity, they obtained a reduced model. This reduced model is very like Waxman’s model [9],
but adds one term to the in-plane stresses, so that the model satisfy the second law of
thermodynamics.

During the past several decades, a lot of numerical simulations have been performed
so far. In 1976, Deuling and Helfrich [3] explained the characteristic bi-concave disk-like
shape of the resting red blood cell, and obtained a rich catalog of axis-symmetric vesicle
shapes with spontaneous curvature by the curvature elastic energy. In 1989, Svetina and
Zeks [17] combined the bending elasticity with the bilayer-coupling hypotheses which
leads to an additional constraint. They investigated part of the corresponding phase dia-
gram of the equilibrium states. In 1991, Seifert et al. [19] systematically studied axisym-
metric shapes which minimize the bending energy and determined the phase diagram
for both the spontaneous-curvature and the bilayer-coupling models. They found a new
branch of shapes, pear-shaped vesicles, and spheres connected by narrow necks. The
occurrence of these shapes is intimately related to the budding phenomenon. In 2002,
Capovilla [18] discussed the use of the stress tensor as a basis for perturbation theory and
derived the first integral of the shape equation for axisymmetric configurations by exam-
ining the forces which are balanced along the circles of constant latitude. In 2004, Gerald
and Michael [20] used continuum mechanics to model the red blood cell’s membrane
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and numerically simulated the shapes and the stomatocyte-discocyte-echinocyte shape
transformations. Du et al. [21,22] used a variational energetic phase field model based
on Helfrich’s curvature elastic energy [2] to compute the equilibrium configurations of
a membrane. They can get many configurations, particularly discocyte and stomatocyte
types. In [24], using the similar method, they systematically analyzed the shape trans-
formations of the vesicles in the real physical 3-dimensional space and explored the non-
axisymmetric shapes and discovered new configurations. Furthermore, they considered
how to use the Euler number to detect topological change in the membrane deformation.

All the numerical methods can be sorted into two classes. One is to employ a mesh on
the membrane, which can be seen as an evolving interface, and track its motion, such as
the boundary integral methods, boundary element methods [38,39]. This kind of meth-
ods can show the interface’s exact position and local dynamics in detail. Another class
of methods is to write a system of equations on the entire domain by representing the
tension of the interface as a body force over a narrow region which covers the inter-
face. A fixed grid can be employed in the Eulerian framework, such as the level-set
method [40-42], the front-tracking method [43,44], the phase field method [22-24]. These
methods can avoid the mesh entanglement which is a difficulty for the first kind of meth-
ods. But they cannot describe the local dynamic characterization of the interface in detail
exactly. Our method belongs to the first class. We employ a regular grid on the membrane
and disperse the equations of the director model. By the numerical computing, we can
keep tracking the motion of the membrane. This method can describe the membrane’s
position and dynamic properties exactly, particularly the directors on the membrane.

In this paper, we describe three contributions. First, we employ numerical methods to
simulate the dynamics of a moving membrane in 2-dimensional space using the director
model. The membrane in 2-dimensional space is a closed curve with a director field on
it, which also can be seen as a cylindrical surface in 3-dimensional space. We study its
dynamical processes effected by the spontaneous-curvature or osmotic pressure. We can
see that the exocytosis and endocytosis can be explained by local spontaneous curvature.

Another contribution of this paper is on the relation between the director model and
the reduced model. In [1], Hu et al. formally attained the reduced model by the limiting
case of the director model. In this paper, we can see it clearly from the numerical results.

Finally, we study the membrane’s motion in 2-dimensional space with a constraint:
the area circled by the curve remains constant. In fact, the membrane is immersed in
some incompressible fluids. Thus, its inner area is constrained by the fluids. Considering
the influence of the incompressible fluids practically, we add the area constraint to the
curve artificially in order to study the dynamics of a curve remaining its local arc length
and inner area invariable.

The rest of the paper is organized as follows. In Section 2, we introduce the director
model and the reduced model in detail and reduce them in 2-dimensional space. In
Section 3, we outline the numerical algorithms for simulating the director model. In
Section 4, we present the diagrams for the simulation results, discuss in detail the various
solution branches and study the relation between the director model and the reduced
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model. In Section 5, we consider the area-constrained situation and lay out the numerical
results. In Section 6, we make some concluding remarks.

2 Introduction to two dynamical models

2.1 The director model

In this section, we introduce the director model. In [1], Hu et al. assume the membrane
composed of rodlike molecules is a Cosserat surface with a director field on it. We use
I' to express the surface. On T, they introduced Lagrangian coordinates u*(a«=1,2), and
the position of the surface in Euclidean space is R(u*,t). The Frenet coordinate system of
the surface — the tangent vectors a, and the unit normal vector n are

oR
:—, 2.1
w=5 0 (2.1)
n-a,=0, n-n=1. (2.2)

Then the metric tensor a,p, the covariant alternating tensor ¢,5, and the curvature tensor
byp can also be given. The unit director field is O. To describe the motion of the surface,
they also introduce the velocity of the surface

v(u',t)= %—1:, (2.3)
which has a decomposition
v=0"a,+0"n.

Here, the superscript & of v* means the decomposition of v along the tangent vector a,:
v =v-a,,

and the superscript (1) of v(") means the decomposition along the unit normal vector n:
o =v.n,

The same applies to other vectors. The relationships among the physical quantities are
all described in detail in [1]. We do not repeat them here.

Basing on the Frank energy for liquid crystals, D.Hu etc. discovered the elastic energy
of the director field,

k
Eel - EO“O“—F%ﬂ“‘B(O,“—l—b“) : <O,ﬁ +bﬁ)

ki —
+= e B((0,4+ba) X (0,5+bp))-O, (2.4)

where ki,k; and €; are positive elastic coefficient and k; > €1; b, is the spontaneous
curvature. The spontaneous curvature is important for the shape of a membrane. In
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the 2-dimensional space, it must be vertical to the director O and independent of time.
The comma followed by a lowercase Greek subscript, such as O ,, denotes the covariant
derivative based on the metric tensor a,5. By applying the principle of virtual work, the
torque and stress induced by the director field were determined. The dynamical equa-
tions of the director model are obtained by applying the conservation laws for the linear
and angular momentum. The following is the model equations in 3-dimensional space:

yg—j —f4 <T”‘5a5>,a—|—k2 (O(”)O“n) (2.5)
920
1$Ox—5 = (ks +61)a%PO % (0O 4 +by) g+ (k1 —€1)ePO x (O x by g)
—k0"O x ay, (2.6)
% —2Ho™ =0, 2.7)

where 7 is the density of the molecules, ¢ is the length of the molecule, f is the extra
forces (which will be taken as the osmotic force fos,mn in Section 3 or the force to keep
the area constant in Section 5.1), and H is the mean curvature. The last equation is the
incompressible condition of the surface which means any local area of the surface keeps
constant. For isotropic fluids, the surface stress tensor T*B is

T% = —T1a*F 4 J*F + (k1 +€1)a*"aP’0,,-O 5, 28
]uz‘B — Yo 5o (2.9)
C*70 = (kg —e9) a*Pa" +¢g (a”aﬁ‘S +a"“5am) . (2.10)

Without the extra force f, we have an energy estimation

d Y2 Y 00
/r<2M+2 O x

2
= - +Eel> dS:—Zeo/rS"‘ﬁS,x,gdS, 2.11)

where ,
Sup= 5 (U,X,ﬁ —i—vﬁ,“) —Z)(H)baﬁ

is the rate of strain.

2.2 The reduced model

The reduced model is obtained by k; — 4-co. While k; gets larger and larger, in the elas-
tic energy E,;, the term %kzO"‘Oa will be larger as well if the amplitudes of directors’
vibrations remain constant. To get the lowest energy, O' must be smaller. It means the
directors can not wag too much away from the normal direction. The directors oscillate
with such a large frequency that the effect of the directors will be average determined
by their equilibrium positions. Thus there is no equation for directors any longer. The
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in-plane stress T*f and the transverse shear stress k,0*O, are all changed. Based on this
idea, they obtained the ultimate equations as ko — +oc0:

ov B N
7§_f+(T a5>’a+(q n),, (2.12)
% —2Ho™ =0, (2.13)

where g% is the ultimate transverse share stress,

a_ aqnp
7 =My, (2.14)
M =C1% (B, 5—Db.s). (2.15)

Here, the tensor B.,; is another expression of the spontaneous curvature
b, =B, ;' a,. (2.16)
The ultimate in-plane stress T*? is
T = —T1a*F  J*F + M*B,. (2.17)

In this model, there are only two variables left: R and II. For this model, the energy
estimation is

d Y 2 _ «p
= /r <§yv\ +Ee,) ds = —2eo/rs Supds, (2.18)
where E, is the elastic energy

E;=C*" (Byg—bap) (Bys—bys)- (2.19)

The director model and the reduced model all contain four parts: the elastic part, the
viscous part, the visco-elastic response and the effect of the local spontaneous curvature.
Many models before them always lacked something. For example, Waxman’s model
[9] missed an elastic in-plane stress term; Capovilla and Guven’s model [18] neglects
the viscous contributions; Lomholt and Miao’s model [28] considered the mechanics of
the membrane with bending energy, but not the dynamics. The director model and the
reduced model can describe a lot of dynamic properties of the membrane, which is our
motivation to simulate these two models numerically.

2.3 The equations in 2-dimensional space

A membrane in 2-dimensional space can be seen as an incompressible closed curve in
a plane or a cylindrical surface in 3-dimensional space. In nature, there is no real 1-
dimensional incompressible fluid. Thus, in fact, the 2-dimensional membrane is an in-
compressible elastic string with no viscosity. Derived from this description, the equations
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of the director model in the 2-dimensional space are

dv_9(Ta) . 9(O"O™')
FAE ke s + fosnm, (2.20)
0 9 (90 .
VPO X —- 3 =(k1+¢€1)Ox — P ( s —|—b) —k,O'Oxa, (2.21)
1
aaz koM =, (2.22)

where s is the arc length parameter of the closed curve, x =2H is the curvature, and the
in-plan stress is reduced to a scalar T. Since in the 2-dimensional space the covariant
alternating tensor ¢, vanishes, the right part of Eq. (2.21) and the elastic energy E,; all
have only two terms left. Here, we only consider the extra force f to be the osmotic force
fosmn Which is along the normal vector.

The energy estimation is reduced to

at/(—\ 2 + +E€;> dS=0,
where k ki+er 00 90
2 N1 1Té 00 ov

Eel_zoo+ 5 <a +b)(a+b)

The initial conditions of the system of Egs. (2.20)-(2.22) are

R(s,t)],—g= R’ (s), O(s,t)];—o= 00(5)1

00(s,t
V(S/t)|t:0:VO(S)/ a(t ) OZO?<S)/
=

where the initial velocity v°(s) must satisfy the incompressibility condition (2.22). The
boundary condition is the periodic condition for the closed curve. This model is just like
a closed evolving elastic string in a plane.

Similarly, the equations of the reduced model in 2-dimensional space are

9v_9(Ta) , 9(gn)

% os s +fosm ’ (2~23)
ool
Y () =

P ko =0. (2.24)

The stresses T and g=¢(B—x); are all scalars. The reduced model is the same as Waxman’s
model in the elastic case [9]. The energy estimation is

%/r(%Mz-l—Eel) ds=0,

E,;=e(x—B)%.

It is the same as Helfrich’s curvature elasticity energy.

where E,; is the elastic energy
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2.4 The equations of tangent angles

Our primary goal is to solve the director model Egs. (2.20)-(2.22) with initial and periodic
boundary conditions. Then the reduced model (2.23) and (2.24) can be solved using the
similar numerical methods. The director model is similar to a complicated motion-by-
curvature problem. A method of using the arc length frame of reference to remove the
stiffness from interfacial flows was introduced in [45-47]. In our problem, similarly, we
need to deal with the difficulties caused by the nonlinear terms of curvature and the
incompressible condition of the membrane. Thus we use the arc length frame of reference
as well. Since the incompressible condition of the membrane in 2-dimensional space
means the local arc length remains constant, the arc length coordinate will be always the
Lagrangian coordinate. The position of the curve can be expressed by the tangent angles,
the length of the curve and the position of curve’s center of gravity. Additionally, the
incompressible condition of the curve will be satisfied automatically by the unit tangent
vectors.

There is another advantage using the tangent angle. In the system of Egs. (2.20)-(2.22)
curvature x is a very important quantity. It is hard to approximate numerically with
higher order accuracy from R. But it is much easier to compute it with second-order
accuracy from the tangent angle.

Let s € [0,L] be the arc length coordinate, |a| =1. We can assume

a=(cosu(s,t),sina(s,t))
and the outside normal vector is
n = (sina(s,t),—cosu(s,t)),

where « is the angle between the curve’s tangent vector and the positive direction of
the x-axis. Similarly, we let the unit director O be expressed by another angle 6: O =
(cosf(s,t),sinf(s,t)). Its tangential and normal components are

O'=cos(a—0), O™ =sin(a—0).

The curvature x = —da/9ds and the incompressible condition is satisfied naturally. By the
equalities

0%v 0%a 0%

— nN=—n=

s or o’

P _Pa (o

oros * " 0T\t )
Eq. (2.20) is reduced to two equations of «,

1 .
vy =2Tsns+ Tevgs + Ekz [(ﬁg +a?)sinB — Bss cosp], (2.25)
1 .
—y (oq)2 =T,—T (ocs)z + Ekz [2Bs0tscOS B+ s SINB]+ fosmits, (2.26)
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where p=2(x—0) and the subscript t,s means the derivative of time and arc length pa-
rameter. Since the spontaneous curvature b is vertical to the director O, it can be replaced
by

b=1(s)(—sinb,cosb),
where [(s,t) is a scalar representing the length of b. Eq. (2.21) is rewritten as an equation
of 6 as well

YO = —kacos(a—0)sin(a—0) +k(6ss+1s), (2.27)

where k = ki +¢1. The variables in these three equations are «,0,T. Eq. (2.26) can be
viewed as a constraint of « and T. If we know the angles «,6 and their velocities ay,6;, the
positions and velocities of curve and directors can be resolved by

aRa(:,t) =a(s,t), O(s,t)=/(cosb(s,t),sinb(s,t)), (2.28)
ov(s,t) 20
3%~ um Ox—=r=0, (2.29)

with the periodic boundary condition and the integral conditions

/vds:/vods, i/Rds:/vds:/vods.
r r ot Jr r r

These two integral equations tell us that the curve’s gravity center moves in a constant
velocity [.vods. In the numerical simulations, we always let the initial velocity vy satisfy
Jrvods=0 to fix the gravity center. The initial conditions are changed into

a(s,0)=a’(s), 6(s,0)=6"(s),
ay(s,0)=a7(s), 0:(5,0)=067(s).

The initial data of angles can be obtained by

dR"
(cosa’,sina’) = —, (cos#’,sing’)=0",

ds
0
=2 99 =0 x 0.
ds

If v=0and %—? =01in the director model without extra forces and spontaneous curvatures,
we get the equations

1 .

2T o+ Togs + Ekz [Bsscosp— (B?+a2) sinB] =0, (2.30)
1

TSS—T(ocs)z-l—Ekz [2Bsascos B+ agssinf] =0, (2.31)

—kpcos(a—6)sin(a—0) +kbss =0. (2.32)
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It is easy to solve a =27s/L, and 6 =« or 6 =a+ 7. The solution § =« is unstable. Thus
the steady state is a circle with director O parallel to the normal n.

The equations of the reduced model (2.23) and (2.24) can also be converted to angle
form,

Yo =2Tsos+Tass—¢ [(Bs +ass)ss — (Bs +“ss)“§] ’
—()? = Tos — T (ts)* €[ (Bs+ttss ) ss +2(Bs +ss ) s,

which are similar to the director model without the angle of directors 6.

3 Numerical method

We assume the length of the curve L to be 1 and take the division of the curve and time
O0=s59<s1< - <sny_1<sy=1,
s;=iAs= %, i=0,1,---,N; t]-:jAt,

where At is the time step size. Let oc{ = oc(si,t]'), which is the same as other variables.

To assure higher accuracy of the discrete initial conditions, we introduce the time step
t_1=—At and the corresponding physical quantities, such as

a =a(si ).

Then we have the discrete initial conditions with the second-order accuracy

061—06-_1

oc?:oco(si), lZAtZ :rx?(si), (3.1)
ol _p1

67 =6°(s:), SAr =67 (s:)- (3.2)

Egs. (2.25) and (2.27) look like wave equations for &, thus we use the central difference
formulas on time and space. Here we show only the discrete formula of time. The dis-
cretizations on space all use the central difference formula.

1 0 J
= [2Tss+Togs+ Ekz [(,35 +ocs)sm,8—ﬁsscos,8] g (3.3)

1

zx?rl —20({.'—1—0471
At?

6" —20/+0/"
At?

Eq. (2.26) is a constraint for « and T, which means « and T must satisfy this equation on
each time step. Similarly, we can also use central difference formula.

— [—kpcos (x—08)sin (a—6) +k(6ss+1; )] (3.4)

j+1 j—1 2 j
o — 1 .
— (W) = [Tss_T(Dés)z-i‘zkz [2Bs0tscOS B+ ttss SINP| 4 fosmis - (3.5)
1
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By letting j =0, Egs. (3.3), (3.5) and (3.4) become

al =200 a1 1 . 0
i A;2 i :[ZTsocs—l-Tocss-i—Ekz[(ﬁg-i—oc?)smﬁ—ﬁsscosﬁ]}‘, (3.6)
1
a1\ , 1 0
— 12At1 :I:TSS_T(‘XS) +§kz[2,35ascos,8+ocsssinﬁ]+fosmocs}‘, (3.7)
1
01 —209 40!
%z[—kzcos(oc—G)sin(zx—G)—I—k(Gss—l—ls)]?. (3.8)

Putting Eq. (3.1) into (3.7) gives a system of linear algebraic equation for TI-O. Then the
pressure Ti0 can be solved. By the discrete initial conditions (3.1) and (3.2), the quantities
at time f_; can be expressed by the quantities at time t¢,f;

a7t =af —2Ata (s;), (3.9)
0.1 =0 —2At6) (s;). (3.10)

1
From Egs. (3.6) and (3.8), we can get two equations; one is for a} only, another is for 6.
Thus we obtain TP,a},a?,G},G?.

Assuming we have the values of le 71,04

]

PP - ‘
i,zxﬁ ,9?,6{ , then 9?+ can be easily solved

by Eq. (3.5). Egs. (3.3) and (3.5) depend upon aé“ and le , but the second one is a non-

linear equation for rxf“. We tried the nonlinear iteration method to solve this system of

equations, but it is found not convergent. Trying to linearize Eq. (3.5), we introduce the
"velocity” of the angle at the middle time b1 = (j+3)At as

PR

ey —a

(W)=

Then Egs. (3.3) and (3.5) can be expressed as

i+2 =2 ;
o). — () 1 .
(); At( )i :[szas+Tocss+§kz[(ﬁ§+a§)smﬁ—ﬁsscosﬁ] PRERTY

1
il i1
_7((“"‘)7*(%)1 :

2
5 ) — [—kycos(x—0)sin(a—0)+k(6ss+15))).  (3.12)

1
1

e )
2

Considering the nonlinear part of («¢)
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which is a second-order approximation of a?, we use a linear approximation instead of

il il
()] 2 ()] 2
It has the same order of accuracy. Eq. (3.12) is changed into

— ()T () = [—kacos (a—0)sin (a —8) +k(Bss + 1)) (3.13)

i

Now, the system of Egs. (3.11) and (3.13) is a closed linear system of variables (oq)] : and
Tl] , which can be solved easily. Then by Egs. (2.28) and (2.29), we can obtain R] 1 and

V]i+ using the Discrete Fourier Transform Method. There are three computing steps.

Step 1. Assuming the initial data: a?,@?,(at)?,(Gt)? are known, we can solve
le,Gll,(oct) by Egs. (3.6)-(3.10).

Step 2. Assuming ocf,zxf , (zxt)ﬂ_i,(?f,@fl are known, we can solve 6{“ by Eq. (3.4)
. 1 .
and (oct)f+2 by Egs. (3.11) and (3.13). Then ocfrl can be resolved. Repeat this
step until the time T.

Step 3. By Egs. (2.28) and (2.29), we obtain the curve R and the director field O.

For the reduced model, the equations of « are similar, and there is no equation for
the director field. Thus, we can use similar numerical discrete equations and algorithms,
without needing to solve the equation for 6.

4 Numerical results

We now present some numerical results, which illustrate the various vesicle structures in
the 2-dimensional space and the energy landscape. The results also demonstrate clearly
that the computing method can achieve the second order accuracy in both time and space.
If there is no special explanation, the following values for the parameters will be taken:
¢$=0.001, #=0.01, £=0.0001, k1 =0.001, k,=0.002. All the numerical computing programs
run on a PC with Pentium(R) IV 3GHz CPU.

4.1 The free membrane

Firstly, we simulate the director model without the osmotic pressure and the spontaneous
curvature. As said above, the steady state in this case is just a circle with all directors par-
allel to the normal vectors. Since there is no energy dissipation in the 2-dimensional
space, the curve can not stop moving by itself. Fig. 1 shows the numerical results follow-
ing the initial state: a rest ellipse, for time T=0.00, T=0.45, T=0.90, T=1.80 respectively.
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T=0.00 T=0.45 T=0.90 T=1.80

Figure 1: A rest ellipse. The four graphs display the numerical results at the time T =0.00, 0.45, 0.90, 1.80
respectively. Dotted curve shows the initial state; solid curve shows the current state; the dashes on the curve
are the directors.

In each subgraph, the initial state is displayed as a dotted curve and the current state of
the membrane is displayed as the solid curve, on which the dashes are the directors. The
graphs in Fig. 2 show the images for the total energy, kinetic energy and elastic energy
respectively. In the first image, we subtract 0.01104 from the total energy to study the os-
cillation. The total energy should be a conservation quantity, and in Fig. 2, the amplitude
of its range is about 10~° order of magnitude which can be seen as numerical errors. The
graphs show the three kinds of energy all oscillating strongly. Because the length of the
director is very short, the directors wiggle fast, causing the numerical oscillation.

x107
10

&
T

Total energy
minus 0.01104

x10°

Kinetic Energy

0.012

0.011
0009 Il Il Il Il Il Il Il Il Il
0 1 2 3 4 5 6 7 8 9 10

Elastic Energy

Figure 2: Three energies oscillate strongly, because the directors are so short that they wiggle in a large frequency
fast. The total energy should be a conservation quantity. The first graph shows that the amplitude of the total

energy’s range is about 107, which are numerical errors.

Here, we use this numerical experiment to verify the algorithm’s second order accu-
racy in both time and space. We compute the equations with time steps At=10"3, 11073,
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Table 1: The algorithm's second order accuracy.
At 0.001 0.0005 0.00025

J(At) 4.004 4.001 4.000
N 32 64 128

K(N) 3579 3.863 3.972

%10_3, %10_3, %10_3 and the number of discrete points N=26,27 28 29 210 from T=0to
T =1. Denoting the quantity

[|R(N,At)=R(N, 3At)||
[|IR(N,3At)— R(N,4At)H

J(At) =

with N=128, and
|IR(N,At) —R(2N,At)||

K(N)= |IR(2N,At)—R(4N,At)]]|

with At =103, we obtain the following results (see Table 1). J(At) and K(N) approxi-
mately equal to 4.00. It means the numerical algorithm has second-order accuracy.

T=0.00 T=0.40 T=0.80 T=1.60

Figure 3: Rest circle with tilted directors. The four graphs show the numerical results at the time T=0.00, 0.40,
0.80, 1.60 respectively. At the beginning, there is a tilt angle T between the director and the normal vector.
The directors pull the curve to rotate to make themselves return to the normal directions quickly (from T=0.0
to T=0.80). Then they wiggle to another side of the normal directions (T =1.60) and then move back.

We design a numerical experiment to study the effects of the director field. The initial
data is a rest circle and all the directors do not point parallel with the normal vectors.
The initial tilt angle between the director and the normal vector is 7. We take a large
length of the director: ¢ =1.0, to get a clearer phenomenon. The graphs in Fig. 3 display
the numerical results for T =0.00, 0.40, 0.80, 1.60. We circle a point to show the rotation
of the circle clearer. Since the tilt director tends to return back to the normal direction,
the curve is pulled to rotate anticlockwise by the directors (T =0.40). While the directors
point parallel with the normal directions (T=0.80), the curve has the lowest elastic energy
but the largest kinetic energy. The directors go on wiggling to another side of the normal
directions (T =1.60), and then come back pulling the curve to rotate clockwise. In Fig. 4,
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Figure 4: The graphs show the total energy minus 0.08545, kinetic energy and elastic energy respectively. The
total energy should be a conservation quantity and the first graph shows that the amplitude of its range is about

1077, which are numerical errors. These three energies have no strong oscillation which is very different from
the process of ellipse (Fig. 2), because the directors are much longer and wiggle in a slow frequency.

the energy does not oscillate strongly, which is different from Fig. 2, because the director
is so long that it wiggles in low frequency.

4.2 The effects of the osmotic pressure

Secondly, we simulate the director model with the osmotic pressure. In nature, the cell’s
volume must be remained in a range. The cell controls its volume by preserving the
concentration inside equaling the outside. If the concentrations inside and outside are
different, a pressure will push water to permeate through the membrane from the lower-
concentration side to the higher side. Based on this point of view, the osmotic pressure
F,s is in direct proportion to the difference between inner and outer concentration, and
its direction points parallel with the normal vector

1 1
Fosm:fosmn:CO <V_Vo> n,

where V and Vj are the current and balance areas respectively, ¢g is a positive parameter.
The osmotic pressure contributes a volume energy to the total energy, and the energy
estimation is

0 Y, 2. 7P 802
&/r F V5 |Ox 5

1%
+Eel dS—i—Co (——h‘lV) =0.
Vo



P. Song, D. Hu and P. W. Zhang / Commun. Comput. Phys., 3 (2008), pp. 794-821 809

The membrane’s equilibrium shape minimize the elastic energy plus the volume energy.
But the volume term (V/Vy—InV) reaches minimum at V = Vj, which is not a circle.
Thus the structure of the membrane has to balance the elastic energy and the volume
energy and the steady state is no longer a circle. Therefore, the osmotic pressure can be
considered as constraint of the membrane’s inner area, not to leave the area invariable,
but to lead the area to the anticipated value. There are some more interesting phenomena.

If the initial state is a rest circle, the osmotic pressure is isotropic at the beginning. But
with the accumulation of numerical errors, the osmotic pressure can produce anisotropic
effect to make the circle asymmetric. The membrane moves slowly to be concave in two
opposite directions and convex in two vertical directions, which looks like a biconcave
cell. To accelerate this process, we add a two-periodic initial velocity to the initial condi-
tions:

vl = —isin(47rs), o) = iCOS(‘lTCS), s€[0,1]. (4.1)

The dynamic process is similar with the rest circle initial state. The graphs in Fig. 5 show
the numerical results of a circle with two-periodic initial velocity at time T = 0.0, 0.50,
1.50, 2.60, 3.00, 3.50. While the curve reaches the minimum volume state (T =1.50), it will
moves back to a biconcave shape in the vertical direction (T =3.00, 3.50).

T=0.00 T=0.50 T=1.50
T=2.60 T=3.00 T=3.30

Figure 5: Osmotic pressure: the initial state is a circle with the two-periodic initial velocity (Eq. (4.1)). The
first image is the initial circle. By the two periodic velocity, two opposite parts will concave (from T=0.00 to
T=1.50). Since there is no dissipation, the curve will move back (T =2.60) and then concave in another two
directions (T =3.00, 3.30).

If we take three-periodic initial velocity

ol = —isin(67rs), o) = Zcos(6ns), s€[0,1], 4.2)
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the circle is concave in three directions and convex in other three opposite directions (see
Fig. 6). The curve looks like a triconcave cell (three concave parts).

T=0.00 T=1.00 T=1.30

T=2.00 T=2.50 T=270

Figure 6: Osmotic pressure: the initial state is a circle with three-periodic initial velocity (Eq. (4.2)). The first
graph is the initial circle. By the three periodic velocity, three parts will concave (from T=0.00 to T =2.00).
Since there is no dissipation, the curve will move back (T =2.50, 2.70) and then concave in another three
directions similar to Fig. 5.

Actually, because the elastic energy of the biconcave steady state is lower than the
triconcave state, the dynamic process of the membrane with no initial velocity is bicon-
cave not triconcave. The triconcave state is metastable. The three-periodic initial velocity
helps the membrane go beyond the energy barrier.

4.3 The effects of the spontaneous curvature

Thirdly, we consider the effects of the spontaneous curvature. Spontaneous curvature
is important for the membrane’s shape. The origin of spontaneous curvature is very
complex. There are two kinds of explanation. One is about the membrane’s bilayer struc-
ture. The outer monolayer should have more lipids than the inner one. The difference
between the number of two layers causes the spontaneous curvature, which is a global
quantity independent of the space. Another one is about the binding of proteins, such
as the clatharin coat protein, which support the membrane to keep a certain shape. This
property causes the local spontaneous curvature. In the 2-dimensional space, the global
spontaneous curvature has no effect. From the Helfrich’s curvature elastic energy, we can
understand this clearly. The curvature elastic energy in 2-dimensional space is

EH:/k(x—co)zds:/k(xz—ZcoK-i-c%)ds.
r r
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Since the arc length of the curve and the integral of the curvature on the curve are con-
stants, the global spontaneous curvature has a constant effect on the elastic energy. Thus
we only consider local cases. In the director model, the spontaneous curvature is a vector
b vertical to the director O. Here, we set two opposite values to b,

b="7sin[87(s— %)](—sinf,cos0), se[Z, %], 43)

b=(0,0), s€(0,75)U(5%1), '
and

b=—7sin[87(s— %)](—sinb,cosh), se[Z, ], (4.4)

b=(0,0), s€[0,Z)U(53,1). '

The graphs in Figs. 7 and 8 show the numerical results of the director model with the
spontaneous curvature given above. Fig. 7 is for (4.3), which is an endocytosis process:
the part of the membrane where the spontaneous curvature is positive will concave to
form a small bubble in the main body, similar to the white blood cell’s phagocytosis.
Fig. 8 is for (4.4). It is an exocytosis process: the part which has negative spontaneous
curvature will convex to form a small bulb out of the main body, similar to the cell’s
gemmation.

T=0.00 T=0.40 T=0.60 T=1.00

Figure 7: Spontaneous curvature: endocytosis. The directors at the part where the local spontaneous curvature
does not vanish will no longer point parallel with each other, but have negative angles. It causes the curve to
be concave.

T=0.00 T=0.40 T=0.60 T=1.00

Figure 8: Spontaneous curvature: exocytosis. The directors at the part where the local spontaneous curvature

does not vanish will no longer be parallel with neighbors, but have positive angles. It causes the curve to be
convex.
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4.4 The relation between the director model and the reduced model

The reduced model is a limiting case of the director model. In [1], Hu et al. proved it
formally. The reduced model is similar to Waxman’s model [9] and they are the same in
the 2-dimensional space. We use a similar numerical algorithm to simulate the reduced
model.

Table 2 gives the L? errors

‘ ‘Rdirector ( T) —Ryeduced ( T) ‘ ‘2/

which is the error between the director model and the reduced model with different k,
at time T = 1. The initial state is a rest circle with three-periodic initial velocity and the
directors being parallel with the normal vectors in the director model. From the errors,
it is so clearly that as k; tending to infinity, the dynamics process of the director model
converge to the reduced model. Otherwise, while k; tends to infinity, the deflexion of the
director O from normal position will be smaller and the velocity of director’s swing will
get larger. The fast wiggling will lead to the shake of the kinetic energy (see Fig. 9).

Table 2: the error ||Ryirector(T) — Ryeduced(T)||2 between the director model and the reduced model for different

k>. The initial state is a rest circle with three-periodic velocity. Time is T=1.0. As k, — oo, the error tends to
zZ€ro.

kZ ‘ ‘Rdirector (T) - Rreduced (T) ‘ ’2
0.1 2.28583 x 101
0.2 1.37893 x 10!
0.4 6.79945 x 102
0.8 3.10456 x 102
1.6 1.29714 x 102
3.2 4.60772 %1073
6.4 242708 x 103

5 The director model with area constraint

In nature, the membrane is in a complex environment. There are many things, such as
water, protein, lipid, filling around the membrane. These things have a great influence on
the membrane’s dynamic properties. In this section, we consider the effects of the inner
incompressible fluids partially: the area circled by the membrane in the 2-dimensional
space is constant. We add the area constraint to the director model, which can describe
the dynamics of a curve leaving its local arc length and inner area constant.

5.1 Adding the constraint to the director model

Based on the energy law, physical dynamic processes are optimal in minimizing the total
energy. A process remaining a quantity constant means its energy estimation has a La-
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Figure 9: Contrast between the director model and the reduced model. The x-axis is time T, y-axis is the
kinetic energy. The solid line is for the reduced model. The dotted line, the dashdot line, and point line are for
k>=0.1,0.8,12.8 in the director model respectively. The dynamic process of the director model converges to the
reduced model as k; tends to infinity.

grangian term to express the constraint. Thus, we add a Lagrangian multiply fy, which
depends only on time but not on space, to the energy estimation to preserve the area:

2

%0 +E dS—fv<V—V0). (51)

(1,1
Etotal—/r E’YM +§'Ox¥

Here Vj and V are the initial and current areas. V' can be solved by
1
V:—/R~nds. (5.2)
2J)r

By applying the principle of virtual work, we add a ”"volume force” fyn to the director
model. Without other extra forces and the spontaneous curvature, the dynamic equations
are

ov 9d(Ta 9(0MOln
’)’g = (as ) +ko ( % ) + fvn, (5.3)
9?0 0?0
’yquxW:(kl-i—sl)OxW—kzOlea, (5.4)
1
aais — o™ =0. (5.5)

Now, we need another equation for fy to close the system of equations. The area V
remains constant, which means

av
— (n) 4o —
7 /rv ds=0.
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Taking the time derivative of this equation, we have

da2v ov(m)

W: l_‘TdS:O.

Simplifying the middle part

ov(") d(v-n)
Sy ds—/r 5 ds

:/ (a—v-n-i-v-a—n) ds

d
_/[ T;c—i—k2 o) 1)s+fV> +v- a—?] ds.

We can get another equation for T,v, fy

2
d—— fv+/< Tr+v- %—‘t‘> ds=0, (5.6)

where L is the length of the curve. From this equation, we can express fy by other vari-
ables. But notice that this equation is just a necessary but not a sufficient condition for V
to remain constant. Thus, we cannot use this equation alone. We need the condition

V=", (5.7)

to which we must pay more attention in the numerical simulation. The system of Egs. (5.3)-
(5.7) is the director model with the area constraint.

The term fyn looks like the osmotic pressure. They are all the inner area constraint
of the membrane, but have different effects. The osmotic pressure comes from the differ-
ent concentrations between the interior and the exterior of the membrane. It causes the
membrane’s inner area tend to the expected value. fyn comes from the incompressible
fluid filling in the membrane. It leaves the membrane’s inner area constant.

5.2 Numerical method and results

As in the director model, we introduce the angle a and 6 as well, and have the similar
equations

1
Yoy = 2T, txs—l—TDcss—i—Z 2 [(B2+a2)sinB—Bsscosp], (5.8)
1
—y(a;)*=Ts—T (ocs)z-l—EkZ [2Bsascos B+ asssinB] + fyas, (5.9)
YOy = —kpcos (o —6)sin (x —0) +kBss. (5.10)
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Eq. (5.6) can be changed into

P2V 1 )
ﬁ:LfV—i—/r(;Tas—l—atv >ds:O. (5.11)

This equation is also a constrained equation for a; and T. Unfortunately, v cannot be
expressed by the angle « directly and only can be solved by

ov
— = —;n, /vds:/vods, vl=v-n,
0s r r

with the periodic boundary condition. We can see that v! is dependent on a;, but it can
not be expressed by a; explicitly.

Taking the same division of the curve I' and the same symbols, the central differential
formulas of Egs. (5.8)-(5.10) are

BN j
()] At(“t)z _ [2]"5“54_]"“554.%](2 [(‘B§+a§)sin‘8—ﬁsscos‘8]] K 6.12)

1

i1 i1 1 . J
—’Y(lxt)frz (M)Z 2 _ [TSS—T(KS)2+Ek2 [Zﬁsascos/%—l—ocsssmﬁ]—I—fvocs] g (5.13)
1
o/t 260/ 16/
At?

= [—kzcos(oc—f))sin(oc—(?)+k655]{. (5.14)

To get the discrete equation of (5.11), we must notice that Eq. (5.11) is a necessary but not
a sufficient condition. In the discrete situation, what we want is to maintain V/*1 =V} by
Vi, Vi—1. Hence, we can set up the discrete equation

Vo—2Vi4Vvi—t
At?
. N-1 Tj a]: —a]: (Dé )]:Jr%-i-(oc )]7% (Ul)j+%+(vl)]:7%
— 1 Zi il Tiel ti ti ! As. 1
fV+i;0 Y 2hs 2 2 > 613)

Putting this equation into Eq. (5.13), we can eliminate f‘]/ to get the equations containing
. l . .
only (zxt)frz ,TZ.] ,9?“ (! is dependent upon a; implicitly) . But in Eq. (5.15) there is a
nonlinear term which is a discrete form of a;v!. We can use the linearized term
31y
(ar); 2(07); °
instead, but it is not a second-order approximation. Thus, we use nonlinear iteration by
the steps below to solve the system, with the initial data solved by the linearized formula.
Below we summarize the steps used in our numerical algorithm.
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Step 1. We can get the initial data (a;

Eq. (5.15);
1
Step 2. Assume we know (« )]+2 T]k we also have (v l)frz’k. By the equations
j+ 3kt =3 ik
ar); — (ay);
'y( t), - ( f)z = [ZTas—i—szsﬁ— kz[(ﬁs+zx )sin,B—,Bsscos,B]] ,
1

)] 30 )’le,(o) by the linearized equation of

i+1 k+1 i1 1 ) jk+1
—’y(zxt)fz + (zxt)f 2 — [TSS—T(as)Z—I- Ekz [Z,BSzxscos,B—i—ocsssm,B]—i—fvzxs} ,

i

. . j i1k i1 1 i1
W—2Vi+vitt f:Nf [Tocs]§+(m)§+2 +(ay)) 2 (01t ak 4 (o)) 2 N
Af? Vo=l oy 2 2 ’

which is a linear system for (« t)] 3(kD) T] (k1)

Then repeat Step 2 until convergence.

and fV, we can solve them.

1 , ,
By these two steps, we can get (“t)rrz and T/, and then rx?“ is obtained. The whole

numerical algorithm to solve the area constraint model is similar to the algorithm we
used to solve the director model. The difference is that we have to use iteration to solve
the quantities in the next time step.

Let V be the accurate area enclosed by the curve. We use the trapezoidal rule to

calculate it. Its error is O(As?) by the periodic boundary condition:

\77“:% / R0/t ds=VItl L O(As?), (5.16)
T
1 i
Vitl= Y R .0/ As. (5.17)
i=0

Then it is easy to get

Vitl—2vi4 il 1 oni o il -1y AS
AP :Z<Ri n; —2R;-n;+R; -n; )A—tz
j+1 j A1 ni-l i+l -1
_ Z R; 2R-|-R (]H—I—Zn]—l—n )+Ri —Ri n —m
A2 2At 2At

1= (n* n ! i1 pi-1y ) DS
2 Z( =R +R)-n)) T
.1 .]
T] , J+a2 J=2 ,
= —Z 1“ s 1As+2 (2); er(“t)' As+Lfl,+0(1) (5.18)
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by Eq. (56.3). Compared with Eq. (5.15), the numerical error of the accurate area is
VIl =Vy+O(A? +As?). (5.19)

Here, we use the following curve without velocity and all the directors pointing in
normal directions to be the initial state,

xX= (% +0.15cos;7> cos?,

= 1-i-isin sin

where 17 € [0,27) is a parameter. This initial curve looks like an egg (see Fig. 10), whose
bigger part is on the left. The motion of this curve is very simple. The bigger part of it
will move to right and then move back (see Fig. 11 for time T=0.00, 0.30, 0.60, 0.90). From
the numerical results, the area V oscillates strongly (see Fig. 12. But the amplitude of its
range is only about 3.0 x 10~8. Our algorithm is found to be powerful in maintaining the
area constraint.

Figure 10: The initial curve, looks like an egg.

T=0.00 T=0.30 T=0.60 T=0.90

Figure 11: Area constraint. The graphs show the numerical results at time T=0.00, 0.30, 0.60, 0.90 respectively.
The dotted curve shows the initial state. The bigger part moves to the right and moves back.
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Figure 12: The area minus the initial area. It oscillate strongly, but the amplitude is only 3.0x 10~8, which is
the numerical error.

6 Conclusion

In this paper, we study the dynamical deformation of a vesicle membrane in the 2-
dimensional space by the director model. Several interesting phenomena are discovered
from numerical simulations, especially the actions affected by the osmotic pressure and
different local spontaneous curvatures. The osmotic pressure can lead the membrane to
the shape which circles the anticipant area. With different initial velocities, the membrane
has different dynamic processes. The local spontaneous curvature can influence the di-
rectors’ stable positions and introduce the deformation in some part of the membrane.
The vital actions exocytosis and endocytosis are all caused by the local spontaneous cur-
vature. Moreover, by some simulations with different values of the elastic coefficient kj,
the relation between the director model and the reduced model is clear. Finally, con-
sidering the incompressible property of the fluid in the membrane partially, we add the
inner area constraint to the director model. From the numerical results, we can study
the dynamic motion of a membrane whose local arc length and the inner area remain
constant.
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