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Thermodynamically Consistent Models for
Two-Component Vesicles

Frank HAURER?, WiELAND M ARTHZ, SHUWANG L 13, JOoHN L OWENGRUB?,
ANDREAS RATZ® & AxEL VoicT®

AgstracT: We devel op thermodynamically consistent continuum modelsfor twocomponent vesicles. The models
are derived using energy dissipation and mass conservation and account for volume constraints, global area
constraints or local inextensibility constraints and can be coupled to fluid flow in- and outside of the membrane.
Theresulting systems of equati onsare higher order geometric evol ution problems of Willmoreflow type, or in the
case of coupling with fluid flow, involving higher order generalized Laplace-Young jump conditions, which are
coupled to higher order convection-diffusion problems for a scalar concentration field of Cahn-Hilliard type on
the evolving surface; Constraints require solution of a non-local system which can be obtained explicitly for
global constraints and requires solving anon-local eliptic partial differential equation ontheevolving surface for
thelocal constraints. Numerical examplesfor selected problems are provided.

1. INTRODUCTION

Biological membranes are a mixture of many different types of lipids, cholesterol and protein components.
Their relative amounts and compositions may differ between functionally distinct domains. Irregularities
in lipid packing at domain interfaces may result in increased membrane permeability [12, 44, 35] which
has important consequences for drug delivery. The increasing interest in lipid membranes results from the
hypothesized coupling of lipid phase segregation in the membrane to fundamental cell biological processes,
such as membrane signaling and trafficking [52] and drug delivery. Sub-domains of distinct curvature may
have precise biological properties [41], thus an understanding how lipid components can dynamically
influence to membrane morphology is of utmost importance. Changesin lipid composition are assumed to
assist or antagonize the membrane curvature on one hand, but also may respond to the curvature by
concentrating in domains of apreferred curvature. Strong curvature variations have recently been observed
experimentally in giant liposomes, where different lipids segregate according to their chemical properties
and lead to the formation of buds (e.g., [6, 5, 51]).

In this paper we derive thermodynamically consistent continuum models to describe the dynamics of
vesicles. Such models provide a good modeling alternative to reach larger length and time scales that can
be accessed by discrete methods. The derived model is an extension of the classical Helfrich model [31] for
an elastic membrane. It results in coupled systems of higher order geometric evolution equations for the
membrane or higher order boundary conditionsfor afluid flow problem inside and outside of the membrane
and convection-diffusion equations on the evolving membrane which are coupled to non-local problems to
enforce constraints on the evolution.
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Models and investigation of equilibrium configurations as the minima of a suitably defined surface free
energy for such a setting have been considered in various contributions, see e.qg. [2, 36, 56, 49, 28, 33, 27,
29, 30, 5, 51, 54, 14, 13]. Recently, investigations on equilibrium equations and stability analysis for
multicomponent biological membranes have been made in [26]. Dynamical simulations until now have
been limited to small deformations or special shapes and simplified models, see e.g., [55, 32, 42, 40, 25].
Phase field models have also been used to smulate the equilibrium [57] and the dynamics [11,39] of
multicomponent vesicles. Very recently, a thermodynamically consistent model for the dynamics of
two-dimensional multicomponent membranes in Stokes flow was presented and solved using a boundary
integral and parametric method [53, 8]. Here, we present general models valid in two and three dimensions.
A similar derivation for some problems which are included in our general approach have been given in
[21], see also [43] for a related approach and further analytic results.

The outline of the paper is as follows: In Section 2 we specify notations and shortly introduce some
differential geometry needed to define derivativeson evolving surfaces. In Section 3 we define the membrane
energy, consisting of elastic bending, surface tension and line energies. In Section 4 we derive
thermodynamically consistent dynamics models, which include volume conservation, area conservation,
local inextensibility and coupling of the vesicle dynamics to viscous fluid flow. In Section 5 we briefly
discuss different numerical approaches and show numerical results. In Section 6 we draw conclusions and
in the Appendix we give a motivation for approximations for the Gaussian bending energy and the line
energy and compute the variational derivatives of the energies.

2. NoTaTION

We introduce some differential geometric notations and recall some basic identities. A more detailed account
is given in Appendix A, see also [19, 16, 58].

We consider a time intervall [0, T] < R, T > 0. I'(t) be a compact smooth connected and oriented
hypersurface in R® without boundary. Furthermore, we assume the hypersurfaces I'(t) are given as
I'(t) = X(-, t)(M), where M isa suitable reference manifold, e.g., M = S?the unit sphereand X : M x [0, T] » R3
with (z, t) — X(z, t) = X(z, z, t) and z=(z, Z) € M and t € [0, T]. We define the velocity
V(-, t) : T(t) x [0, T] > R3of apoint X(z t) € T'(t) by

v(X(z1),1) ::%X(z,t).

Denoting with n(-, t) : T'(t) x [0, T] — R3the (inner) normal to I'(t), the velocity v may be decomposed
into normal and tangential components through

v=Vn+T
withV = v - n the (scalar) normal velocity and T := v — Vn the tangential velocity.
The material derivative f of afunction f = f (X(z t), t) defined on T'(t) x [0, T] is given by

f(X(z1),t) :Z% f(X(z1),1).

If f (-, t) is defined on a neighborhood of T'(t), defined as an open subset N(t) € k3 containing I'(t), the
material derivative may be expressed as

f=6f+v-Vf, (1)
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where - denotes the Euclidean scalar product in R® and V denotes the usual gradient on R3, acting on the
gpatial variables. We point out, that here and in the following, we use the same symbol f for the function
f=1(-, t) onI'(t) x [0, T] and an extension to a neighborhood on N(t) x [0, T].

The tangential gradient of afunctionf =1(-, t) : I'(t) x [0, T] »> R isgiven by

V. f(X(z,t),1) = Zzl g’ (X(z,1),1) 6, f (X(z,1),1)0,X(z1),

ij=1

where (g") denotes the inverse of the (induced Riemannian) metric tensor given by g, = 0.X - ajx
(see Appendix A for more details). The tangentia derivative of a (not necessarily tangential) vector field
f=f(,t): T(t) x [0, T] »> R3isgiven by

V.- f(X(zt),t) = 22: g’ (X(z 1), t)of -9,X.

i,j=1
Moreover, the mean curvature H of I'(t) isgiven by H = x, + x,, with «, and «, the principle curvatures

of I'(t), and H may be expressed in terms of the normal vector field n asH = -V - n, which leads to the
following identity

V. V=V (Vn+T)=-VH+V_-T. )

3. ENERrRGY

We now define the surface energy for a vesicle and discuss the various terms corresponding to elastic
bending, surface tension and phase separation. Vesicles are closed biomembranes consisting of different
typesof lipid and cholesterol and serve asimportant, but smplified models of more complex cell-membranes.

3.1 Single-Component Vesicles

The spontaneous-curvature model [31] is based on the assumption that the surface energy associated with
bending of the membrane can be expanded in the mean curvature H = «, + x, and the Gaussian curvature
K =, x,. The energy E consists of the following parts:

» the normal bending energy
E = %L by (H —H,)2dA

» the Gaussian bending energy
E,= [ bKdA

» the excess energy associated with the presence of the membrane
E,= | vdA

with H, the spontaneous curvature, which reflects a possible asymmetry of the membrane, justified by a
different chemical environment on both sides of the membrane. H is usually assumed to be spatialy
homogeneous. b, is the normal bending stiffness, b is the Gaussian bending stiffness and vy is the
surface tension. For constant b the Gaussian bending energy is proportional to the Euler characteristic of
the membrane (Gauss-Bonnet theorem) and so changes in shape, which preserve the topology do not
contribute to the energy. Hence E_ can be dropped for such cases. For a review of models based on this
energy werefer to [50].
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Summarizing, we obtain the following membrane energy E of a single component vesicle without
topological changes.

E[r] = E,[I] + Ed[T] :%L by (H —Ho)*dA+ | ydA. 3)

3.2 Two-Component Vesicles

For atwo-component vesicle the specified energies depend on the component and in addition a line energy
has to be defined along the phase boundary separating the different components. Such an energy reads
E = jc tds, with C being the separating curve along the surface and t being the line tension. Equilibrium
shapes of atwo-component lipid bilayer membrane were first obtained using such an extended model via
constrained energy minimization in [33]. With different values for the Gaussian bending stiffness for the
different phases the Gaussian bending energy can no longer be neglected. However, for different constant
values of b in the different phases the Gaussian bending energy contributes an energy proportional to the
geodesic curvature k4 of the curve C. Thus, by the Gauss-Bonnet theorem, the Gaussian bending energy
becomes E = j < [b.] x5ds and is even present without topological changes where [b ] € R denotes the
jump of b accross C. Through a comparison of experimental vesicle geometries and numerical results the
importance of the Gaussian bending energy in multicomponent vesicles has recently been verified in [5].

In[55] an order parameter u wasintroduced to characterize the different components. Since u isdefined
as the non-dimensional difference of the concentrations of the two types of lipid molecules, one has
u € [-1, 1], where the two components are characterized as the pure phases withu =1 and u = -1,
respectively. The line energy E_ is now approximated within a phase-field representation as follows:

E = L T [% IV ulf + %W(u)] dA

with & asmall parameter and W(u) a double-well potential with minimafor u =—1 and u = 1. Furthermore
now the parametersin E,, E_ and E_ do depend on the composition u. We have b = b (u), H, = H (u),
b, = b,(u) and y = y(u), with an appropriate interpolation of the parameters within the diffuse interface
region.

Various models also introduce an ad-hoc additional coupling term of the form E_ . = [, uH dA,
see[55, 32, 42] or E soupiing = jr uH2dA, see [3]. Such coupling is of limited applicability. The more genera
case involves concentrationdependent membrane properties which may induce morphological transitions
of the membrane. Note that the ad-hoc coupling above can be viewed as a special case of this more general
case.

Finally, assuming the Gaussian bending stiffness b_ to be constant in each phase, a phase-field
representation of the Gaussian bending energy E_ (without the constant term describing the Euler
characteristic) can be introduced as

SEEINS (—aAru%W'(u)j 2N () dA,

with [b_] = b (1) — b, (-1) denoting the difference of the Gaussian bending stiffness in the two phases. The
energy is derived in analogy to a phase field approximation for Willmore flow [15, 38, 47, 17]. A heuristic
derivation for the phase-field approximation of the line energy and the Gaussian bending energy isgiven in
Appendix B.
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Summarizing, we obtain the following membrane energy E of a two component vesicle, which will be
used in the following.

E[l, u]=E|T, u] + Ee,g [T, u] + E[T", u] + E [T, 4]

= [ B (H - H A
1 1.,
+gjr[bs][—mru+gwm)j 2W(u) dA
Ly(u)dA+rL%||Vru||2+%W(u)dA. (@)

4. Dvynamic M oDEL

Based on the membrane energy given in (4) we will derive thermodynamically consistent dynamic models.
The basic ingredients thereby are energy dissipation and mass conservation. We first recall the dynamics
for asingle-component vesicle. For more complicated problemswherethe local properties of the membrane
depend onthelipid and cholesterol concentrations (i.e., surface phase) and there may be geometric congtraints,
it isless straightforward to formulate dissipative dynamics laws. We present a class of model equations for
multicomponent vesicles using a variational approach together with mass conservation of the surface phase.

4.1 Classical Helfrich Model for Single-Component Vesicle

To begin, we review how a dynamic law for a membrane may be obtained from Newton's law in the case
of the classical Helfrich model for a homogeneous membrane. Assuming that the normal bending stiffness
coefficient b, is constant, the elastic bending energy E of the membrane is proportional to the integral of
the square of the mean curvature H of the membrane surface I", namely

1
B, [11=b, [ HXdA.

The corresponding elastic force is obtained as the variational derivative SE_/SI" of the elastic energy
with respect to variations of the interface. Assuming, that the inertiaforce of the membrane may be neglected
(i.e., the membrane is assumed to be masdess), the following two cases may be distinguished:

(i) Loca dynamics: the fluid inside and outside of the membrane is highly viscous and the dynamics
of the fluid may be neglected. In this case, the fluid establishes alocal friction force F in opposite
direction of the local velocity v of the membrane, which is usually assumed to be of the form
F, = —kv, with a positive coefficient k > 0. Thus, Newton's law yields the local evolution equation

SE
kv=-—8, 5
= ©)
Thisis a geometric evolution equation, which is known as the Willmore flow (e.g., [37]).

(it) 1f the dynamics of the fluid is taken into account, a kinematic force balance at the membrane I is
posed between the membrane and the hydrodynamic forces

=

oI

where o is the fluid stress tensor. In addition, equation (6) has to be supplemented by an equation

for the viscous fluid, e.g., the Navier-Stokes or Stokes equation.

(6)

[o-V],. =




24 INTERNATIONAL JOURNAL OF BioMATHEMATICS AND BiosTaTisTics (1JBB)

In both cases, it can be seen that the total free energy is decreasing, i.e., the dynamics is dissipative.
Thisis consistent with the second law of thermodynamics since we implicitly assume that the temperature
is constant. In case (i) the time derivative of the total free energy E_[I] is

d SE
—E. = B
d ° Jrsr

vdA:—l'[ v - vdA<O.
k r

Incase (i), the energy decreasesdue solely to viscousdissipation. That is, in the case of the Navier-Stokes
system, the total energy E = E, + E, whereE, = %jp |v FdQ isthe kinetic energy with p the fluid density.
In the Stokes system, the total energy E = E_. In both cases,

d

aE:-ij:DolQ,

where v istheviscosity, D = Vv + VvTisthe deformation tensor and D : D = 3, D, D, isthe tensor product.

4.2 ENERrcY DissipaTioN AND M Ass CONSERVATION FOR Two-CoMPONENT VESICLES

As mentioned above, the two basic requirements for a consistent dynamic model are mass conservation
and energy dissipation. Mass conservation may be expressed as a global conservation law for the extensive
quantity u, i.e.,

d

aLudA:O, )
whereas energy dissipation reads

d

— E[I,u] <0, 8

o [T, u] 8

with E = E[I, u] is given in (4). Assuming the phase field u to be extended as a constant in the normal
direction off the surface I, the time derivative of E is given by

d
dt

= oE
E:J‘FatuEdA'i'J‘FV'S—FdA, (9)
with 3t the variational derivative of E with respect to variationsin u and 3= the variational derivative of E
with respect to variationsin I'. A careful derivation of these derivatives is given in Appendix C. We note,
that the partial time derivative 0, u is only well defined, if u is extended off the surface, see (1). Moreover,
aso for the definition and calculation of the variational derivative 3=, an extension of u is needed.

Starting with (9), adynamic model hasto give equations for the unknowns 6, u and v such that (7) and
(8) are satisfied. To achieve this, we will express 0, u in terms of the (also unknown) surface flux g. Then,
we will choose the velocity v and the flux g such, that the time derivative of the energy is a negative
definite quadratic form in v and q thus ensuring maximal dissipation. This approach is analogous to the
well-known gradient flow formulations.

For a given tangential surface flux g, we assume the loca continuity equation (see [19])
U+uv,.-v=-V_..q, (10)

which guarantees the global conservation law (7). Furthermore, using (2) and the assumption that u is
extended off the surface as a constant in the normal direction, equation (10) may as well be written as

ou+V.-(uT)-uvH =-V_.q. (1)
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We now use Eq. (11) as adefinition for 0, u in Eq. (9) and obtain

d
aE__j(v ~(UT)—UVH +V_ q)—dA jv—dA
:qus’—EVn-a—E uH BT [ 2E v, 2B | aa (12)
r du or du or du
= (q+uT) v, 2B v n-CE un SE | 1 5B ga. (13)
r du or du or

Herewe have used theintegration by parts. Note, that in Eq. (13) we have grouped together the diffusion
flux g and the convective flux uT, whereas in (12), we assume the dissipative diffusion flux q and the
convective flux uT to be independent.

Following the splitting in (12), we may take

OE
=-B3V.—
Bu Fau
OE OE
V=-B,In-—+uH —
P or SUJ
OE oE
T=- | -n®nN) —+uvV,. — |,
Br | ( )5 SU]

for some positive kinetic coefficients 8, B, and B, which in general can be arbitrary positive functions
depending on the local composition u. Here | denotes the identity matrix. With these definitions of the
unknowns q, V, T, the energy dissipation is indeed a negative definite quadratic form, being diagonal in
q,V, T:

—E=- —qsz j—vsz—jiTszso,
dt "By "By "By

and thus energy dissipation, and with it consistency with the 2™ law of thermodynamicsisfulfilled. Together
with Eg. (11) we obtain the following evolution laws:

Problem 1: (unconstrained dynamics)

ou+V,.-(uT)-uvH = VF-[BUVF %} (14
_ [P Lo OE
V= BV[SF uH SUJ (25)

= —-B; [(I —n®n)—+uV %} (16)
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Eq. (14) is a convective Cahn-Hilliard type equation for u on an evolving surface. Resulting from the
way the equation is derived, u is a conserved quantity, which may also be directly verified since

d SE
EJ‘F udA:LGtu+Vr~(uT)—uVHdA:LVF (Buvraj dA=0.

Eqg. (15) generalizes the evolution law for the membrane (5). The latter is driven by purely geometric
forceswhereas in (15) the second term yields a driving force being associated with the presence of different
lipid components. Eq. (16) determines the tangential velocity, whichisnot arbitrary, asin classical interface
problems.

Remark 1. An dternative way to derive evolution laws would be to use the splitting (13) and define
q+uT =—y, V5t leading to

r du

oE
8tu —UuVvH = VF . [’Yuvr Ej

oE
T=- | —-n®n) —,
YT( )81_,

with positive coefficientsy , v, and y,. The evolution for uin this case isindependent of T. Asfor Problem 1,
one immediately verifies, that the energy is dissipative, and that u is a conserved quantity. For the special

case that 3t isin normal direction, i.e,, (I —n ® n) 2& =0, these Egs. coincide with Problem 1, if one

chosesy =B, +y,Wandy, =B,.

4.3 Constraints

The discussion so far has been for unconstrained evolution, which corresponds to afully permeable vesicle
and flexible bonds between lipids, which allow for spatial variations. We now introduce various constraints
on volume and area. We will use Lagrange multipliers to enforce the constraints in the dynamical laws.

4.3.1 Volume Constraint
To ensure a constant volume

Vol (t) = j dx,

Qi (1)

of the interior domain Q_(t) inside I'(t), we introduce a Lagrange multiplier A, , = 2, (t) and add the
volume constraint to the free energy to get the Lagrangian

L{u, I, A, ] =E[u, I'T=2,,(1) (Vol(t) - Vol(0))
Thisleads to

d d
Gt g B v [ VdA+8, 24 (1) (VoI (t) - VoI (0)).
Comparing with (12), dissipative dynamics are obtained along the same lines as above by defining the
normal velocity V as
V=Vi+ B A

Vol?
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where V" denotes the unconstrained normal velocity as given by the rhs of (15). Moreover, the equations
for the tangential velocity and the conservation law for u are not affected, in particular wehave T =T". The
Lagrange multiplier A, is uniquely determined by the constraint [.VdA = 0 as

'[VdA

"] p,da

We thus obtain the following evolution equations:

Problem 2: (dynamics with volume constraint)

ou+V,.-(uT)—uvH = VF-[BUVF%j a7

= g [%E h_un 3E
V= BV[SF uH 6uj+B Ayl (18)
—BT[(I —n®n)—+uV Ej (19)

du
IB\,[ ‘n—u HSEJdA

du

Mo = (20)
.[FBVdA

Note that the Lagrange multiplier equation (20) makes the system of equations nonlocal.

Remark 2: A different approach to enforce volume conservations is to modify the evolution equation
for the normal velocity V and instead of Eq. (18) define

V= —Vrj (21)
. = oE
=-B,Ve|n:-——-uH —|. 22
] =By r[ ST &J (22)
This naturally ensures volume conservation, as
oE oE
IFVdA:JFVF-LnVVF(n < ~uH EnolA:o. (23)

Eq. (21) is related to a conserved Willmore flow and will thus turn out to be a 6™ order equation.
Besides this additional complication the dynamics will be different than the previoudy discussed approach
and a derivation from elastic theories seems not possible. However, the approach has the advantage to
remain local and has been used in a smilar way in [10] in a diffuse interface context.

4.3.2 Area Congtraint
To ensure a constant global area

Area(t) = | Lo 0
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we need

d

5 Area® = [ V. vdA=[ —HV +V,.TdA=—[ HVdA=0.

One may proceed along the same lines as with the global volume constraint by introducing a Lagrange
multiplier 2, _(t) and adding the area constraint to the free energy to obtain the Lagrangian

Llu I, A, ] =E[u, Al =&, _(t) (Area(t) —Area(0)).

We then have
g4, 9 hara(t) | HV dA= 3,2, . (t) (Area(t) — Area(0))
dt dt r
Thus instead of Eq. (15) we define
V=Vvi-g 2, H,

in order to get maximal energy dissipation (provided the constraint is satisfied). Here, asabove, V" denotes
the unconstrained normal velocity as given by the rhs of (15). Moreover, the equations for the tangential
velocity and the conservation law for u are not affected, in particular wehave T = T".

The equation for the Lagrange multiplier now follows from j -HVdA = 0, which gives
[ HvdA
}\’Area =T :
[ B, HdA

We thus obtain the following evolution equations:
Problem 3: (dynamics with area constraint)

o,u+V_-(uT)—-uvH =VF-[BUVF%j (24)
OE oE
V=-B,|—=-n-uH — -4, H 25
N -
OE OE
T=- | —-n®nN)—+uv,. — |. 26
BT[( )SF r 5u] (26)
LBVH@E-n—uHZEJdA
Mo = - (27)
jFBVHdA

Asin Problem 2, the Lagrange multiplier equation (27) makes the system of equations nonlocal.

4.3.3 Local Inextensibility

A stronger congtraint than area conservation is local inextensibility. Here we need to ensure for an arbitrary
portion X of I
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9 da- V.-vdA=| -VH + V.- TdA=0.
dt /= = =

We thus find that the velocity has to be divergence free
V.-v=-VH+V_T=0. (28)

To incorporate thislocal constraint, weintroduce alocal Lagrange multiplier &, _ =4, _ (X, t), whichis
afunction on I'(t) and add the corresponding constraint to the free energy to get the Lagrangian

LIU, T, 2] = E[U,TT= [ 240 (J/9(®) — /9(0)) dA.

withg = (gij) the induced metric, see Appendix A for a description. This leads to

d, d
S E+ [ D HV dA= [ %00, V- TdA- [ 800, (/O() —/9(0)) dA
Thusinstead of Egs. (15) and (16) we define
V=Vi-B A _H (29)
T=T'-B;Vih (30)

in order to get maximal energy dissipation (provided the constraint is satisfied). Here, as above, V¥ and T¢
denote the unconstrained normal velocity and the unconstraint tangential velocity as given by the rhs of
(15) and (16), respectively. The equation for the Lagrange multiplier &, _ is obtained by plugging Eq. (29)
and Eg. (30) into the constraint equation (28) as

V (BT r Inex) Bvx’mexHZ: —V'H + V L

We thus obtain the following evolution equations:
Problem 4: (dynamics with local inextensibility constraint)

ou+T-V,u=v [Bv SEJ 31)
ou
_ o (sE _GE
= BV[SF n-uH 8u+k|naHj (32)
= o0 nomdE . E
= BT[(I n®n)8F+UVF U+ermexj. (33)
V (BT r Inex) BV}\’InexHZ__v [BTU—n@n)—-I—UV j Bv[ %_ HE;—E]H (34)

In Eq. (31) we have used, that the velocity is divergence free. Note that the local Lagrange multiplier
A, fullfills an elliptic partial differential equation on an evolving surface.

4.3.4 Volume and Area Constraint

The dynamics in the case of a global area and volume constraint is now simply obtained by using both
Lagrange multipliers 2., _and A, , of Problem 2 and Problem 3 and adding both constraintsto the energy to
obtain the Lagrangian

L[u,T, 2, ]=E[u,I]—A,_(t) (Arealt) —Area(0)) — i, (t) (Vol (t) — Vol (0)).

Vol
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leading to

V=Vt (L H)

VoI Area

T=T

Using [ VdA = 0 and [, HVdA = 0, the multipliers have to be determined from the linear system

Mvol Ir By AA+ A pres .[r Py dA= .[r B,V dA
hva | By HAA+ L, [ B H?dA= [ B,V'HdA

We note, that in the case of constant f3, , the first of the two above equations may be used to eliminate

A, Oy expressing &, intermsof A, .

Vol

We thus obtain the following evolution equations:

Problem 5: (dynamics with volume and area constraint)

o, U+ V. -(UT)—uVH = vr-[suvr%j (35)
Bv[ — Ay —MreaH) (36)
—BT[a—n@n)— + UV, E] (37)

du
Mo | ByOA+ R, [ B, HAA = JBV@—E - H%jdA (39)
hva | By HOA+ R [ By H2AA = [ HBV[SE = H%jdA (39)

The Lagrange multiplier equations make the system of equations again nonlocal.

4.3.5 Volume and Local I nextensibility Constraint

Following the same lines as in the derivation of Problem 5, combining the two constraints of volume and
local inextensibility leads to

V=V'+B (A H)

Vol I nes

T=Tu-

BV r Ines

The Lagrange multipliers are then obtained by plugging these equations into the constraint equations
[.VdA=0and-VH +V - T =0. Thisleadsto
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Problem 6: (dynamics with volume and local inextensibility constraint)

ou+T-V.u= [B V. SEJ (40)
" 8u
Bv[n P H }‘Vol xlne(H] (41)
—BT[(I—n®n)—+uV OE ermexj. (42)
Su
jBV(SE +xmexdeA
or

Mg I 5 dA (43)

OE OE )= =
V (BT r In@() BV}\’In@(HZ BV)\’VOI = VF'[_BT (l —n®n)8—r+uVr EJ—BV [n 8_1—‘_ uH S—]H (44)
We thus have to deal with anonlocal eliptic partial differential equation on an evolving surface in order
to determine the Lagrange multipliers.

4.3.6 Further Formulations

All constraints can be incorporated along the same lines also within the alternative formulation based on
the splitting (13) introduced in Remark 1. In a similar way combinations of area and volume constraints
can also be formulated based on the model introduced in Remark 2.

4.4 Coupling with Fluid Flow

The interaction of the vesicle with a viscous fluid in- and outside of the vesicle is of interest. It is
experimentally known that e.g., red blood cells may align under shear flow at moderate shear rates, however
if the blood isdiluted with plasmathe same cells undergo atumbling process. A similar influenceis observed
also for vesicles [34]. We therefore incorporate a viscous fluid flow in the dynamical description of
two-component vesicles. Instead of the evolution law (15) and (16) or its constraint counterparts we have
to solve a Navier-Stokes or Stokes problem in the time-dependent domain inside and outside of the
vesicle with a jump condition for the stress tensor ¢ = — pl + vD, with pressure p, deformation tensor
D = (Vv + V'), fluid velocity v and viscosity v, and a continuity condition for the velocity. The jump
condition is a generalized Laplace-Young condition of the form

[c-n].=-F,

where the force F is obtained by energy variation and thermodynamic consistency. The fluid flow inside
and outside of the vesicle

pOV+(Vv-V)V)=-V.c=D (45)
V.-v=0. (46)

with a density p and a body force b. Egs. (45), (46) are supplemented by a farfield boundary condition
v =v_. The volume is now conserved as aresult of the incompressibility condition of the fluid.

We thus obtain the following conditionson .
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Problem 7: (unconstrained evolution with fluid flow)

ou+V.-(uT)+uvH =V, [BUVF %}

[c-n].= E-n—uHE n+ (I —n®n)E+uVrE
or du oI du

[V].=0.
If we in addition incorporate area conservation we obtain
Problem 8: (area constrained evolution with fluid flow)

ou+V,.-(uT)+uvH =V, [BUVF %}

[c-n].= E-n—uH EJrkAreaH n+(l —n(@n)ﬁ+uvrE
oI du oI du

[V].=0.
The Lagrange multiplier &, _ is now a functional of the fluid velocity v and is obtained by requiring
jr Hv - ndA = 0 where v is the full solution of the Navier-Stokes equation.
If we consider the local inextensibility constraint the problem reads
Problem 9: (local inextensibility constraint evolution with fluid flow)

1=
ou+T- -V, u= VF-[BUVFEJ

[c-n].= E-n—uH EJrkmexH n+ (I —n®n)E+uVFE+V A

I “Vinex

[V].=0.
The Lagrange multiplier A, __ is again a functional of the fluid velocity v and is obtained by requiring
—v:-nH+V_(( -n®n)v) =0.

5. ExamPLEs
5.1 Single-Component Vesicle with Volume and L ocal | nextensibility Constraint

As a first example we consider the case of a one component vesicle (i.e., u = 1), with volume and loca
inextensibility constraint, as in Problem 6. Moreover, we restrict to the normal bending energy, i.e.

E[r] =%bN [ (H-H)?dA.
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In this case, the functional derivative of E is given by (see Appendix C, (64))

Zf—b(A ((H —Ho))n + (H - H0>||snn——(H H,)2Hn).

Inparticular 3= isin normal direction. Assuming also, that B, and B, are constant, Problem 6 simplifiesto

OE
V= _Bv(n's_r_xVol xlanj

__BT r Inex
I °E. N+AeH |[dA
_rlsr
Vol dA
r
OE
BT r Inex Bvxlnetz BBV0| _BV (S_F'nJ’

which is a highly nonlinear geometric evolution equation of 4th order for the normal velocity (related to
Willmore flow), which is coupled to a non-local elliptic partial differential equation of 2™ order for the
Lagrange multiplier A, on the evolving surface and a 1% order equation for the tangential velocity T.

A parametric finite element front tracking approach is used to solve the above equations. The
discretization is obtained from the numerical approach for Willmore flow in [48], which is extended to deal
with the spontaneous curvature and the non-local elliptic PDE on the evolving surface to compute the
Lagrange multiplier. Briefely the numerical approach consists of (1) solve geometric evolution equation
for VY, (2) solve élliptic equation on the surface for A, using V¥, (3) calculate A, , using V' and ., _, (4)
solve geometric evolution equation for Vusing A, , and &, _, (5) solvefor T using A, _ and (6) update the
interface. The tangential velocity allows to maintain a regular mesh without further artificial mesh
modifications. Fig. 1 shows the evolution to a discocyte shapefor H = 0,b =1, 3,=1and B, = 1.

Figure 1: Evolution of a Vesicle with Constant Lipid Concentration Under Volume and Local Inextensibility Constraint
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5.2 Single-Component Vesicle with Volume and Global Area Constraint
With the same assumptions as before Problem 5 simplifies to

dE

V= _Bv(n S_F_}“Vol _}\'AreaHj

Mg [ My dA+ Ny [ B HAA = LBV(E’”J dA

Mg | ByHAA+du [ B, H?dA = LHBV(Z—E.nJ dA

which is again a highly nonlinear geometric evolution equation of 4th order for the normal velocity (related
to Willmore flow), which is coupled to a non-local algebraic system for the Lagrange multipliers. We e.g.,
refer the reader to [4] for a parametric approach for this problem and [57] for a phase field approximation
using a penalty approach instead of the Lagrange multipliers. We aso consider a phase-field approximation
but with the Lagrange multipliers. The system is solved iteratively with a semi-implicit time stepping
scheme, treating all non-local components explicitly. Fig. 2 shows the evolution to a discocyte shape for H,
=0,b,=1and B, = 1.

Figure 2: Evolution of a Vesicle with Constant Lipid Concentration Under Volume and Global Area Constraint

5.3 Two-Component Vesicle with Volume and Global Area Constraint

For recent numerical results for Problem 5 we refer to [57] using a phase-field approach and to [21] using
front tracking and parametric finite elements. We are not aware of simulation results for Problem 6.

5.4 Single-Component Vesicles with Global Area Constraint and Fluid Flow

Also fluid flow interactions have been considered for sSingle-component vesicles. Under the same assumptions
as above Problem 8 reducesto
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which serve as boundary conditions for the Navier-Stokes equation. For recent numerical results with flow
only in the interior we refer to [8]. Two dimensional simulations have also been considered within a phase
field approach, seee.g., [7].

5.5 Two-Component Vesicle with Local Inextensibility Constraint and Fluid Flow

We now consider Problem 9 with a stationary Stokes flow instead of the Navier-Stokes equations. The
problem reads in the two fluid phases

V.-6=0
V-v=0

with afar-field boundary conditionv =v_. We further assumethat 3 isconstantanduse V.- T-VH =0to
regroup termsin (12) such that

— J. -V, —+V n- 8—E+uH8—E +T. 8—E+uV 6—E dA
or ou or " su

=[ |a-v; O bvn 2B 1.2 v E W E (v TovH) oA
ou or or du ou

This alows us to define (by considering in addition the Lagrange multipliers)

ou+T-V,.u= BUVFZ—E

OE = OE
[c-n].= [8_1“ n+kmexHjn+(I —n®n)——V 5U —+ VA

[v].=0.

which differs from the formulation used in Problem 9. To determine the Lagrange multiplier the constraint
V.- T —VH=0isused with T and V the tangential and normal components of the Stokes velocity on the
membrane. We consider the normal bending and line energy, i.e.

1 1
E[l, u] = EL by (U)(H — Hy(u)*dA+ 1 IF%||VFU||2 +EW(u)dA,
for which the variational derivatives are given in Appendix C, (64), (65), (68) and (69).
=

== = AW (H = Ho@)n+b() (H ~ Hy@)IISIF n

—%b(u)(H —Hy(W)*’Hn +1€(V U, (HessX) V. .u).

—r—llV u||an—r%W(u) Hn (47)



36 INTERNATIONAL JOURNAL OF BioMATHEMATICS AND BiosTaTisTics (1JBB)

2= =b(U) (H ~ Hy(W) H(u) + 5 B(U) (H - Hy()* - sEd,u+ r%W’(u) - (48)

A pseudo-spectral boundary integral method is used to solve the highly nonlinear problem in 2d, see
[53] for details.\We note that in 2d the variational derivative smplifies and especially the term with Hess X
vanishes.

Briefely the nonlocal functional dependency of the fluid velocity on %, _ is solved using an iterative
solver. Each iteration thereby requires the solution of the Stokes problem. The preconditioner used is based
on a small scale decomposition of the Stokes integral operators.

To compute &, exploit the linearity of Stokes flow and decompose v = vA™®+ u withvA™®@=v'+ L w
the globally area preserving velocity field as in Problem 8 (with Stokes flow), u the correction to make this
velocity field locally inextensible, v* the unconstrained fluid velocity as obtained in Problem 7 (with Stokes
flow), w the solution of egs. (45) and (46) with jump conditions [ - n] . = Hn and [w] . = 0. As the last
problem is independent of u it can be computed first and the obtained velocity w can be used to solve
Problem 8 (with Stokes flow) withvA™=v*+} _w inthe evolution equation for u, with 1, _ obtain form

[(H(v +x, W) -ndA=0

IrHv“-ndA

" " fwnda

Area —

To obtain the correction u we solve Egs. (45) and (46) with jump conditions[c - n] =V (A _ —2,.)
and [u] .= 0. Together withthecongtraint writtenas—u - nH+V _((I -n® n)u) =v**=.nH-V - ((I =N ® n)v*=)
we obtain a nonlocal system for 2, .

Figure 3 Shows the influence of the surface phases on the tumbling of a two-component vesicle with
30-70 mixture under an extensional flow usingb = (1—-u) + 0.5u, H,=5(1-u) +0.1u,b_=0,y=0, B =1,
v =1andv = (-5x, 5y). Theinitia vesicle isdefined by x(6, 0) = 0.1 cos (6) and y(6, 0) = sin (6), withan
initial concentration u (6, 0) = 0.3 + 0.001 (cos (0) + cos (36) + cos(40)) for 6 < [0, 2x]. We further define
v_=(25y, 0), diffuse interface width £ = 0.1 and line tension t = 100.

6. CONCLUSIONS

We have derived thermodynamically consistent models for two-component vesicles from a free energy
which accounts for bending, surface tension and phase separation. The basic ingredients were mass
conservation and energy dissipation. The resulting system of equations couples higher order convection-
diffusion equations of Cahn-Hilliard type on an evolving surface to the geometric evolution of the surface,
whichisrelated to Willmore flow. The incorporation of constraints on volume and areaor local inextensibility
couple the system of equations to additional non-local relations. Instead of the geometric evolution the
evolution of the vesicle can also be described through an interaction with a viscous flow field inside and
outside of the surface. This requires the solution of a Navier-Stokes or Stokes equation with higher order
jump conditions for the stress tensor. The model derivation is supplemented with numerical simulations.
The derived models can easily be extended to the case of multiple (more than two) components. Further
extensions might consider the effect of surface viscosity to account for the fluid like properties of the
membrane [22, 9, 45]. The applicability of the approach for cell membranes can only be qualitatively. A
guantitative treatment would require to consider additional effects, such as thermal fluctuations, membrane
bound protein or interactions with the cytoskeleton. For discussions on modeling differences between
vesicles and cell membranes we refer to [23, 24, 20, 59].
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Figure 3: Evolution of a Vesicle with an Initially Mixed Lipid Concentration Under the Influence

of an Extensional Flow and Local Inextensibility Constraint
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A. Differential Geometry

Although our object of interest isamoving surfaceT” = I'(t) < R3, we will neglect the time dependence of
I" in the following, where we first introduce some basic differential geometric notations and recall some
basic identities, before we compute variational derivatves of the energies introduced in section 3.2,
equation (4). Although all notations and results in Appendix A and Appendix C are valid for arbitrary
dimensions, we restrict ourselves to the case of twodimensional surfaces.

We assume that I" is a smooth, closed two-dimensional surface without boundary and the boundary
' = 0Q.  of abounded, connected, open domain Q. . < R® Furthermore, we assume that I is given by a
smooth mapping

X:QcR>— R3 X =X(z,z).

The Euclidean scalar product on R® will be denoted by x - y = 3. x y.. Derivatives (with respect to the
parametrization) are denoted by X, := —z . The tangent spaceT I’ of thesurfacel” at thepoint p=X(z,z) eI’
is spanned by the tangent vectors X, X,. Moreover, the inner normal of I is denoted by n.

Next we recall the definition of the first and the second fundamental form on I'. The first fundamental
form g, also called the metric on T, defines ascalar produkt on each tangent space Tr and istakento bethe
restriction of the standard scalar produkt on R3

gp(u, V)=Uu-V, uveTT.

Here and in the following, the subscript p will be suppressed and we will use the following notation: for
u=u X, v=VX, where here and in the following the summation over repeated indices is understood, we
write

g(u, v) =(u,v). = g; UV, where 9= a(X., XJ.).

Moreover, upper indices denote the inverse (g;)~* = (g;). The norm on I is thus defined through the

following normin each tangent space T I":||uf|; :=/<u,u); . For X, Y e (Tpl“)3 we define

(XY o ::Z(Xi,Yi>r.

Inasimilar way, the second fundamental formlsglvenbyh =11(X, X)——n X. W|thII(u V) = hI UV

Thismay also be expressed interms of the shape operator S: T F—>T Fasll (u, v) g(Su V), and therefore
Sisgiven by S g'kh Thisimmidiately implies the Wemgarten equatlons n = —S X.. The norm of Sis

defined through ||S||—\/tr (S8") =/S;'S;

The mean curvature we define through H = trS = X2__ «, with k. the principal curvatures. Note that
[IS|? = H2—2K, where K isthe Gaussian curvature. The Chrlstoffel symbols are given by T = NG g, +
0,9,-9,9,)-

We use the surface Laplacian A = ¢ 0y~ g’ r;ak and the surface gradient V.= g X, 6, and the following
identities see [58] and [48]

A X =Hn, (49)
(V.X,V.uy =V, u=go uX, (50)

and
An=—|S|Fn-V_H, (51)

respectively.
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Furthermore, we denote the Riemannian connection by D. The Hessan Hessf: TI" — TT of afunction
f: G — R isdefined asthe covariant derivative of the gradient of f

(Hessf)Y:=D V_f (52)
for avector field Y € TI'. Then one obtains
(VAVLEVLW, VW =((Hessf)V . w, V u) +(V_f, (Hessu)V . w)_ (53)
for functionsf, u, w: I — R. In addition, the Hessian is symmetric
((Hessf) X, Y) . =(X (Hessf)Y). (59)

B. Motivation for Diffuse Interface Approximations

Here we give amotivation for the used diffuse interface approximations of the line energy and the Gaussian
bending energy. We start with

* the line energy

E :L{% IV .ull? +%W(u)] dA.

The energy can be viewed as a Ginzburg-Landau type energy defined on a surface. Used within a
conserved evolution for u on a stationary surface the equation reads

ouU=A_p

=71 (— EV U+ %W'(U)J

which is a Cahn-Hilliard equation on a stationary surface. Its counterpart in R? is known to reduce
for & — 0 to the Mullins-Sekerka problem, see [46]. If we assume that this limit aso holds on a
surface, we obtain the surface Mullins-Sekerka problem

DGm=0 on TI\C
p=1K 0N C

_1iou
Vg‘z{am} on C,

with K, the geodesic curvature of the curve C, v, the intrinsic normal velocity of the curve C and m
the conormal tothecurve C. Theequationscan also bederived directly fromtheline energy E. = j tds
introduced in [33], which is the motivation for using the line energy above.

The Gaussian bending energy has not been analyzed before using a diffuse interface approximation.
The motivation for

» the Gaussian bending energy

SRS [—aAru +%W(u)j 2W(u) dA

results by analogy from a phase-field approximation for theWillmore energy. In [38, 17, 47] it is
shownthat E,, = 3 [.HdA can be approximated by

illmore
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2
11 1.,
Ewitimore, diffuse = E g '[Q (_‘iAU + gW (U)j dx

with a phase-field variable u, a double well potential W(u) ~ (1 + u)?(1 — u)? and a domain QcR?
including I'. Thisresult was extended in [18] to approximate E =1 jr (H—H)dA by

Helfrich ~ 2

2
11 1.
Erettrich, diffuse = Eg IQ (_‘ZAU + gW (u) +/2W(u) HOJ dx.

With H, = —1, the Helfrich-energy contains the term jr H dA. Using the known diffuse interface
approximations from the remaining terms % j LHxJdA and 3 j - 1dA the diffuse interface approximation for
[ HdA must read

Ecurvaure, diffuse — '[ﬁ (—}’;AU + %W’(U)J Z\N(U) dX

Assuming that this result can be carried over to curves on surfaces, E; : gives a diffuse interface
approximation for the Gaussian bending energy E, = [ [b] « ds.

Neither formal nor rigorous results for the convergence of these diffuse interface energies on surface to
their sharp interface counterpartsfor curves on surfaces are known. So the model isbased on the assumption
that resultsknown in R? can be carried over to surfaces by smply replacing the operators by their geometric
counterparts.

C. Variational Derivative

We provide the variational derivatives of E with respect to I' and u. The calculations closely follow the
approach in [58]. Similar results can be found in [21, 1]. The variation with respect to I' we denote by
X(z, z, €) == X(z, Z) + D (z, z)) with avector valued function ® : @ — R3and € € | for some open
interval | R with O e |. Furthermore we will use the operator &:=--|. _, . For variations with respect to u
weuse ¢ : I' > R and u=u+ g¢. Accordingly, all quantities depending on one of the previousvariations are
denoted in the same way.

In order to compute the variation of the energy we need the following variations, where we use the
general assumption that u is extended as a constant in the normal direction.

Lemma 1:
3(dA) =(V_ ., Vi X)r oA, (55)
3(g") =—g“(6, @ - 6, X +0,@ - 0, X)d, (56)
SH =2V, ®,V.n) ;+A®-n=A(D-n)-D-An, (57)
dU=D (V.U V.X). =@ V_u (58)

Proof: We only sketch the proof and follow the calculationsin [58]. We use the summation convention
and write

®:g‘i®-xixj+®-nn. (59)
One essential result that is needed is the variation of the metric
aguzaiqa-ajx+ajq>-aix. (60)
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For a differentiable matrix A = A(g) € R%*? with some dimensiond € N one has
s—OJ .

2dA3(dA) = 5 (det g, ) dz=det (g,) 9"53, dz=g" (3, - 8,X + 8, ® -, X) dA
=2(V,®,V, ®)__.0A,

d
— det A
e (¢)

e=0

=det A(Q)tr LA(O)l di A(e)
€

Because dAz,/det(gij) dz we get

which yields (55). The proof of (56) easily follows from (60). In order to obtain
5(H)=38(g"h,) =8(g")h, + g"3(h,)
one needs to compute
8h, =8(0; X M) =8(8,X) n+0;X-5(7).
After some calculations one obtains
9'8(0;X)-n=g"6,®-n
aswell as
9'9,X-8(M) =-g",6,®n.
Form this we get
g'sh; =A@ -n.
From (56) one gets
8(g")h; =-29"S,0,® -8, X=XV, D,V . X),_ .,

and finally we arrive a (57). The proof of (58) easily follows from (59).

(61)

In the following section we compute the variational derivatives of E separately for each contribution

Ee B o Es and E, . Thereby, we consider variations
oy O
§.E (X, u; @) = E(X+ed,u)| _,
- -
and

§,E (X, u; ) ::% E(X,u+e)| .

(62)

(63)
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C.1 Normal Bending Energy
The functional derivative of E_ with respect to I" reads:

8. Ey (X, u; @) = [ b(u)(H - Ho(u)) 8HdA— | b(u) (H — Ho(u)) Hg(u) 3TdA
* jréb(u)(H — Ho(U))*3(d A) +§ [ DW)ST(H - Hy(u)*dA
= [ b(u)(H = Hy() (A (@ -n) - @A n)dA
— [ b(u)(H — Hy(W) Hy(u) V,-u-©dA

dA

+L%b(u)(H — Ho(W)* (V, @,V X),_ .
+L%b’(u)(H —H,(U)?V,.u-®dA

= IrAr(b(u)(H — Hy(u))) @ - ndA- Irb(u)(H — H,(u)® - A-ndA
— | b(u)(H = Hy(W) Hy(u) @ -V -udA
—L%b(u)(H ~ Hy(u))*@ -AerA—J'r%b’(u)(H ~ Hy()?V, u- ddA
—Lb(u)(H — Hy(u)) V,.H -CDdA+Lb(u)(H — Hy(U)) H(U)V, U - ddA
+L%b’(u)(H —H,(U)?V,.u-®dA

= [ Ap(b(u) (H —Ho ()@ -ndA+ | b(u)(H —H,(w)[IS|F@ - n dA

_%Lb(u)(H “H,(u))?H® -ndA.

where integration by parts and the identities in Eq. (49)-(51) have been used. Thus we obtain

SE,
5T

=Ar(bu)(H —Hy(W))n +b(u) (H —Hyu) S| n —%b(u)(H —H, (u))*Hn. (64)

For b(u) = 1 and H (u) = 0 we obtain the well known variational derivative for the Willmore functional.
The functional derivative of E_ with respect to u reads:

3, Eo (T 6) = [, ZB() (H — Ho()ddA- [ B(u) (H ~Hy () Hi() dA.
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We thus obtain

SaEuB :%b’(u)(H — Ho(W) — b(u) (H —Ho (u)) Hy(u) - (65)

C.2 Surface Energy
The functional derivative of E_ with respect to I reads

8, E,(X, u; ®) = L v'(u) andmjry(u)a(d/i)
= jr Y(W)V, u-OdA+ J.Fy(u)(Vrd),VrX%RSdA
= L y’(u)Vru-(DdA—J.Fy(u)CD-VFXdA—er’(u)Vru-(DdA

=—Ly(u)HCD-ndA,

which yields

SE,
5T

=—y(u)Hn. (66)

The functional derivative of E_ with respect to u reads
8,Es(T,u; ¢) = [ v'(u)¢dA.
We thus obtain

=8
ou

=v'(u) . (67)

C.3 LineEnergy

We now compute the functional derivative of E with respect to I', where we assume t = 1, for simplicity.
The energy can be rewritten as

1p 8
E, :EJFEQ o;ud;u+W(u)dA

and we obtain

. —_ a —ij i . i —
8.E.(X,u; @) = LES(g J)aiuﬁjudA+jF§gJGi (8u)8judA+IFEI|VFU||§8(dA)

' L%W’(u) STdA+ jF%W(u)a(dA)
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= _L% 9“(6, @8, X +8,®- 6, X) g"6,ud,udA
+[ €9'6,(®-(V U,V X)) 0, udA+ L%IIVFUH? (V @,V X) .dA
+jr%w'(u)q> (V. u, V. X) dA+ JF%W(U) (Vi @,V . X)), .dA

= —LéWr@,err (V. X,V U dA
+ [ E(VH(@ (YU, VX)), Vi u) dA

1
+L%||vru||§<vrq>,vrx> dA—IrgW(u)Q-AFXdA

r,R®

= jrgop-<vr<vru,vrx>r,vru>rdA
- J-r% D- <Vr ”Vrullii er>rdA

g 2 1
- J.FE IV ull: HD - ndA—IrgW(U) H®-ndA.

From this one gets by (53)

OE 1
811 = i(VrWrU, er>r! vru>r _%<vr ||VFU||§, er>r _%HVru”? Hn _EW(U)Hn

=&((Hessu) V., .u, V. X)) + E(V U, (HessX) V .Uy — E((Hessu) V. X,V .u),.

—%Hvruuﬁ Hn — %W(u) Hn.

Therefore, by (54), we obtain the result

OE; B _é > _1
ST =&(V,u, (HessX)V .u), 2||Vru||F Hn gW(u)Hn. (68)

The functional derivative of E_with respect to u reads

BB U0) = [ (V0 Vo), + T W) A

We thus obtain

=.
ou

=—EA U+ %W’(u) . (69)
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C.4 Gaussian Bending Energy
The Gaussian bending energy can be rewritten as

E, [T, ul= % [ [—@Aru +éW’(u)j 2W(u) dA

= —[bg] | Aruy2W(u) dA+[b]E [ W'(u) /20 (u) dA

= [b,] [ lIA,ulp % dA+ B ? [ W/() 2V dA.

We define
f)mlb] M gy [hy]E W () 2N ) (70)
2W (u)
and obtain
Ec. [0 ul = AUl fu)dA+ | g(u)dA. (71)

Analogously to the previous section, the functional derivative of E_ : with respect to I reads:

8.Es (X, Uy @) = [ 8(ITIR) f(u)dA+ [ [lulF3(f (@) dA+ [ IV ullf f(u)8(dA)

+ [ 8(g(@)dA+[ g(u)3(dA)

= =2[ (Vi®, Vel (VX Vi) (W) dA+ 2] (Vi (@ (ViU VX, Vit f (1) dA
[ IVeUlR @ £/U(V e VX dA+ [ IVeu - fu)(Ve@, ViX), . dA
+Lg’(u)CD-<Vru,VFX>rdA+ Irg(u)Wr(D, VX)), o 0A

= ZLCI)-<VF<VFU,VFU>F,VFU>Ff(u)dA—L||Vru||§ f(U)® - A XdA
— [ f@® AV |VeulR, Ve X) dA- | g(u)®- A XdA

= 2jrc1>-<vr<vru,vru>r,vru>r f(u)dA—L||Vru||§ f(U)H® -ndA

— [ f@@(V[VeulR, Ve X) dA- | g(u)H®-ndA.
We thus obtain

SEq
aré = 2f (U)(V (VU Vi XD, Vil = F UV IVRUlR, Vi X))

— f(U)|IV U]z Hn - g (u) Hn,
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and again, by (53) and (54), one gets

5E, .
8T

= f(U) <VFU, (HGSX)VFU>1— —f (u)"vrulli Hn-g (U) Hn.

The variation with respect to u reads

8,Ec (T U 0)= [ fU(V,u Vo) dA+ [ FU)IV ulf¢dA+[ g'(u)pdA.

We thus obtain
SEG ’ ’
&f ==V, (f)Veu)+ F'WIVulf +g'(u).
C.5 Summary
Now, we can collect al resultsin order to obtain
SE
S = A (b(u) (H—=HW)))n + b(u) (H-H W) |IS|n
1
-5 b(u) (H—=H(W)*Hn —y(U)Hn + ¢ (V_u, (HessX) V_ u)_
— %||Vru||§Hn — %W(u) Hn +f(u)(V_ u, (HessX) V U)A_
—f(u) [V ul2Hn —g(u)Hn
oE

8 = b(u) (H-H) H(W) + T B(U(H —H ) +7/W)
u 2
v u+ %W'(u) V(W)Y U W) IV U +g ().
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