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Quantification of in-plane flexoelectricity in lipid bilayers
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Abstract – Lipid bilayers behave as 2D dielectric materials that undergo polarization and defor-
mation in the presence of an electric field. This effect has been previously modeled by continuum
theories which assume a polarization field oriented normal to the membrane surface. However,
the molecular architecture of the lipids reveals that the headgroup dipoles are primarily oriented
tangential to the membrane surface. Here, we perform atomistic and coarse-grained molecular
dynamics simulations to quantify the in-plane polarization undergone by a flat bilayer and a
spherical vesicle in the presence of an applied electric field. We use these predictions to compute
an effective in-plane flexoelectric coefficient for four different lipid types. Our findings provide
the first molecular proof of the in-plane polarization undergone by lipid bilayers and furnish the
material parameter required to quantify membrane-electric field interactions.

Copyright c© 2021 EPLA

Introduction. – Lipid membranes are 2D liquid crys-
tal films that define the structural identity of cells and
cellular organelles. Similar to 3D liquid crystals, lipids
bilayers behave as dielectric materials that undergo polar-
ization and deformation when subjected to electric fields.
This electromechanical coupling forms the basis for vari-
ous phenomena. For example, endogenous electric fields
have been shown to play a critical role in wound healing
and tissue development [1–3]. Electric-field–induced pore
formation in bilayers is widely used to deliver genes and
drugs into cells [4–8]. Electroporation is also employed
to treat some cancers [9–11]. Electromechanical coupling
plays a vital role in regulating the workings of auditory
hair cells in mammals [12–14]. Electric-field–induced vesi-
cle deformation has been used to investigate membrane
properties and stability [15–18].

Several theories have been proposed over the last two
decades to model and comprehend the electromechanical
coupling in lipid bilayers, also referred to as flexoelec-
tricity [19–24]. These frameworks have invariably invoked
lipid dipoles and the resulting polarization field oriented
normal to the membrane surface. However, lipid head-
group structure reveals that lipid dipoles predominantly
lie in the tangential plane of the membrane surface. Fig-
ure 1 shows the dipole vector in a DPPC lipid. The dipole
vector composed of the choline group and the phosphate
group is oriented at 71◦ from the surface normal vector.
As a result, the polarization field arising from the reori-
entation of the dipoles is expected to be primarily in the
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Fig. 1: Lipid headgroup dipole in a POPC lipid (orange vector).
Phosphorus and nitrogen atoms are represented by cyan and
blue spheres, respectively. The headgroup dipole makes 71◦

with respect to the bilayer normal, making them essentially
parallel to bilayer surface.

tangent plane. To incorporate this feature, Steigmann and
Agrawal employed the 3D liquid crystal theory to derive
a new electromechanical theory with in-plane polarization
field [25]. This new model was recently used to predict
shape transformations of confined vesicles [26]. While the
application of the in-plane flexoelectric model has just be-
gun, a quantification of the in-plane polarization and the
required material parameter (in-plane flexoelectric coef-
ficient) for the continuum model is still lacking. Here,
in this study, we use atomistic studies and coarse-grained
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molecular dynamics to address this issue. Our simulations
show that bilayers undergo significant in-plane polariza-
tion in the presence of a tangential electric field, yielding
the material parameter for four lipid types.

Method. – We adopted two approaches to quantify
the in-plane polarization and the in-plane flexoelectric
coefficient in lipid bilayers. We simulated all-atom flat bi-
layers with CHARMM36 and coarse-grained lipid vesicles
with CG-MARTINI force field [27,28]. The two systems
were subjected to electric fields and the dipole reorienta-
tion and effective in-plane polarization were computed.
These predictions were then used with the theoretical
formulation proposed in [25] to estimate the in-plane
flexoelectric coefficient. We used four different lipid types,
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dip
almitoyl-sn-glycero-3-phosphocholine (DPPC) and 1-palm
itoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE),
to capture the effect of lipid properties on the electrome-
chanical response and the in-plane flexoelectric coefficient.

The all-atom flat bilayers were created using
CHARMM-GUI [29,30]. Each leaflet was comprised
of 128 lipids and the system was solvated by 50 water
molecules per lipid. The bilayers were subjected to
electric fields oriented parallel to the bilayer surface and
were simulated for at least 300 ns. The coarse-grained flat
bilayer and the vesicles were created in CHARMM-GUI
Martini Maker. The POPC flat bilayer was composed of
128 lipids and was solvated by 2852 water molecules. The
vesicles were made of ∼4500 and ∼3000 lipids in the outer
and the inner leaflets. More than 500000 water molecules
were used to solvate the vesicles. The flat bilayer was
simulated for 5 µs, and the vesicles were simulated for
1 µs. The simulation data from the first 500 ns was
discarded from the sampling analysis. The orientation of
lipid headgroup dipoles in both the flat bilayers and the
lipid vesicles were computed using an in-house code devel-
oped in MATLAB. Further details of the systems and the
simulation protocols are provided in the Supplementary
Material Supplementarymaterial.pdf (SM).

Results. –

Predictions from the all-atom simulations. Figure 2
shows the all-atom POPC bilayer and the direction of
the applied electric field. Figure 3(a) shows the effect
of electric field on the dipole reorientation in the POPC
bilayer. In fig. 3(a), the x-axis is the angle (θ) that a
dipole vector projected on to the tangent plane makes
with the electric field (see fig. 2). Thus, the angle is 0◦

when the vector is in the direction of the electric field and
is 180◦ when the vector is oriented opposite to the electric
field. The y-axis shows the probability density of the
lipid dipoles to be oriented in the θ-direction in the entire
bilayer.

In the absence of electric field, the dipoles are free to
rotate in the tangent plane and hence all the orientations

Fig. 2: Simulated atomistic system showing the POPC lipid
bilayer subjected to lateral electric field (Ea). Phosphorus and
nitrogen atoms of lipid headgroups are represented by cyan and
blue colored spheres, respectively. Lipid acyl chains are shown
in gray color and water molecules are represented by light gray
beads on both sides of the bilayer. ζ is the angle the dipole
makes with the bilayer normal and θ is the angle the projected
dipole makes with the applied electric field.

Fig. 3: Electric-field–induced dipole reorientation in flat bilay-
ers (a) Lateral angle probability distribution function (P (θ))
for POPC lipids when subjected to different lateral electric
fields. When no electric field is applied, distribution is uni-
form. When lateral electric field is applied, lipid headgroup
dipole vectors begin to orient along the direction of the ap-
plied electric field. The reorientation is proportional to the
magnitude of the applied electric field. (b) P (θ) for POPC,
DOPC, DPPC and POPE lipids at 0.05 V/nm and 0.10 V/nm
electric field values. All four lipids show similar reorientation
of the headgroup dipoles.
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Fig. 4: Magnitude of the in-plane polarization density (π = |π|)
as a function of the applied electric field predicted from flat bi-
layer simulations. Higher electric field leads to higher dipole
reorientation and hence, higher π values. A linear fit to the
data (black dashed curve) yields an estimate of the in-plane
flexoelectric coefficient. Collectively, the four lipids yield an
average value of D ≈ 5.77 × 1017 Nm/C2. The error bars rep-
resent the standard deviation in the polarization densities.

Fig. 5: Coarse-grained POPC bilayer simulated in MARTINI.
PO4 and NC3 beads are shown in cyan and blue, respectively.
The lipid headgroup dipole (orange vector), as shown in the
inset, is drawn from the PO4 bead to the NC3 bead.

have equal probability (blue curve). However, when sub-
jected to increasing electric fields, lipid dipoles begin to
preferentially orient along the direction of the electric field.
This increases the probability of finding a dipole vector at
smaller angles with respect to the electric field direction,
resulting in a rise in the P (θ) curves at smaller angles and
a decline at higher angles. Once the electric field reaches
0.1 V/nm, the majority of the dipoles are aligned with the
electric field.

To quantify the effect of lateral electric field on differ-
ent lipid types, we simulate three additional flat bilayers
made of DOPC, DPPC and POPE lipids. While POPC
has one unsaturated acyl chain, DOPC and DPPC have
two and zero unsaturated acyl chains, respectively. POPE
lipids, on the other hand, have a different headgroup com-
pared to the PC lipids. The POPE headgroup dipoles
make an angle of 77◦ with respect to the bilayer normal
(compared to 71◦ for POPC lipids). Figure 3(b) shows
the probability function for the three lipids at 0.05 V/nm

Fig. 6: Comparison of the in-plane polarization densities ob-
tained from the coarse-grained and the all-atom models of the
POPC bilayer. The two approaches yield similar values, and
the small deviations may be attributed to the differences in the
force field parameters.

Fig. 7: Coarse-grained POPC vesicle in the presence of an
applied electric field (0.025 V/nm). The initial spherical vesicle
turns into a prolate ellipsoid in the presence of the electric field.
The electric-field–induced reorientation of the dipole vector is
captured via the angle θ between the projected dipole vector
pt and the projected electric field vector Et onto the tangent
plane of the vesicle surface.

and 0.10 V/nm electric fields. Despite their structural dif-
ferences, the dipole vectors of all three lipids show similar
orientation changes as POPC for the applied electric fields.

We next used the dipole orientations to compute the
in-plane polarization density (per unit area) and the in-
plane flexoelectric coefficient for the four lipid systems. To
compute the local in-plane polarization density in a leaflet,
we divide the projected dipole vector by the area of the
lipid headgroup. We average this over the two leaflets of
the bilayer and sum up the two contributions to compute
the resulting in-plane polarization density for the bilayer.
Thus, the in-plane polarization density π is given by

π =

〈

2
∑

i=1

Ppi/A

〉

, (1)

where i = {1, 2} accounts for the two leaflets, P =
I − ni ⊗ ni = I − k ⊗ k is the projection tensor, pi is
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Fig. 8: Predictions from the vesicle simulations. (a) P (θ) plots
for POPC, DOPC, DPPC and POPE lipids in the absence and
presence of 0.025 V/nm electric field. In the absence of electric
field, P (θ) plots are flat as dipoles undergo free rotation. In
the presence of electric field, dipoles undergo reorientation and
P (θ) increases for smaller angles and decreases for larger an-
gles. The plots show similar trends for all the four lipid types.
(b) The magnitude of in-plane polarization density as we move
along a meridian from the north pole to the south pole of the
deformed vesicle (20◦

≤ φ ≤ 160◦). The magnitude increases
as we move away from the poles towards the equator, in pro-
portion to the magnitude of the projected electric field onto
the tangent plane and the dipole reorientation.

lipid dipole vector in a leaflet, A is the area per lipid, and
〈 〉 represents the averaging performed over the bilayer.
Figure 4 shows the magnitude of π for the four lipid
systems. The polarization density increases with an in-
crease in the magnitude of the applied electric field as more
lipids get oriented in the direction of the applied electric
field. The four lipid simulations yield similar estimates.
The slight drift in the estimated values at 0.1 V/nm could
be occurring because of larger fluctuations in the bilayer
generated by electric-field–induced compressive in-plane
stresses.

Next, we use the estimated in-plane polarization density
to compute the in-plane flexoelectric coefficient for the new
electromechanical theory with an in-plane polarization

Fig. 9: The predicted in-plane flexoelectric coefficient obtained
from the vesicle simulations. These simulations yield an aver-
age value of 5.5 × 1017 Nm/C2 for the four lipid types (black
dashed curve). The error bar represents the standard deviation
in the polarization densities.

field. For such a system, as shown in [25], the membrane
energy is given by

U = kH2 + k̄K +
1

2
D |π|

2
, (2)

where the first two terms are the classic Helfrich-Canham
energy that models the mechanical response of bilay-
ers [31–34] and the third term is the flexoelectric term
that depends on the in-plane flexoelectric coefficient D
and the in-plane polarization density π. As shown in [25],
equilibrium conditions yield the equation

Dπ = PEa. (3)

We rearrange the above equation to obtain the relation

D =

√

Ea · PEa

π · π

, (4)

where we have used the identity PT P = P. For the flat
bilayer systems, PEa = Ea. Therefore, the expression for
the in-plane flexoelectric coefficient reduces to

D =
|Ea|

|π|
. (5)

Thus, the in-plane flexoelectric coefficient is the reciprocal
of the slope of the π(|Ea|) curves. The linear fit (black
dashed curve) in fig. 4 yields an estimate of D ≈ 5.77 ×
1017 Nm/C2 for the four simulated lipid types.

Finally, to ensure that the applied electric fields did not
compromise the integrity of the bilayers, we calculated the
deuterium order parameter of the lipid acyl chains for the
POPC, DOPC, DPPC and POPE bilayers. The order
parameter shows a monotonic increase with an increase in
the applied electric field (fig. S1 in the SM). This implies
that the bilayer thickness increases with an increase in the
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Fig. 10: The cumulative in-plane polarization density for the
POPC, DOPC, DPPC and POPE bilayers obtained by adding
the in-polarization densities of the lipid headgroup dipoles and
the water dipoles in the headgroup/carbonyl regions. Addition
of water polarisation leads to a nearly two-fold increase in the
in-plane polarisation density.

Fig. 11: The magnitude of the out-of-plane polarization density
as we move along a meridian on the lipid vesicle subjected to
0.025 V/nm electric field. The out-of-plane polarization density
is roughly half of the in-plane polarization density obtained in
fig. 8(b).

applied electric field. This in turn implies that the bilayers
possess a lower area per lipid and a lower permeability
as the electric field is increased. Thus, the bilayers we
simulated do not loose integrity in the presence of applied
electric field. The slight jump observed for the DPPC
bilayer at 0.1 V/nm in fig. S1 in the SM occurs due to the
phase change induced by the lateral electric field [35].

Predictions from the coarse-grained simulations. To
verify the estimates obtained from the all-atom systems,
we performed coarse-grained simulations of a flat POPC
bilayer in Martini (fig. 5). The inset in fig. 5 shows the
coarse-grained headgroup dipole vector (orange vector)
drawn from the PO4 bead to the NC3 bead. Figure 6
shows the in-plane polarization density obtained from the

Fig. 12: Probability density distribution of the normal angle
(ζ) made by the lipid dipoles (see fig. 2) in the absence and
presence of electric field (0.10 V/nm). Application of electric
field has minimal impact on the normal angle.

coarse-grained system. To facilitate comparison, we have
reproduced the data from the all-atom systems in fig. 4.
The data from the coarse-grained and the all-atom bilay-
ers show very good agreement, confirming the ability of
coarse-grained systems to adequately capture the electric-
field–induced bilayer polarization.

Next, we simulated a 15nm radius vesicle to quantify
the effect of bilayer curvature on the estimation of the
in-plane flexoelectric coefficient. We constructed spheri-
cal vesicles for the four lipid types and subjected them to
an electric field of 0.025 V/nm. Higher electric fields led
to penetration of vesicles by water molecules, leading to
electroporation as observed by Vernier and colleagues [5].
Figure 7 shows the deformed state of a POPC vesicle in
the presence of the applied electric field. The inset shows
a schematic of the lipid dipole vector, the applied elec-
tric field vector and their projected components on to the
tangential plane of the bilayer surface.

Figure 8(a) shows the probability density P (θ) of the
projected dipoles to align with the projected electric
field Et. As before, in the absence of the electric field all
angles have equal probability yielding the flat curves for
the four lipid systems. In the presence of the electric field,
the dipoles become oriented in the direction of Et result-
ing in an increase in P (θ) at smaller angles and a decline
at larger angles. The trend is consistent for the four lipid
types. Next, we use eq. (1) to compute the in-plane po-
larization density from the projected dipole vectors in the
bilayer. Figure 8(b) shows |π| as we move along a merid-
ian from the north pole to the south pole of the simulated
vesicle. We present the data for 20◦ ≤ φ ≤ 160◦ due
to high numerical error encountered in the close vicinity
of the two poles because of the vanishing denominator in
eq. (1). Figure 8(b) shows that around the two poles, the
magnitude of in-plane polarization density is small. This
is so because Et is small and hence, the dipoles continue
to have their rotational freedom. Around the equatorial
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plane (φ ≈ 90◦), the in-plane polarization density achieves
its maximum value. In this region, Et is maximum, which
leads to the maximum alignment of lipid dipoles.

Finally, we use eq. (4) to calculate the in-plane flex-
oelectric coefficient for the four lipid systems. Figure 9
shows the predicted values as a function of the polar angle.
The plots yield an average value of 5.5 × 1017 Nm/C2 for
the in-plane flexoelectric coefficient for the different lipid
types. These estimates are in very good agreement with
the earlier estimate obtained from the atomistic simula-
tions. Since both the flat bilayer and the vesicle geometries
yield similar estimates, D is independent of membrane ge-
ometry, and hence, is purely a material property.

Conclusions. – In this study, we performed atom-
istic and coarse-grained molecular dynamics simulations
to quantify the propensity of lipid bilayers to undergo
in-plane polarization in the presence of an applied elec-
tric field. We used the numerical predictions to es-
timate the in-plane flexoelectric coefficient required to
model the electromechanical response of lipid bilayers.
Our results show that the in-plane flexoelectric coefficient
D ≈ 5.5 × 1017 Nm/C2 for the four simulated lipid types.
Despite the variations in the acyl chain saturation level
and the headgroups structure, the four lipids show a com-
parable in-plane polarization.

Our study provides the first molecular proof of the in-
plane polarization undergone by lipid bilayers in the pres-
ence of an applied electric field. The study shows that
the bilayers undergo significant in-plane polarization, sug-
gesting that in-plane polarization should be accounted for
in analyzing the electromechanical response of bilayers in
the presence of electric fields with tangential component.
Furthermore, our study shows that the D estimate is inde-
pendent of the bilayer geometry, confirming the assump-
tion of a constant material property invoked in the new
electromechanical theory [25]. Estimation of D overcomes
a major roadblock that would allow future studies to
numerically quantify the electromechanical response of
membranes and validate modeling predictions with exper-
imental data.

While in this study we invoked the in-plane polarization
arising from the lipid dipoles in the headgroup region, re-
orientation of water molecule dipoles in the presence of
electric field can change the net in-plane polarization de-
veloped in a bilayer. To quantify this effect, we computed
the cumulative in-plane polarization density arising from
the lipid dipoles and the water dipoles in the headgroup
and the carbonyl regions. Figure 10 shows the π − |Ea |
data for the flat bilayer systems from the all-atom simu-
lations. The addition of water dipoles is indeed able to
generate an almost two-fold increase in the in-plane po-
larization density. This in turn would lead to a two-fold
reduction in the effective in-plane flexoelectric coefficient.

Finally, several important remarks are in order here
with reference to the previous models that invoke out-
of-plane polarization. The out-of-plane polarization in

these models mainly arises from a difference in the num-
ber of lipids in the two leaflets inside the control volume
as the dipoles in the two leaflets are oriented in the op-
posite directions (see fig. 3 in [20]). Thus, for a flat bi-
layer, the net dipole in one leaflet cancels the net dipole
in the other leaflet, leading to zero net polarization. In
a curved bilayer, however, a net difference in the num-
ber of lipids in the two leaflets gives rise to a net out-of-
plane polarization. To estimate this effect, we calculated
out-of-plane polarization density and the flexoelectric co-
efficient for the Petrov model for our vesicle system sub-
jected to 0.025 V/nm electric field. Our model yields a
flexoelectric coefficient of 13.9 × 10−20 C, which falls in
the range of 3.1–1500 × 10−20 C documented in the liter-
ature [20,36–38]. Figure 11 shows the out-of-plane polar-
ization developed along a meridian in the coarse-grained
vesicles. Remarkably, the out-of-plane polarization is only
half of the in-plane polarization in the presence of the same
electric field (fig. 8(b)). This implies that for larger vesi-
cles or membrane structure with smaller curvatures, the
out-of-plane polarization would be much smaller compared
to the in-plane polarization as the number of lipids in the
two leaflets within the control will become comparable.

It is important to note that in contrast, the in-plane
polarization is not intrinsically dependent on the bilayer
curvature and the difference in the number of lipids in
the two leaflets. The in-plane polarization is determined
by the strength of the tangential electric field acting at
any point on the bilayer surface and the realignment of
the lipid dipoles. Thus, even a nearly flat bilayer can get
polarized in the presence of an electric field. This is a
fundamental difference between our model and the previ-
ous models. However, in the absence of an applied elec-
tric field, dipoles maintain rotational freedom and hence,
curving of the bilayer does not lead to an in-plane po-
larization and the converse flexoelectric effect observed in
the earlier models. Furthermore, our simulations show
that the angle that the lipid dipoles make with the bilayer
normal (ζ) undergoes minimal reorientation in the pres-
ence of the applied electric field (fig. 12), in stark contrast
to the reorientation undergone by the tangential angle θ.
This suggests that the electric field has a more dominant
effect on the in-plane polarization as compared to out-of-
plane polarization. It is therefore plausible that what was
construed as the effect of out-of-plane polarization in the
earlier studies could very well be the effect on in-plane po-
larization. Thus, there appears to be an impending need
to revisit the basic tenets of electromechanical coupling in
lipid bilayers through synergistic experimental and mod-
eling studies.
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