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Lipid membranes are commonly confined to adjacent subcellular structures or to artificial sub-
strates and particles. We develop an experimental and theoretical framework to investigate the
mechanics of confined membranes, including the influence of adhesion, strain and osmotic pressure.
We find that supported lipid bilayers respond to stress by nucleating and evolving spherical and
tubular protrusions. In cells, such transformations are generally attributed to proteins. Our re-
sults offer insights into the mechanics of cell membranes and can further extend the applications of
supported bilayers.

PACS numbers: 87.16.D-,87.16.dm

Biological membranes are dynamical interfaces that
undergo continual remodeling, usually by cytoskeleton-
induced forces [1], by tuning locally the lipid composition,
or through interactions with specialized proteins [2]. In
this paper, we characterize a generic mechanical mecha-
nism by which stressed membranes delaminate from their
confining structure to form stable, highly curved tubular
and spherical protrusions. In biomimetic systems, pro-
trusions form out of confined membranes upon straining
the membrane-supporting surface [3, 4], or upon incor-
porating lipids or peptides in supported bilayers [5–7].
Similar processes have been observed in cells, where the
plasma membrane bulges into blebs [8] and micro-vesicles
[9] upon contraction of the underlying actin cortex, or
forms tubular invaginations away from the substratum
in shrinking adherent cells [10]. We provide a unified
view of these phenomena, and investigate the behavior of
confined membranes with experiments, theory and simu-
lations.

For the experiments, we construct a channel be-
tween a glass cover slip and a PDMS slab, and we
coat it with a uniform lipid bilayer composed of 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) and fluo-
rescently labeled with 1 mol% 1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine-N-(lissamine rhodamine B sul-
fonyl) (ammonium salt) (Rh-DPPE) (see procedure in
[3]). The PDMS slab contains an additional cylindri-
cal puncture (1 mm in diameter) between the inlet and
outlet, which is covered by a thin PDMS sheet (about
100 µm thick), and connected at the other end to a mi-
crosyringe pump (Fig. 1a). Initially, both the solution
in the channel, and the few nanometer thick interstitial
liquid film, which separates the membrane from the sub-
strate [12] are at the osmolarity at which the bilayer is
prepared (M0 = 0.3 Osm). Using this original setup, we
can 1) subject a supported lipid membrane to a lateral
strain by deforming (inflating or deflating) the PDMS
sheet underneath the membrane [3], and 2) modify the
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FIG. 1. (Color online) a) Experimental setup. b) Confocal
observations show three main membrane morphologies (scale-
bar: 5 µm), and c) corresponding model idealizations as a
uniform membrane disc with radius R; or discs with a tubu-
lar (radius rt, length L) or a spherical protrusion (radius rs,
contact angle ψ). The free energy of these three families of
shapes includes the contributions shown in d), with the cor-
responding material properties; Ks=0.12 J/m2 is the elastic
compressibility modulus of each monolayer; κ = 10−19 J is
the bending modulus [11]; for U , we adopt the functional
form proposed in [12] with an equilibrium separation t0 = 3
nm, and set the adhesion energy to γ = U(+∞)− U(t0) = 2
mJ/m2 estimated from the lysis of shallow caps (see text).

volume of interstitial liquid by controlling the osmolarity
of the solution above the membrane [13].

Our confocal observations reveal that single-
component, supported bilayers in the fluid phase
exhibit different morphologies –a uniform state, or states
with tubular or spherical lipid protrusions, which can
be controlled reversibly by the magnitude of the applied
strain and the interstitial volume (Fig. 1b). Moreover,
we will demonstrate that highly curved tubules protrud-
ing from confined bilayers remain stable, even without
the assistance of commonly appreciated mechanisms,
such as localized forces [14] or spontaneous curvature
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[15],[16].
To understand the experimental observations, we de-

velop a theoretical model [17] for the confined bilayer in
equilibrium. We idealize the membrane as a collection of
juxtaposed cells with one protrusion at the center of each,
which allows us to focus on a single cell of radius R0 com-
mensurate to half of the average distance between protru-
sions. In our model, the bilayer adopts the state of lowest
free energy amongst three predefined families of shapes,
planar, tubular or spherical (Fig. 1c), consistent with our
experimental observations and with simulations allowing
for general shapes and density distributions [18], [19].
For each protrusion mode, the equilibrium state is given
by the competition between bending and stretching elas-
tic energies and U(t), the poorly characterized bilayer-
substrate interaction potential, which is a function of the
separation t (Fig. 1d). The competition between the en-
ergy terms is arbitrated by the substrate area, relative
to a fixed number of lipids, and by the volume enclosed
between the membrane and the substrate. We define the
relative area change, or areal strain, upon compression as
εC = −(S − S0)/S0 = −(R2 − R2

0)/R2
0, where S0 is the

relaxed area of the bilayer cell, S its deformed projected
area, and R half of the mean separation between pro-
trusions after deformation. The enclosed fluid volume is
non-dimensionalized as v = V/V0, where V0 is the liquid
volume enclosed by a uniformly adhered bilayer cell at
its equilibrium lipid density and separation distance. In
addition to the equilibrium membrane shape, our model
yields the bilayer tension as a sum of the monolayer con-
tributions, σ = σ+ + σ−, and the mechanical pressure
difference across the bilayer, which is required to main-
tain a given v and defined as ∆pmech = Pin − Pout. In
equilibrium, ∆pmech must be balanced by the osmotic
pressure difference

∆posm = R̄T

(
M0

v
−Mout

)
, (1)

where R̄ is the gas constant, T is the absolute tempera-
ture, and Mout is the channel osmolarity (Fig. 1d).

We find that the planar adhered configuration is never
the state of lowest energy for εC > 0 and v > 1, yet it is
experimentally observed for small εC and v. This fact,
together with our numerical simulations [20], suggests
that the planar state is metastable in a region whose
boundary can be estimated by linear stability analysis.
Our predictions of the onset of buckling agree well with
the measured critical strain of εC ≈ 0.08, for v ≈ 1 [3].

We organize our experimental and theoretical observa-
tions on the membrane morphologies in a strain-volume
(εC , v) phase diagram (Fig. 2), which depends also on
the separation R between the protrusions. For small εC
and v the lipid membrane is in a planar, adhered config-
uration (black region). As we increase εC , the uniform
membrane buckles and expels tubular protrusions (white
region). The tubes appear thin (radii of a few tens of
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FIG. 2. (Color online) Morphological strain-volume phase
diagram of confined lipid bilayers, derived theoretically for
R0 = 4 µm (a typical average half-distance between the
protrusions in the experiments). We distinguish between a
fully adhered planar bilayer (black region), and a bilayer with
tubular protrusions, labeled TUBES (white area), or with
spherical protrusions, labeled BUDS (light grey) and CAPS
(dark grey). Buds (π/2 ≤ ψ < π) range between almost full
spheres (iii) and half spheres, whereas caps (ψ < π/2) are
shallower spherical protrusions (iv). Buds and caps can be
distinguished by the neck opening, which appears as a dark
center in the confocal images of the protrusions. The ar-
rows on the diagram map actual experimental paths between
tubes, buds and caps, at R0 close to 4 µm; for example, N
and � represent the transitions in Fig. 4, and • the transition
from image (iii) to (iv). Scalebars are 10 µm. According to

the model, along the tube-bud boundary rs ≈ R0ε
1/2
c /2 and

v ≈ 1 − εc + R0ε
3/2
c /(6t0), which allows us to estimate the

strain and volume by estimating rs and R0 from the experi-
mental images.

nanometers) and long (about a hundred micrometers)
for small v and large εC (Fig. 2i) [21]. As we increase
v, the tubes become thicker and shorter (ii) and even-
tually transform into spherical buds (see also Fig. 4b),
which are almost complete spheres (ψ ≈ π), with a di-
ameter growing along the tube-bud boundary (iii, v). As
we increase v or decrease εC , the contact angle (Fig. 1c)
of the buds progressively decreases and the neck radius
increases, leading to shallow caps (iv). The equilibrium
membrane shapes at ∆pmech = ∆posm, can be mapped
onto an alternative phase diagram in terms of εC and
Mout using Eq. (1) [22]. Since we cannot control the
nucleation sites of the protrusions in the current setup,
and therefore the distance between them [23], we cannot
expect a full quantitative agreement between the experi-
ment and the theory. For instance, the shape transitions
in the experiments do not occur in perfect synchrony for
all protrusions, and their size may slightly vary depend-
ing on the density of the protrusions.

We turn now to the mechanical state of the system,
and show how confined bilayers are able to passively reg-
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FIG. 3. (Color online) Confined bilayers self-regulate stress.
Numerical plots of a) bilayer tension and b) interstitial pres-
sure, as displayed near the planar state of the phase diagram.
c) Numerical plot of the bilayer tension in the protrusions
over the entire phase diagram. The regions in the diagram
where we observe and theoretically predict shallow caps lysis
and thin tubes detachment from the membrane (fission) are
indicated, whereas the relaxation of the membrane tension
accompanying these events is depicted by grey arrows. The
inset shows a sketch and a confocal micrograph of the cap
lysis; scalebar 2 µm.

ulate stresses, the bilayer tension (σ) and trans-bilayer
pressure (∆p) by forming out of plane protrusions. In
the black region (Fig. 2), the metastable planar adhered
bilayer can withstand high negative tension due to the
stabilizing effect of adhesion. However, as the substrate
contracts, the incompressible liquid film becomes thicker
(t > t0) and pressurized (∆p = U ′(t) > 0), and eventu-
ally the adhesion is destabilized. By forming protrusions,
the system relieves the accumulated σ and ∆p (Fig. 3a,b).

The mechanics of protruded states emerge from the
energy competition in different ways across the phase di-
agram. Around the tube-bud phase boundary, the pro-
trusions are near spheres with little penalty in their elas-
tic and adhesion energies. If the volume to area ratio
of the protrusions [24] is increased, stretching and ad-
hesion compete, and the spherical protrusions become
increasingly tense, following a Young-Dupre equation
σ ≈ γ/(1 − cosψ). Experimentally, we observe that
shallow caps lyse, expelling part of their enclosed vol-
ume, and then heal to a state of lower membrane tension
(Fig. 3c). This observation provides us with an estimate
for the adhesion energy of few mJ/m2, which is con-
sistent with literature reports on bilayer-glass adhesion
[25, 26]. If instead the volume becomes scarce, the sys-
tem accommodates the excess area by forming long thin
tubes, stabilized by a negative ∆p, and experiencing sig-
nificant negative σ satisfying ∆p ≈ σ/rt − κ/(2r3t ) [27],
in contrast to usual bilayer tubes under tension [14]. In
agreement with previous reports [6, 28], we observe that
tubular protrusions thin out (according to our model, to
a radius of 10 nm and a negative membrane tension of
a few mN/m), collapse, and detach after a strong hyper-

osmotic shock (rapid decrease in v) [29], leading to a
relaxation of the membrane tension as the strain is effec-
tively reduced (Fig. 3c). Thus, the confined membrane
is able to further self-regulate its pressure and tension by
disrupting the bilayer in the highly stressed protrusions.

We note that the negative ∆p stabilizing thin tubes
arises from a negative osmotic imbalance between the in-
terstitial liquid and the external medium. Indeed, even
in nominally iso-osmotic conditions (Mout = M0), the
tendency of highly curved tubes to dilate and relax their
bending energy is readily balanced by the significant dilu-
tion of the minute interstitial volume, which occurs even
after a slight tube dilation.

Common observations on cells show that the volume
of the membrane protrusions changes dynamically due
to the semi-permeable nature of the lipid membrane and
the porosity of the confining structure. To examine the
dynamical effects associated with changing v, we subject
the membrane to a hypo- (increasing v) or hyper-osmotic
(decreasing v) outer solution [30]. An imbalance between
∆posm(v), given in Eq. (1), and ∆pmech(εc, v), required
to stabilize a protrusion at a given volume, drives water
into or out of the interstitial space. The volume dynamics
is given by

V̇ =
PfVwSm

R̄T
[∆posm(v) − ∆pmech(εc, v)] , (2)

where Pf is the osmotic water permeation coefficient
[31, 32], Vw is the volume of a water molecule, and
Sm is the surface area of the semipermeable membrane.
In hypo-osmotic conditions, we observe that the appar-
ent diameter of most buds grows monotonically (vertical
paths in Fig. 2) until an equilibrium plateau (Fig. 4a, •).
For such a protrusion in an homogeneous environment,
and estimating εC and v as described in Fig. 2, the agree-
ment between experiment and theory is excellent. The
buds accommodate their expanding volume (v increases
from 3.5 to 22 according to the model) at fixed excess
area by flattening into shallow caps and by membrane
delamination in the neck region (Fig. 4a, i-iv). However,
as discussed above (Fig. 3c), the volume expansion of
the buds at a fixed surface area is accompanied by an
increase in the membrane tension. If σlysis is reached in
samples with smaller area available for the protrusions
(smaller εC) and large v, the caps may undergo transient
lysis and partially expel their contents (Fig. 4a, �). Al-
ternatively, we also observe experimentally a collective
mechanism of tension relief by coarsening, where smaller
caps disappear at the expense of growing spherical pro-
trusions with increasing contact angle ψ (Fig. 4a, N).

The dynamical transformations of tubes under volume
changes are shown in Fig. 4b. In moderate hyper-osmotic
conditions, tubes elongate in the first 100 s and then
reach a plateau (Fig. 4c, •), whereas in a stronger hyper-
osmotic shock, the elongation proceeds more rapidly and
leads to tubes collapse and detachment, as discussed pre-
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FIG. 4. (Color online) Volume dynamics of membrane protru-
sions upon osmotic changes, determined both experimentally
(symbols) and theoretically (lines). a) Volume dynamics of
buds in hypo-osmotic conditions (upon complete dilution of
the outer solution): gradual bud inflation up to a plateau (•),
partial bud lysis (�), or bud annihilation by coarsening of
the protrusion pattern (N). For the theoretical fits, the initial
values for εC and v are obtained using the relations shown
in Fig. 2 and Pf ≈ 45 µm/s, measured for DOPC in ten-
sion [31]. b) Snapshots of gradual bud inflation visualized by
confocal images (scalebar 5 µm) and the corresponding the-
oretical profiles. c) Reversible tube transformations, fitted
with Pf ≈ 0.75 µm/s: a gradual bud elongation into a tube
(•) in hyper-osmotic conditions (increase in external osmolar-
ity from very dilute to 0.2 Osm), and a tube to bud retraction
(�) upon diluting the outer solution (from 0.6 Osm to water).
Shape transitions labeled with • on a) and c) are mapped on
Fig. 2, by the arrows with triangle and square, respectively.

viously (Fig. 3c). In hypo-osmotic conditions, tubes are
converted into buds (Fig. 4c, �). Theoretically, we can
fit the tube dynamics by using a permeation coefficient
60 times smaller than the one used in Fig. 4a or reported
for DOPC vesicles under tension [31]. We rationalize the
reduced water permeation by the decreased area/lipid in
the tubes under negative tension, consistent with previ-
ous experiments on bilayers of different composition [32].
To our knowledge, these are the first observations show-
ing that the membrane permeability can be controlled by
the strain.

We have shown that supported bilayers form a vari-
ety of protrusions, whose shapes can be experimentally
controlled and quantitatively understood in terms of the
bilayer-substrate mechanics. The proposed mechanisms
do not depend on the previously studied effects of bilayer
asymmetry or spontaneous curvature by proteins [2, 33].
In fact, passive mechanical and protein-regulated trans-
formations of membranes may act in concert. Our results
provide a mechanistic interpretation of the initiation and
growth of blebs [8, 34], tubular invaginations [10], and
micro-vesicles in cells [9]. Since our experimental sys-
tem offers a high degree of control, generates diversity
of shapes and lipid densities, it is an ideal workbench to
study protein affinity to curvature and lipid packing [35].

Our findings could also help engineer new functionalities
into drug delivery systems, such as strain- or pressure-
responsive bilayer coated particles.
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