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Abstract
As model physical systems, lipid bilayer vesicles (vesicles) have been an
attractive starting point for theoretical work, simulations and experi-
ments. Vesicles serve as prototypes of simple cells and knowledge of their
mechanical properties is important to understanding living cells.
•Using Coarse-Grained Molecular Dynamics simulations[1], we study the
relaxation of bilayer vesicles, uniaxially compressed by an Atomic Force
Microscope (AFM) cantilever.
•The relaxation time exhibits a strong force-dependence.
•We explain this in terms of thermal undulations present in
lipid bilayers.[2]
•Force-compression curves are very similar to recent experiments[3]
wherein giant unilamellar vesicles were compressed in a nearly identical
manner.

AFM Apparatus
Parallel Plate Compression:

Figure 1: Simulated vesicle undergoing parallel plate compression. In
addition to the ordinary substrate particles, a bullseye of randomly

distributed ‘sticky’ particles was placed at the centre of the substrate to
ensure adhesion. Without this adhesion site, the vesicle would slip out from

underneath the AFM Tip. Coarse-grained lipid shown at upper left.
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Summary
•The relaxation time depends on the magnitude of the applied stress,
increasing sharply in the limit of low stress.
•This result is connected to entropic undulations in the bilayer via
Equation 5, which we derive out of the Helfrich and Servuss Model[2]
(Equation 4).
•Our derivation predicts a finite maximum relaxation time, proportional
to the membrane’s surface area.
•Moreover, since undulations have been observed in real vesicles and cells,
the force-dependence should be present in them as well.
•The connection between our vesicle’s relaxation time, entropic
undulations and the applied stress may help to explain the wide
variability of relaxation (and recovery) times reported for cells.

Lipid Bilayer Vesicles
•In aqueous solution, phospholipids self-assemble to form closed mem-
branes called lipid bilayer vesicles.

What we Measure
•Membrane area expansion (equilibrium)

𝛼 ≡ (1)

•Relaxation time , of the area expansion following a step-force ( )

𝛼( ) ∼ 𝓮 / (2)

•Vertical compression (equilibrium)

Tip( ) ( ) ∘ (3)

Dynamics: Stress Relaxation 𝛼(𝑡) ⟶ 𝜏

Timesteps
Figure 2: Ensemble fit to creep response of the bilayer’s triangulated area
at Fz = −100F. For each value of the applied force, data from multiple

simulations are fit as one timeseries. This helps to reduce the uncertainty
on the relaxation time, by reducing the influence of noise from any

particular simulation on the fit.
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Figure 3: Relaxation time versus surface tension. Equation 5 leads to a
correct description of the force dependence of the relaxation time τ(γ).
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Theory
•Area expansion 𝛼 as a function of
surface tension γ (HS model)[2]

𝛼(γ) 𝓀Β

κ
𝜁 γ
𝜁 γ

entropic

γ

direct

.

(4)

•From HS model, we derive the re-
laxation time

(γ) ∼ 𝜂 𝛼
γ ≈ 𝜂

𝓀Β

𝜁 γ
.

(5)

Equilibrium: Projected Area, Triangulated Area, Vertical Compression



ݖ

ל

ଶ

݄



ݖ

ל

ଶ

݄



ݖ

ל

ଶ

݄



ݖ

ל

ଶ

݄

ל ྡྷ ଶ

ൌ ʹ
Ȁଶ



ݖ
 ௭



ݎ
ଶగ



ݎ ߶

ʹ
Ȁଶ



ݖ
 ௭



ߨʹ ݎ ݎ

ߨʹ
Ȁଶ



ݖ ଶݎ ݖ

ߨʹ
Ȁଶ



ݖ ל ྡྷ ଶ  ଶȃɄɕ ߮ ଶ

Figure 4: Parametrization of a compressed vesicle. In the context of
projected area and membrane undulations, this profile delineates the

apparent surface of the vesicle. The shape of the compressed vesicle is well
approximated by a “filled torus” —a doughnut without a hole.

Coordinates: In this figure, h lies along the z-axis. φ lies in the xy-plane.
ϕ = arctan(z/R2).
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Figure 5: Projected area versus surface tension. The tension (x-axis) has
been estimated via the work done compressing the vesicle.
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Figure 5: Projected area versus surface tension. The tension (x-axis) has

been estimated via the work done compressing the vesicle.
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Figure 6: Vertical compression: Relative height change as a function of
applied force. The similarity between simulation and experimental data

(modified from Schäfer et al. 2013) is striking.
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Figure 7: Triangulated area versus surface tension. The tension (x-axis)
has been estimated via the work done compressing the vesicle. KA is

estimated using a linear fit to the low tension regime. The bending rigidity
is κ = KAl2/48, where l is the bilayer thickness.
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