
 

Tuning friction via topologically electro-convoluted lipid-
membrane boundary layers

Document Version:
Early version, also known as pre-print

Citation for published version:
Jin, D & Klein, J 2023, 'Tuning friction via topologically electro-convoluted lipid-membrane boundary layers',
arxiv.org. https://doi.org/10.48550/arxiv.2303.08555

Total number of authors:
2

Digital Object Identifier (DOI):
10.48550/arxiv.2303.08555

Published In:
arxiv.org

License:
CC BY-NC-ND
General rights
@ 2020 This manuscript version is made available under the above license via The Weizmann Institute of
Science Open Access Collection is retained by the author(s) and / or other copyright owners and it is a condition
of accessing these publications that users recognize and abide by the legal requirements associated with these
rights.

How does open access to this work benefit you?
Let us know @ library@weizmann.ac.il

Take down policy
The Weizmann Institute of Science has made every reasonable effort to ensure that Weizmann Institute of
Science content complies with copyright restrictions. If you believe that the public display of this file breaches
copyright please contact library@weizmann.ac.il providing details, and we will remove access to the work
immediately and investigate your claim.

(article begins on next page)

https://doi.org/10.48550/arxiv.2303.08555
https://doi.org/10.48550/arxiv.2303.08555


 1 
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It was recently discovered that friction between surfaces bearing phosphatidylcholine (PC) lipid bilayers can be 

increased by two orders of magnitude or more via an externally-applied electric field, and that this increase is 

fully reversible when the field is switched off.  While this striking effect holds promising application potential, its 

molecular origin remains unknown due to difficulty in experimentally probing confined membrane structure at 

a molecular level. Our earlier molecular dynamics simulations revealed the equilibrium electroporated structure 

of such confined lipid membranes under an electric field; here we extend this approach to study the associated 

sliding friction between two solid surfaces across such PC bilayers. We identify the enhanced friction in the field 

as arising from membrane undulations due to the electroporation; this leads to some dehydration at the lipid-

water interfaces, leading to closer contact and thus increased attraction between the zwitterionic headgroups, 

which results in increased frictional dissipation between the bilayers as they slide past each other. Additionally, 

the electric field facilitates formation of lipid bridges spanning the intersurface gap; at the sliding velocities of 

the experiments, these bridges increase the friction by topologically-forcing the slip-plane to pass through the 

acyl tail-tail interface, associated with higher dissipation during sliding. Our results account quantitatively for 

the experimentally-observed electro-modulated friction with boundary lipid bilayers, and indicate more 

generally how they may affect interactions between contacting surfaces, where high local transverse fields may 

be ubiquitous.   
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1 Introduction  

Lubrication is a vital process in physiological environments such as at the cartilage surface of a 

joint, where the low friction has been attributed to phospholipids, mainly phosphatidylcholines 

(PCs), forming boundary layers at the cartilage surface. Such lipid bilayers reduce frictional 

dissipation via the hydration lubrication mechanism: under compression, the PC lipid membranes 

remain intact and form bilayer stacks separated by hydration repulsion, which in the hydration 

lubrication mechanism enables easy slip at the highly-hydrated interface between opposing 

bilayers [1-12]. We recently discovered that hydration lubrication by such PC-lipid membranes 

can be massively modulated by electric fields [13]. In these experiments, lipid bilayers or 

liposomes were adsorbed to the molecularly-smooth mica and gold surfaces under normal 

stresses of O(10) atm. At a shearing velocity around 1 μm/s, it was discovered that a ca. 0.1V/nm 

transmembrane electric field massively increases the friction coefficient  (= [force to slide]/load), 

from ca. 0.0005 to 0.1. This behavior is fully reversible, as the outstanding interbilayer lubricity is 

fully restored when the electric field is turned off. The current study aims to investigate the 

molecular origin of this friction switching behavior using molecular dynamics simulations.  

  

MD simulations have long been applied to study friction of lipid bilayers though not in the presence 

of electric fields. Most of these studies focus on interleaflet friction [14-18]. Boţan et al. (2015) 

studied interbilayer friction with gel phase and liquid crystalline phase lipids and demonstrated 

that friction is strongly correlated with the hydration level [19]. In their study, membranes are 

free-standing without being supported by solid substrates, making it difficult to compare with 

experiments. Our present system of POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) 

lipid membranes is designed as far as possible to represent the SFB experimental configuration, 

including the mica and gold confining solid phases, with lipid hydration levels carefully 

determined from experimental conditions. Our starting configurations, based on our earlier 

simulations [20], are either the confined but unperturbed stacked bilayer structure (no electric 

field), or the structurally-convoluted electroporated membrane stacks equilibrated under the 

electric field. Based on our previous analysis, the structural convolution triggered by an electric 

field similar to the magnitude applied in the SFB experiment is found to be hydration-dependent: 

while at both the well-established minimum hydration level nw ≈ 12 water/lipid and the elevated 

hydration level of nw ≈ 20 water/lipid attributed to the water defects in the supported lipid 

bilayers, the well-known electroporation behavior is observed, in the latter case, a lipid bridge also 
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forms, inter-connecting the two membranes that are otherwise separated by hydration repulsion. 

Upon removal of the electric field, the pore and bridge structures fully disappear, consistent with 

the reversibility of the friction changes in the experiment when toggling the electric field. Here, we 

will employ the three structures resulted from our former equilibrium analysis to elucidate the 

friction mechanisms correlated with the complex structural dynamics triggered by the electric 

field [20]. We shall see that the structural/topological convolution is indeed the origin of reduced 

lubrication under the electric field, with quantitative agreement between the shear stress revealed 

by the simulations and that measured in the experiments.  

 

  

Figure 1. Left: Simulation setup of the confined double bilayer system. Mica: K (cyan), Si (yellow), 
Al (pink), O (red). Water: O (red), H (white). Lipid: C (cyan), H (white). Gold: pink. Right: 
Schematics of the three systems equilibrated under different hydration levels and electric fields. 
Due to periodic boundary conditions, each simulated system represents a repeating unit of the 
infinite planar membranes in confinement. The simulation is performed by pulling the gold slab 
at a designated velocity with harmonic potential while the mica surface is fixed in position. A 
constant force is applied to the gold slab, resulting in a pressure of pz = 10 atm. Structure b and c 
subject to an electric field of 0.1 V/nm imposed by the charge imbalance method (see methods).  
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2 Results and discussion  
 
Figure 1 depicts the three confined bilayer structures that underwent shearing tests. The systems 

comprise two POPC bilayers that are hydrated and sandwiched between a mica slab and a gold 

slab (2 nm in thickness) and an area of 80-100 nm2. The position of the mica surface is fixed, while 

the gold surface is pulled in the x direction using a harmonic potential, enabling the evaluation of 

the shear stress (see methods). The system is periodic in the x-y direction, thereby taking on the 

characteristics of an infinite planar structure. Consequently, the sliding of each monolayer block 

in our finite-sized systems closely approximates the sliding of the monolayers of a macroscopic 

double-bilayer structure in experiments. Structure A in Figure 1 represents the double bilayers 

compressed by the solid phases to the minimum hydration of nw=12 in the absence of electric field, 

corresponding to the amount of hydration shell water molecules tenaciously attached to the 

zwitterionic lipid headgroups even under pressure [21-25]. Structure B represents system A 

porated under an electric field of ca. 0.1 V/nm. Structure C shows supported lipid membranes at 

elevated hydration levels due to the presence of water defects [26], as explained in our previous 

work, represented by a nw=20 system,  which leads to an additional feature of bridge formation 

under the same electric field. As we shall see later, shearing structure C leads to complex dynamics 

due to the presence of the bridge. The nw=20, E=0 system (with similar unperturbed bilayers to 

structure A) is also included as a control for the analysis.  
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Figure 2. Simulated shearing of lipid bilayers at v = 0.1 m/s with the three systems A-C described 
in Figure 1. Periodic boundary condition is corrected to reveal the trajectories of atoms in the 

planar direction. A) Sliding mainly occurred at the midplane with some interleaflet sliding due to 
high shear stress resulted from the high velocities. B) Comparing to a, enhanced deformation is 
found in the midplane monolayers arising from higher friction force. C) Significant deformation at 
the midplane is observed under the presence of a lipid bridge and electropores.  
 

Enhanced intermembrane friction by electric field.  

Due to limited computational time, our simulation is limited to velocities of O(m/s), significantly 

higher than the SFB experimental velocity of O(m/s). Nonetheless, these simulations shed strong 

light on the shearing dynamics and friction mechanism at experimental velocities, demonstrated 

by our quantitative analysis later below. Figure 2 shows the displacement of lipid molecules in 

different monolayers when sheared at the lowest velocity tested, 0.1 m/s, providing visual cues 

for comparison of lubrication properties among the structures. Structure A represents the 

membrane stack in absence of any electric field-induced structural convolution and experienced 

the least degree of membrane deformation. As described by the hydration lubrication scheme, the 

slip-plane during relative motion between bilayers is at the relatively fluid water phase at the 

inter-bilayer midplane, as that is the path of least frictional dissipation. Some intra-bilayer 

dissipation, i.e. at the tail-tail interface, also arises at the high sliding velocities simulated, as 

indicated in Figure 2 A (see theoretical analysis later below). In the case of the electroporated 

structure B even without any hydrophobic slip between the two bilayers, the lubrication is 

surprisingly poor as indicated by the significant deformation of the midplane leaflets. Structure C 
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is both porated and with lipid bridging between the bilayers, and the deformation of the midplane 

monolayers is visibly apparent comparing to A. Although the significantly higher hydration level 

of structure C is expected to lead to improved lubrication based on the basic principles of 

hydration lubrication, the benefits are outweighed by modulation due to the structural variation.  

 

The variation with time of shear stress at varying velocities for each of the three systems is shown 

in Figure 3. Steady-state shear stress monotonically increases with velocity in all structures. Figure 

4 a shows the relation between measured steady-state shear stress as a function of sliding velocity. 

For all three systems, shear stress is approximately linearly dependent on v. The shear stress due 

to direct lipid-lipid interaction at the midplane lipid(v) is extracted (see later analysis), and also 

manifests a linear dependency (Figure 4 c). In addition, for both hydration levels and at a given 

velocity, the shear stress significantly increases in the presence of the electric field, and this trend 

seems to preserve at lower velocities, indicated by the extrapolation of (v) in Figure 4 b. For both 

hydration levels, at v~O(m/s), the experiment relevant velocities, the shear stress of the E=0.1 

V/nm systems is ca. 105 Pa and that of the E=0 systems approaches zero within measurement 

error (104 Pa). Given the systems are under 10 atm of compression, this converts to friction 

coefficient which increases from an undetectable value to O(0.1) with the electric field switched 

on, consistent with the experimentally measured 0.0005 to 0.1 change in friction coefficient. Next, 

we exploit the advantage of the molecular details provided by the simulations and examine the 

dynamics of the electric-field-induced inter-membrane interactions to understand the drastically 

increased friction coefficient.  
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Figure 3. Time series of shear stress σ(t) measured from simulations of the lipid membrane 
systems with two hydration levels and two electric field conditions. With the structure nw=20, 
E=0.1 V/nm, the shear stress undergoes two distinguishing mechanisms as labeled in the plot, 
respectively corresponding to before and after the dissociation of the bridge (For color coding of 
lipid atoms in snapshot see Figure 1). 
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Figure 4. a) Steady-state shear stress  evaluated from the final 300 ns of the traces in Figure 3 as 
a function of pulling velocity v0. For nw=20, E=0.1 V/nm, the open symbols represent the peak  
measured and the filled symbols represents the steady-state . b) Zoomed plot of Figure a to show 
extrapolation to the experimentally relevant velocities of O(m/s). c) Interbilayer shear stress due 
to direct lipid-lipid interaction lipid estimated as a function of relative velocities between the two 
monolayers at the mid-plane. Dashed lines are linear fit for the extrapolation to the experimentally 
relevant velocities of O(m/s).  

 

Enhanced structural linkage by lipid bridge.  

In Figure 3, a striking feature is found with structure C (nw=20, E=0.1 V/nm), where all shear stress 

time series take an initial surge in magnitude and quickly reduce and plateau to steady-state, 

suggesting two different friction dissipation mechanisms, as labelled in the figure. By examining 

the evolution of the structure during sliding, we discovered that the initial spike in shear force is 

due to the bridge that links the two membranes at the midplane. Figure 5 shows the time series of 

the v = 0.25 m/s simulation with the structure, which demonstrates an intact bridge structure for 

the first 60 ns before its dissociation. During this period, while the lower bilayer is forced to follow 

the gold slab and travels more than one box length across the periodic boundary, the top bilayer 

moves only incrementally as indicated by the position of the pores and the marker lipid oxygen. 

Meanwhile, the lipid bridge has travelled significant distance following the lower membrane. This 

indicates that the bridge lipid bundle is being dragged through the lipids in the leaflet immediately 

above, and significant lipid tail-tail interaction arises, causing a surge in the shear stress measured. 

After the bridge dissociates, the bridge lipids retract back to the lamellar state and a friction 

dissipation is maintained at a lower shear stress about half of the peak values (Figure 3, Figure 4 

a). This lower shear stress is attributed to a different friction dissipation mechanism related to the 

undulation of the membranes caused by the electropores, as we shall see next.  

 

Is the bridge-related dissipation a relevant shear dissipation mechanism at SFB velocities, i.e. 

O(m/s), at steady-state? Like any bilayer, the bridge exposes hydrophilic groups and is stabilized 

by the hydrophobic interactions between the amphiphilic lipids which self-organized under 

thermal motion. As the two bilayers move relative to each other at decreasing velocities, the effect 

of lipid thermal motion, with characteristic timescale τdiffusion, becomes increasingly dominant over 

the instability introduced by lateral stretching, with characteristic timescale τtranslation, and the 

bridge is more likely to be retained. Comparing these time scales of the two processes allows us to 
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estimate the velocity limit below which the bridge will persist: τtranslation/τdiffusion = (L/v)/(L2/Dlipid) 

= Dlipid/Lv ≫ 1, where L is the characteristic length scale, v is the velocity, and Dlipid is lipid 

diffusivity. We arrive at v ≪ 0.005 m/s with Dlipid = 0.005 nm2/ns estimated from the simulations 

and L = O(1 nm), the size of the bridge. In particular, at the much lower velocities of O(m/s) 

relevant to SFB experiments, the bridge structure remains stable and unperturbed by the sliding 

and plays an important role in friction dissipation in a similar way seen in our simulations before 

the bridges dissociate (Figure 3).  

  

 

 

Figure 5. Time series of nw=20, E=0.1 V/nm, v = 0.25 m/s. The bridge structure remains intact for 
60 ns and dominates the friction dissipation at the midplane. The orange spheres are lipid 
headgroup oxygen O21 atoms used to indicate the positions of the leaflets and pores. Selective 
oxygen atoms are labelled blue for visual cues of each leaflet’s motion. The arrows demonstrate 
that the top bilayer only moves incrementally while the bridge and the lower bilayer have 
travelled a box length. Positions of the two electropores are another visual cue for the same 
conclusion. Also see Video 1 in SI.  

 

Enhanced interbilayer headgroup attraction driven by electropore undulation.  

The increased shear stress measured with structure B (nw=12, E=0.1 V/nm) relative to structure 

A (nw=12, E=0 V/nm) in Figure 4 a reveals that, unexpectedly, the presence of electropores 

contributes to the enhanced frictional dissipation no less significantly than that of the inter-bilayer 

hydrophobic shear arising from the bridge formation. We attribute this as follows: Electropores 
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introduce undulation in the membranes by their notable toroidal shape [27-29] and moreover, 

due to their sequestration of water, cause dehydration at the intermembrane space, which reduces 

the mean spacing between the opposing headgroups; this promotes increased inter-headgroup 

attraction. We assess the headgroup interactions using the distances between the phosphate (P) 

groups and the choline (N) groups from the opposing bilayer as a proxy. For each P or N atoms of 

the top midplane monolayer, we collected the distance to its nearest neighboring P or N atom in 

the bottom midplane monolayer and plotted the distribution (Figure 6 a). Structure B, nw=12, 

E≈0.1 V/nm, has proved to be the most headgroup interlocked system: the P-N distances has a 

significant peak at rmin=0.49 nm, which is roughly one water molecule size less than the next peak 

at 0.77 nm. The first peaks of the P-P and N-N pairs are found at 0.88 nm and 0.73 nm respectively. 

If we exploit the Lennard-Jones parameters assumed by the simulations: σPN≈0.36 nm σPP≈0.38 

nm, and σNN≈0.33 nm, then the critical distances at the minimum potential energy can be estimated 

for the P-N, P-P, and N-N pairs as 21/6 σij, giving 0.40 nm, 0.43 nm, and 0.37 nm. We then see that 

while the similarly charged P-P and N-N pairs are always separated by layers of water molecules, 

a fraction of the P-N pairs are in direct contact with each other with almost no water in between. 

The resulting + vs. – charge-charge attraction is then substantial. 

 

The origin of the reduced inter-bilayer headgroup spacing is two-fold.  Most apparently the inter-

bilayer hydration level reduces during the formation of electropores due to sequestration of water 

within the pores. The reduced post-electroporation interbilayer hydration level is measured to be 

ca. 11 water/lipid. We test the dehydration effect by stripping water molecules from the nw=12, 

E=0 system until nw=11 and equilibrate again. The nearest neighbor test is shown in the inset of 

the bottom-left plot of Figure 6 a, and it is surprising to see that direct P-N coupling is not 

significantly promoted as seen in the yellow curve. This is because we overlooked the effect of 

enhanced undulation of the lipid membranes – electroporation introduces surface undulations 

manifesting as dimples at the pore region and humps in the opposing membrane. As the number 

of water molecules is fixed, undulation further stretches the midplane water phase thinner in 

terms of water molecules per area (Figure 6 c). To demonstrate this effect, we take the nw=11, E=0 

system and replace the solid surfaces with 6% increase in area, estimated from the lengths of the 

curved headgroup-headgroup interface as in Figure 6 b. The P-N distance analysis is shown in the 

same inset, and we see that the first peak is almost identical to that of the porated nw=12 structure. 

In short, enhanced interbilayer P-N attraction is induced by electroporation-induced dehydration; 
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this is consistent with the observation from a previous MD study, though with no applied electric 

field, where such enhanced attraction was observed at nw=4 [12]. A snapshot of the 

intermembrane plane P-N vectors of the nw=12 systems are shown in Figure 6 b and a schematic 

in Figure 6 c, where the undulation and enhanced P-N interaction is visually evident. Videos 2-3 

(SI) show the dynamic interaction of the headgroups during the shearing motion at v=0.1 m/s for 

both the nw=12 and the nw=20 systems. This demonstrates that the headgroup interactions, and 

the shear dissipation on sliding, are significantly promoted by the electropores alone regardless 

of the presence of direct inter-bilayer hydrophobic contacts.  

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

 

 

Figure 6. a) Distributions of the distances to the nearest neighboring headgroup atoms in the 
opposing midplane monolayers. Inset in bottom-left: purple, yellow, and green respectively 
corresponds to the distribution of P-N pair from the nw=12 and E0.1 V/nm system, from the 
nw=11 and E=0 V/nm system with the same cross-section area, and nw=11 and E=0 V/nm system 
with cross-section area of 6% increase. The arrows indicate rmin=0.49 nm where P and N are in 
direct contact with no water in between. b) P-N vectors of the two midplane monolayers for the 
nw=12 systems. c) Schematics of the headgroups at the inter-bilayer interface corresponding to b.  

 

Shifted slip plane.  

In sum, the electric field promotes strong, hence more dissipative lipid-lipid interaction in series  

with hydration lubrication at the inter-bilayer midplane [1, 6, 30]. To understand the composition 

of the friction force, we propose a model based on three main mechanisms: direct inter-bilayer 

lipid interaction and hydration lubrication which act in series at the midplane, and the interleaflet 

interaction which acts in parallel to the total midplane shear stress. By taking the geometric center 

of the lipid system as the reference position, the velocities of the two midplane monolayers are 
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approximately opposite and equal, which we denote as vs (Figure 4 c). The outer monolayers retain 

equal velocities v0 of the solids to which they are effectively fixed. At steady-state, the monolayer 

velocities stabilize, and from force balance we can write: 

 

 =
𝐹

𝐴
= 𝑏(𝑣0 − 𝑣s) = 𝜂�̇� + 𝜎lipid 

[ 1 ] 

where 𝜂 is the dynamic viscosity of water, �̇�  the shear rate across the midplane, and 𝜎lipid  the 

shear stress due to inter-bilayer lipid-lipid interactions. The interleaflet shear stress 𝑏(𝑣0 − 𝑣s) is 

a widely accepted model, where it is linearly dependent on the relative velocity with a scaling 

coefficient b [14, 18]. The most suitable value of b to our SFB experiments is O(1011) Pa s/m, 

estimated from the interleaflet friction measurements by Cao et al. (2021) [31]. Cao’s experiment 

is performed under largely similar conditions, where lipid liposomes were compressed down to a 

single bilayer thickness with a pressure of ~10 atm, allowing the slip-plane to only occur between 

the leaflets (see Methods).  

 

To evaluate the hydrodynamic term 𝜂�̇�, the effective interbilayer dynamic viscosity of water η is 

estimated from the Stokes-Einstein relation, which gives 𝜂 = 𝜂0
𝐷0

𝐷
 , where η0 and D0 are 

respectively the dynamic viscosity and diffusivity of bulk water. The diffusivity of interbilayer 

water D is evaluated from the slope of the linear fit to the mean square displacement in y-direction 

as a function of time (Figure S1). Despite the confinement effect, viscosity of water at the midplane 

remains fluid with at most 4 times of increase from the bulk viscosity of TIP3 water. This is 

reasonable as previous SFB studies demonstrated experimentally that the viscosity of water 

confined between charged mica surfaces is similar to bulk water down to subnanometer thickness 

[30, 32]. Shear rate �̇� is evaluated by taking the slope of the velocity profile v(z) at the midplane 

(Figure S 1). Finally, we can evaluate 𝜎lipid as a function of vs from Equation [ 1 ]; this is plotted in 

Figure 4 c. From the plot, we see that at small velocities comparable with those in the SFB (v 

~m/s),  𝜎lipid extrapolates to O(105) Pa for the E≈0.1V/nm systems, while roughly 𝜎lipid ≈  0 for 

E=0. At the experimental velocities v=O(μm/s), the hydrodynamic stress is of O(1) Pa (𝜂�̇� =
𝜂𝑣

𝐻
=

10−3 Pa  ∙ 1 μm/s

1 nm
= 1 Pa, where H is the thickness of the interbilayer water, taken to be ~1 nm, see 

Figure S 1). To simplify, we then reduce the right hand side of Equation [ 1 ] as 𝜂�̇� and 𝜎lipid 
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respectively for E=0 and E≈0.1V/nm. The velocity of the inner monolayers vs is usually unknown 

in experiments, and we can reduce it by rearranging the equation to get 𝑣s = 𝑣0 −
𝜂�̇�

𝑏
 and 𝑣s =

𝑣0 −
𝜎lipid

𝑏
 respectively for E=0 and E≈0.1V/nm. We can then write  

 

𝐸 = 0 ∶         
𝑣s

𝑣0
= 1 −

𝜂�̇�

𝑏𝑣0
 

𝐸 ≈ 0.1 V/nm:        
𝑣s

𝑣0
= 1 −

𝜎lipid

𝑏𝑣0
       (𝜎lipid < 𝑏𝑣0) 

[ 2 ] 

At experimental conditions, b~O(1011) Pa s/m, 𝑣0 ~ O(10-6) m/s,  𝜂~10−3Pa m/s ,  and 

�̇�~
𝑣0

𝐻
~103s−1.  Substituting b = O(1011) Pa s/m as previously discussed, we acquired for E=0,  

𝑣s

𝑣0
≈

1, which suggests minimal interleaflet shearing, and dissipation mainly occurs at the interbilayer 

water phase. For E≈0.1V/nm, since 𝜎lipid and 𝑏𝑣0 are of similar orders of magnitude at O(105) Pa, 

either  
𝑣s

𝑣0
~O(0.1) if 𝜎lipid < 𝑏𝑣0 , where dissipation occurs at both midplane and the interleaflet 

planes, or 𝜎lipid > 𝑏𝑣0   and no midplane sliding occurs at all. We then conclude that 

phenomenologically in the experiment, when we switch on the electric field, the slip plane shifts 

from the midplane, where hydration lubrication was dominant, to the interleaflet planes, partly if 

not completely.  

 

 

3 Conclusion 

In this work, we elucidated the molecular mechanism of a reversible and in-situ method of massive 

electro-tuning of friction between surfaces coated with hydrated phosphatidylcholine (PC) lipid 

bilayers, as discovered in a recent SFB study [13]. Our previous all-atom molecular dynamics (MD) 

simulations showed that an electric field of 0.1 V/nm, similar to that applied in the SFB 

experiments induces topological convolution at the membrane-membrane interface through 

electroporation, which significantly alters the interaction between the two lipid bilayers [20]. 

These structural changes prevent the membrane’s shearing friction from being dissipated through 

the hydration lubrication mechanism only. The electric field induces pores in the lipid bilayer, 

causing some dehydration at the inter-bilayer region and enhanced headgroup attraction between 

the oppositely charged phosphate groups and choline groups which acts to increase the 
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dissipation as they slide past each other. This effect is prevalent for varying hydration levels and 

velocities and is only dependent on the presence of pores. Electroporation also promotes 

stochastic lipid motion, which increases the rate of a formation of intermembrane hydrophobic 

contacts. This leads to the second effect – formation of lipid bridges, which occurs sporadically and 

is associated with locally excess hydration from the water defects naturally found in supported 

lipid bilayers [33, 34]. Such bridges are stable at the experimental sliding velocities, forcing slip 

between the surfaces to occur at the acyl tail interface associated with higher friction. For both 

mechanisms, the effect of the electric field is to enhance frictional dissipation by lipid-lipid 

interactions at the midplane. The shear stress incurred, as extrapolated from our simulation 

results to experimental sliding velocities, 𝜎lipid~ O(105) Pa, is similar to the interleaflet friction 

stress measured experimentally under similar conditions [31]. This implies that the slip plane 

concurrently occurs between the interleaflet planes in addition to the midplane.  

 

Using molecular dynamic simulations to study friction has always been a challenge due to the 

limitation in time and length scales. Here we present a case where extensive precaution was taken 

for modeling and protocol design, which enabled us to relate molecular details to macroscopic 

measurements in a quantitative way. From the simulations, the friction coefficient within a PC lipid 

membrane stack exhibits a noticeable increase from almost zero to 0.1 in response to an electric 

field stimulus of 0.1 V/nm, which is in excellent agreement with the SFB measurements. Our 

results shed further lights on designing hydration-lubricants and developing electro-tuning 

applications through fast sampling afforded by molecular dynamics predictions.  
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Supplementary Materials 

Methods 

Membrane stacks equilibrated under electric field. Please refer to our previous work for full 

description of method [1].  

 

Shearing simulations of membranes with planar solid confinement. The cross-section area is 

fixed under the NVT ensemble. As described in our previous work, the electric field is maintained 

using the charge-imbalance method by transferring naturally dissociable potassium ions from the 

mica surface to the gold surface [2-13]. The mica surface is fixed in all three directions using the 

freeze group option. The potassium ions on the gold surface are restrained in z. The y coordinates 

of the gold surface are fixed to prevent lateral sliding. In addition, for the case of nw=20, nitrogen 

atoms of the lipid monolayer in immediate vicinity of 1 nm range to the mica surface are fixed. This 

is to correct for the unrealistic effect that the excess water molecules presented reduces lipid-mica 

interaction. Liposomes are known to interact strongly with cleaved mica surfaces. They 

tenaciously cling to the mica surface even when flushed by a flow of water at roughly 1 m/s [14]. 

A normal constant compression force of 53 kJ mol-1nm-1 (≈ 88 pN) is applied between the solid 

slabs. A harmonic potential 𝑼 =
𝒌

𝟐
(𝒗𝒕 − 𝒙(𝒕))

𝟐
with a force constant of k = 1000 kJ/(mol∙nm2) was 

applied to the center of mass of the gold slab, pulling the gold slab at constant velocities of 0.1 m/s, 

0.25 m/s, 0.5 m/s, 0.75 m/s, and 1 m/s in the x-direction. The resulting shear force is then 

evaluated as 𝑭𝒇 = −
𝐝𝑼

𝐝𝒙
= 𝒌(𝒗𝒕 − 𝒙(𝒕)). Shear stress 𝝈 = 𝑭𝒇/𝑨, where A is the cross-section area 

of the systems.   

 
 
Estimating the number of splayed lipids. Coordinates of the end carbon atoms and the oxygen 

atom connecting the two acyl tails are exported using GROMACS functions from the simulations 

and analyzed in MATLAB. A splayed lipid is identified if the vectors pointing from the oxygen atom 

to the two carbon atoms have different signs and each with magnitude longer than 1 nm. The 

nsplayed(t) curve function is then smoothed over 5 ns intervals.  

 

Interbilayer headgroup-headgroup distance analysis. The distribution of distances to the 

nearest neighbor for headgroups of the two inner monolayers were evaluated as the following: 
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𝑑min = min(𝑖𝑛 − 𝑗𝑚)  (m=1...M) are collected for each n in 1..N, where 𝑖 and 𝑗 are permutations of 

�⃗⃗� and �⃗⃗⃗�, n and m are the indices of headgroups of the two midplane monolayers. A distribution 

function is then calculated from the set of dmin. 

Analysis of dynamics. From trajectories of the shearing simulations, velocities of water and lipids 

are evaluated by slices in z and averaged through time during the steady-state stage. Lateral 

diffusivities are evaluated from the ratio of the mean square displacement in y and the time 

interval. Mass density of water and number density of lipid carbon (C35) atoms are plotted as a 

function of z. The diffusivities and velocities for each lipid monolayer are extracted at the z 

coordinates of the four number density peaks. Diffusivity of the interbilayer water phase is 

extracted at the z coordinate of the mid-plane mass density peak. Shear rate is determined by 

taking the gradient of the velocity profile near the same z position (Figure S 1).  

Evaluation of the interleaflet friction coefficient b. The b coefficient itself is largely dependent 

on the sliding velocity and lipid species [15, 16]. Experimentally, the range of b of various types of 

phosphocholine lipids lies within 107-109 Pa s/m, measured by methods such as lipid diffusion or 

lipids’ response to a microchannel shear flow, dissimilar to the SFB experimental conditions [16-

18]. By existing MD simulation studies, the magnitude is 106 -107 Pa s/m at velocities of O(m/s), 

and pronounced shear-thinning behavior is observed [15, 19]. We can estimate the value of b from 

our simulations as 𝑏 = 𝜎/(𝑣0 − 𝑣s), which gives a range of 1- 8107 Pa s/m. Our value is slightly 

higher than existing MD studies of lipid-only systems because lipid thermal motion is restrained 

by the solids with reduced lipid diffusivities [16]. To evaluate the interleaflet friction in our SFB 

experiments, perhaps the most representable value of b is O(1011) Pa s/m, estimated from the 

interleaflet friction measurements by Cao et al. (2021) [20]. In Cao’s experiment, phospholipid 

liposomes were compressed down to a single bilayer thickness with a pressure of ~1 MPa, and the 

friction coefficient at this pressure is measured to be O(0.1) at a shearing velocity of 0.925 μm/s. 

It should not be surprising that this b value is a few orders of magnitude higher than our simulated 

values considering the effect of shear-thinning — velocities in SFB experiments are 6 orders of 

magnitude lower than simulated velocities at O(0.1) m/s.  
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Figure S 1. Analysis of dynamics with shearing simulation of nw=12, E ≈ 0.1 V/nm. Top: velocity in 

the x-direction of water and lipid evaluated by averaging vx over time and over atoms fall into each 

slice in z. Middle: diffusion coefficient of water in the y-direction. Displacements over a finite time 

step dt of atoms fall into each slice in z are collected. Lateral diffusivities are then evaluated as 

〈(𝑦(𝑡 + 𝑑𝑡) − 𝑦(𝑡))
2
〉 /𝑑𝑡. Bottom: water mass density and number density of lipid C35 atoms as 

a function of z. Representative values of vx and D (black bar) are extracted at the z-coordinates of 

the mass peaks (grey dashed lines).  

 

 
Figure S 1. Lateral diffusivity of water at the mid-plane for all four systems investigated. The bulk 
water self-diffusivity of TIP3P is Db=5 nm2/nm [21, 22]. 

 

 
 
1. Jin, D., Y. Zhang, and J. Klein, Electric-field-induced topological changes in multilamellar and in confined lipid 

membranes. unpublished manuscript, 2023. 

0

0.05

0.1

v
x
 (

n
m

/n
s
)

water

lipid C35

0

0.5

1

1.5

D
w

a
te

r 

(n
m

2
/n

s
) 

0 2 4 6 8 10
z (nm)

0

500

1000

w
 (

k
g

/m
3
) 

  
  

 

0

500

n
C

3
5
(n

m
-1

)

0 0.5 1

v (m/s)

0.2

0.4

0.6

0.8

D
x
y
 /
 D

b

n
w

=12, E=0

n
w

=12, E  0.1V

n
w

=20, E=0

n
w

=20, E  0.1V



 4 

2. Delemotte, L. and M. Tarek, Molecular dynamics simulations of lipid membrane electroporation. Journal of 
Membrane Biology, 2012. 245: p. 531-543. 

3. Melcr, J., et al., Transmembrane Potential Modeling: Comparison between Methods of Constant Electric Field and 
Ion Imbalance. Journal of Chemical Theory and Computation, 2016. 12: p. 2418-2425. 

4. Casciola, M. and M. Tarek, A molecular insight into the electro-transfer of small molecules through electropores 
driven by electric fields. Biochimica et Biophysica Acta - Biomembranes, 2016. 1858: p. 2278-2289. 

5. Lin, J. and A. Alexander-Katz, Probing Lipid Bilayers under Ionic Imbalance. Biophysical Journal, 2016. 111: p. 
2460-2469. 

6. Rózycki, B. and R. Lipowsky, Spontaneous curvature of bilayer membranes from molecular simulations: 
Asymmetric lipid densities and asymmetric adsorption. Journal of Chemical Physics, 2015. 142. 

7. Lai, P.K. and Y.N. Kaznessis, Insights into membrane translocation of protegrin antimicrobial peptides by 
multistep molecular dynamics simulations. AIChE Annual Meeting, Conference Proceedings, 2020. 2020-
November: p. 6056-6065. 

8. Sachs, J.N., P.S. Crozier, and T.B. Woolf, Atomistic simulations of biologically realistic transmembrane potential 
gradients. Journal of Chemical Physics, 2004. 121: p. 10847-10851. 

9. Yesylevskyy, S.O., et al., Polarizable water model for the coarse-grained MARTINI force field. PLoS 
Computational Biology, 2010. 6: p. 1-17. 

10. Li, D., et al., Trends in mica–mica adhesion reflect the influence of molecular details on long-range dispersion 
forces underlying aggregation and coalignment. Proceedings of the National Academy of Sciences of the United 
States of America, 2017. 114: p. 7537-7542. 

11. Zhou, C. and K. Liu, Molecular dynamics simulation of reversible electroporation with Martini force field. 
BioMedical Engineering Online, 2019. 18: p. 1-16. 

12. Ziegler, M.J. and P. Thomas Vernier, Interface water dynamics and porating electric fields for phospholipid 
bilayers. Journal of Physical Chemistry B, 2008. 112: p. 13588-13596. 

13. Kotnik, T., et al., Membrane Electroporation and Electropermeabilization: Mechanisms and Models. Annual 
Review of Biophysics, 2019. 48: p. 63-91. 

14. Sorkin, R., et al., Origins of extreme boundary lubrication by phosphatidylcholine liposomes. Biomaterials, 2013. 
34: p. 5465-5475. 

15. Benazieb, O., C. Loison, and F. Thalmann, Rheology of sliding leaflets in coarse-grained DSPC lipid bilayers. 
Physical Review E, 2021. 104: p. 54802. 

16. Den Otter, W.K. and S.A. Shkulipa, Intermonolayer friction and surface shear viscosity of lipid bilayer 
membranes. Biophysical Journal, 2007. 93: p. 423-433. 

17. Anthony, A.A., et al., Systematic measurements of interleaflet friction in supported bilayers. Biophysical Journal, 
2022. 121: p. 2981-2993. 

18. Amador, G.J., et al., Hydrodynamic shear dissipation and transmission in lipid bilayers. Proceedings of the 
National Academy of Sciences of the United States of America, 2021. 118. 

19. Zgorski, A., R.W. Pastor, and E. Lyman, Surface Shear Viscosity and Interleaflet Friction from Nonequilibrium 
Simulations of Lipid Bilayers. Journal of Chemical Theory and Computation, 2019. 15: p. 6471-6481. 

20. Cao, Y., et al., Interactions Between Bilayers of Phospholipids Extracted from Human Osteoarthritic Synovial 
Fluid. Biotribology, 2021. 25: p. 100157. 

21. Mark, P. and L. Nilsson, Structure and dynamics of liquid water with different long-range interaction truncation 
and temperature control methods in molecular dynamics simulations. Journal of Computational Chemistry, 
2002. 23: p. 1211-1219. 

22. Mahoney, M.W. and W.L. Jorgensen, Diffusion constant of the TIP5P model of liquid water. Journal of Chemical 
Physics, 2001. 114: p. 363-366. 

 


