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Abstract 

This study shows that the stability of solitary waves excited in a lipid monolayer near a phase 

boundary requires positive curvature of the adiabats, a known necessary condition in shock 

compression science. It is further shown that the condition results in a threshold for excitation, 

saturation of the wave’s amplitude and the splitting of the wave at the phase boundaries. The 

observed phenomenon has far reaching consequences for dynamic biological processes and is 

hypothesized to be closely tied to the existence of both, the threshold and thermodynamic 

blockage of nerve pulse propagation. 

Introduction 

Dense networks of hydrated membrane interfaces populate cellular environments (1). The elastic 

properties of these quasi-2D systems have been a subject of extensive research (2). However, 

most studies usually consider quasi-static processes(3) and/or small displacements(4). We have 

recently demonstrated that the elastic properties of such interfaces support the propagation of 

acoustic pulses, which has implications for cell communication from single cells to action 

potentials in  the nervous system (5, 6). Particular interest arises from the observation that the 

cellular machinery spends considerable resources in fine tuning the thermodynamic (TD) state 

diagrams of biological membranes, usually adapting in the vicinity of a phase transition, where 

the state diagram exhibits clear nonlinearities (7, 8). For dynamic processes the curvature of the 
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adiabatic state diagram is of fundamental importance (9, 10).Indeed, a non-linearity in the elastic 

properties of the plasma membrane is believed to be crucial for the phenomenon of nerve pulse 

propagation (11–13), which is accompanied by fast localized displacements analogous to sound 

waves (14, 15). In a recent study (6) we showed that thermodynamically coupled perturbations 

(electrical-optical-mechanical) during 2D sound waves in a lipid monolayer, a simple model 

system for plasma membrane, are strikingly similar to those observed during nerve pulse 

propagation. Based on experimentally determined sound velocities 𝑐(𝜋), it appeared that solitary 

waves only exist for a positive curvature (
𝜕2𝑎

𝜕𝜋2)  of the state diagram (𝜋 𝑎𝑛𝑑 𝑎  represent the 

lateral pressure and specific area at the lipid interface). This results in a threshold for excitation if 

the initial equilibrium state is within a regime of negative curvature and changes to positive 

during excitation/propagation  

Here we investigate the velocity of propagation of such waves as a function of amplitude 

and show that locally the condition (
𝜕2𝑎

𝜕𝜋2)
𝑆

> 0 is preserved for the 2D sound waves at the liquid 

expanded/ liquid condensed phase boundary, even though the isothermal compression (
𝜕2𝑎

𝜕𝜋2)
𝑇

<

0. Furthermore we show that the maximum amplitude saturates at a value that is significantly 

less than expected from isothermal compression. The evolution of these waves over distance 

shows splitting into a non-dispersive forerunner wave and a slower dispersive wave. These 

results are in accordance with classical shock theory where the condition (
𝜕2𝜐

𝜕𝑃2
)

𝑆
> 0 (9, 16) or 

(
𝜕2𝑃

𝜕𝜐2)
𝑆

> 0 (10) is associated with the existence of compression shocks and its violation is 

associated with rarefaction shock waves, where 𝑃 and υ are pressure and specific volume.  
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Finally we discuss the implications of the curvature of the state diagram of the nerve membrane 

and its possible relation to reversible thermodynamic blockage of nerve pulse propagation. 

A lipid monolayer easily self assembles by adding a lipid and fluorophore mixture at the 

air/water interface of a Langmuir trough. Lipid monolayers are not only accessible and robust, 

but their molecular composition and thermodynamic state and hence the mechanical properties 

can also be precisely controlled, monitored, and characterized (17). Thus they provide an 

excellent platform to study 2D interfacial sound waves, both experimentally and theoretically (6, 

18).  The opto-mechanical setup has been described in detail elsewhere (6, 19). A cantilever 

excites the monolayer longitudinally with a piezo controlled deflection producing 2D sound 

waves. A microscope records these sound waves by observing the ratiometric Forster resonance 

energy transfer (FRET), simultaneously at two wavelengths (535 and 605nm) between a pair of 

lipid-conjugated fluorophores, using 
∆𝜃

𝜃
=

Δ𝐼535

𝐼535
−

Δ𝐼605

𝐼605
. The distance between the cantilever and 

the objective can be controlled by a screw meter.  

Results and Discussion  

Threshold, Saturation, Velocity and Pulse Width 

For the linear case (infinitesimal amplitude), the velocity of sound is related to state variables 

according to 𝑐2 =
1

𝜌𝑘𝑆
= (

𝜕𝜋

𝜕𝜌
)

𝑠
, where 𝜋 is the lateral pressure, 𝜌 (kg/m

2
) is the density of the 

quasi-2D interfacial region and 𝑘𝑆 is the isentropic compressibility of the interface (5). For a 

nonlinear system, such as a lipid monolayer near a phase transition, 𝑘𝑆 strongly depends on the 

density ∆𝜌 and can undergo significant changes within a single pulse ∆𝜌(𝑡). Therefore the 

velocity varies within a single pulse resulting in evolving pulse shapes (6, 12). Figure 1(a) shows 

this behavior for different pulses as solitary waves of different amplitudes, obtained by varying 
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the stimulus (i.e. the mechanical impulse from the piezo device) and measured via FRET, arrive 

at different times for a given mean equilibrium state (𝜋 =
4.3𝑚𝑁

𝑚
and 𝑇 = 293.15𝐾) (Fig. 1b). 

Note that compression amplitudes (∆𝜌/𝜌0) - with 
∆𝜌

𝜌0
= −

Δ𝑎

𝑎
  - can be estimated from variations 

in FRET parameter Δ𝜃/𝜃 using the characteristic curve (𝑎 ↔ 𝜃)𝑇 obtained during isothermal 

compression (Fig 1b and c) (6). 

 

Figure 1 Dependence on excitation strength and amplitude. (a) Measured pulse shapes at 

0.84cm from the excitation blade as a function of blade amplitude (mm). The pulses are excited 

at t=0. The fixed equilibrium state (𝜋 =
4.3𝑚𝑁

𝑚
𝑎𝑛𝑑 𝑇 = 293.15𝐾) is indicated by the dot on (b) 

the isothermal state diagram and the isothermal compressibility plot in the inset. (c) The 

characteristic isothermal curve relating FRET parameter and surface area (𝑎 ↔ 𝜃)𝑇 obtained 

during quasi-static compression at two different spots along the propagation path. The arrows in 

(a) indicate the splitting of the pulse on increasing the excitation strength beyond saturation 

limit. 

 

Fluorescent probes that depend on dipole reorientation for sensing voltage changes (as observed 

here in lipid monolayer (6, 19)), have been shown to report them without discernible time lag 
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during nerve pulse propagation (20–22); which indicates that as far as our overall goal of 

understanding thermodynamics of nerve-pulse propagation is concerned the isothermal opto-

mechanical coupling is a reasonable approximation during the observed pulses as well. This 

allows immediate extraction of three key relations from these experiments; (i) The response 

(∆𝜌/𝜌0)  is highly nonlinear with a clear threshold and an asymptotic saturation of amplitude as 

a function of excitation strength (Fig 2a). (ii) The velocity calculated from the time of arrival 

varies linearly with relative compression (∆𝜌/𝜌0) upto ∆𝜌/𝜌0=0.15 (Fig. 2b), which coincides 

with the beginning of the saturation (indicated by dashed lines Fig. 2a and b) of the nonlinear 

response curve. (iii) The half-width of a pulse as a function of relative compression also follows 

the exact same trend as velocity and diverges from a linear dependence near maximum amplitude 

(Fig 2b). Notably, the observed saturation of (∆𝜌/𝜌0)𝑚𝑎𝑥=0.15 is approximately 20% of the 

value expected from the relative compression during a quasi-static phase transition (
∆𝜌

𝜌0
= −

Δ𝑎

𝑎
=

0.75) (Fig 1b). Further increase in the excitation strength results into splitting of the pulse 

(indicated by arrows) as will be discussed below. All these factors clearly indicate that a 

fundamental understanding of these processes has to be tied to the dynamic properties of the 

system.  

Positive curvature of the Adiabatic State Diagram  

It is useful to write the curvature (
𝜕2𝑎

𝜕𝜋2)
𝑆
in its non-dimensional form Γ =

𝑐4

2𝑎3 (
𝜕2𝑎

𝜕𝜋2)
𝑠
, because 

then it is directly related to the well-known acoustic parameter of nonlinearity B/A as Γ =
𝐵

2𝐴
+ 1 

. Within a thermodynamic treatment of acoustics, A and B are directly related to the coefficients 

of the isentropic Taylor expansion for the lateral pressure 𝜋(𝜌, 𝑆)(23); 

𝜋𝑆 = 𝜋0 + 𝐴 (
∆𝜌

𝜌0
) +

𝐵

2
(

∆𝜌

𝜌0
)

2

+ ⋯        (1) 
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with 

 𝐴 = 𝜌0 (
𝜕𝜋

𝜕𝜌
)

𝑆
= 𝜌0𝑐0

2; 𝐵 =
𝜌0

2

2!
(

𝜕2𝜋

𝜕𝜌2)
𝑆
.        (2) 

 

Figure 2 Threshold, Saturation, Velocity and Pulse Width. (a) Relative compression (
∆𝜌

𝜌0
) 

extracted from fig. 1a using the quasi-static response curve of fig 1b, as a function of excitations 

strength (blade’s displacement amplitude in mm) (b). The velocity as obtained from the time of 

arrival of the peak amplitude is plotted with respect to relative compression amplitude (
∆𝜌

𝜌0
) . 

(a,b) The limit of linear dependence on amplitude is indicated by dotted lines. 

 

Furthermore a first order approximation for the relation between c and ∆𝜌/𝜌0 can be written as 

(23, 24);  

𝑐 = 𝑐0 [1 +
1

2

𝐵

𝐴
(∆𝜌/𝜌0)]         (3) 

which can be directly compared to the observed dependence of velocity on relative compression 

(∆𝜌/𝜌0) in Fig. 2b. From the y-intercept of the linear fit 𝑐0 = 0.236𝑚/𝑠 can be directly 

extracted as the velocity for infinitesimal amplitude (linear limit). Further, the slope of the fit 
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allows the determination of B/A (eq.3) to be 0.5 for our system and using Γ =
1

2

𝐵

𝐴
+ 1 we get 

Γ = 1.25 which indeed shows that the curvature of the adiabatic state diagram is positive locally. 

However this is in stark contrast with the negative curvature (
𝜕2𝑎

𝜕𝜋2)
𝑇
 of the isothermal state 

diagram (Fig.2) at the given equilibrium state  (𝜋 = 4.3
𝑚𝑁

𝑚
𝑎𝑛𝑑 𝑇 = 293.15𝐾) and hence 

announces the failure of a quasi-static approximation. In fact, we believe that the discrepancy 

between the isothermal and adiabatic curvature is closely related to existence of the observed 

threshold for excitation: A stable nonlinear wave-front exists only for (
𝜕2𝑎

𝜕𝜋2)
𝑠

> 0 (see below). 

When the interface is prepared, however, to exhibit a negative curvature in it’s equilibrium state 

(
𝜕2𝑎

𝜕𝜋2)
𝑇
, only excitations, which provide sufficient power to transfer the state of the interface 

from a negative (
𝜕2𝑎

𝜕𝜋2)
𝑇

< 0 (in the quasi-static limit) to a positive  (
𝜕2𝑎

𝜕𝜋2)
𝑠

> 0 (in the adiabatic 

limit) while decoupling the interface from the bulk, will result in the formation of stable 

nonlinear pulses (Fig.3). 

Shocks near Phase Transition – Saturation of Amplitude and Splitting 

Note that a blade displacement of 1.3mm with the rise time of ~5ms gives a maximum particle 

velocity of ~0.26m/s which is comparable to the velocity of sound in the lipid monolayer in the 

given state. Hence, the observed pulses can be treated as shock waves and we can learn from 

classical shock theory. Indeed, in shock compression science (
𝜕2𝜐

𝜕𝑃2
)

𝑆
> 0 is a necessary condition 

for stable shocks, which is usually satisfied as in most cases the compressibility (~ −
𝜕𝜐

𝜕𝑃
) 

decreases with pressure. However the exception (
𝜕2𝜐

𝜕𝑃2
)

𝑆
< 0 can occur near a phase transition or 

critical points (fig. 3) (16, 25, 27, 28). 
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Figure 3 Representation of the phenomenon on (𝝅 → 𝒂) State Diagrams The sketch portrays 

state changes during observed pulses.1 represents the mean equilibrium state on the isothermal 

state diagram at the equilibrium phase boundary (σ) while the pulse proceeds along an adiabatic 

state diagram (dry adiabat(25)) into the metastable (shaded) region. The Hugniot condition 

results in a Rayleigh line, here shown only for compressive fronts, (step increase in pressure) 

(10). The slope of the line is directly proportional to the shock velocity and determines the final 

state on the adiabat. The experimentally observed amplitude saturation and subsequent splitting 

(see text) indicates the termination of the dry adiabat at the spinodal 2 (Wilson line W) where 

nucleation is instantaneous resulting in a negative discontinuity in curvature (25, 26) and hence 

instability and splitting (𝟏 → 𝟐) and (𝟐 → 𝟑′). Inset shows the experiment of figure 1 and 2, 

where starting from 1, the amplitude is gradually increased till splitting occurs at 2. On the other 

hand as shown in fig.4, a strong compressive shock can result in complete liquefaction (𝟏 → 𝟐′). 

As the pulse propagates and decays, the velocity decreases as well till the Rayleigh line makes a 

second intersection with the adiabat at 2 where the pulse (𝟏 → 𝟑) becomes unstable. On further 

decay the pulse splits into forrunner wave (𝟏 → 𝟐) and a slower more dispersive condensation 

wave (𝟐 → 𝟑′). Figure is not to scale. CP indicates the critical point. 

 

The consequences of a discontinuous and/or negative (
𝜕2𝜐

𝜕𝑃2
)

𝑆
 in the phase transition 

region for the stability of a shock-front have been investigated in detail, both theoretically as well 

as experimentally (10, 16, 25, 26). One direct observable consequence of (
𝜕2𝜐

𝜕𝑃2)
𝑆

< 0, which can 

occur at phase transition, is the splitting of a compressive shock into a non-dispersive forerunner 
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wave and a slower more dispersive condensation wave near a phase boundary (25). The 

emergence of a second wave-front can in fact already be seen in fig. 1a at maximum excitation 

and indicates a discontinuity within the adiabatic state diagram.  

 

Figure 4 Distance dependence, evolution and splitting. Pulse shapes are plotted at various 

distances from the excitation blade (indicated on each plot in mm) for a fixed excitation 

displacement of 1.3mm and equilibrium state (fig. 1b). After initial solitary propagation up to 

7mm, the front runner wave begin to emerge at 9.8mm (indicated by the arrow) and is 

completely evolved at 12.6mm, while the residual wave that follows shows strong dispersion and 

loss of amplitude. The frontrunner wave however continues to propagate with stable amplitude 

and pulse shape for approximately another 1cm upto 21mm (dotted line shows stable amplitude), 

at which point it starts to disappear as well. To emphasize the repeatability of these experiments 

pulses from three different experiments and their average is plotted.  

 

In Fig. 4 the splitting process of the waves – indeed a very rare phenomenon in shock 

science - is observed in detail. As the pulse shape evolves, it reaches a maximum amplitude at a 

distance 7mm followed by a decay, which as seen here can result in splitting beginning at 

9.8mm. Post splitting, the forerunner wave grows at the cost of the slower more dispersive wave 

and propagates much further. This along with the fact that the splitting is observed only during 

decay is consistent with similar observations for vapor-compression shocks in other systems near 
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phase transitions (25). In order to compare their interpretation with our data it is helpful to 

assume that the solitary wave profile (Fig. 1 and 4) can be decomposed into a compression wave-

front, discussed below, followed by an expansion wave-front both related via the continuity 

condition
1
 (note: in contrast to a compression wave-front, the expansion wave-front is stable for 

(
𝜕2𝑎

𝜕𝜋2)
𝑆

< 0.) As the excitation strength is increased beyond threshold, the interface first remains 

in a regime of positive curvature (hence the increase in c shown in Fig. 2b). We likely cross the 

metastable regime of the phase transition (see the path in Fig. 3) before the termination of the 

path at the spinodal, W (wave-front (𝟏 → 𝟐)  in fig.3).  Eventually the wave becomes instable 

and splits indicating that a new regime of the adiabatic diagram is entered ((𝟏 → 𝟐 → 𝟑) in 

fig.3). Thus instead of simple adiabatic heating during compression, the large amplitude causes 

nucleation and a phase transition. Due to the resulting discontinuity at the spinodal line, the 

“combined” wave (𝟏 → 𝟐 → 𝟑) splits into a forerunner shock (𝟏 → 𝟐)  that propagates – in our 

case - with a velocity of the liquid-expanded state and a condensation wave (𝟐 → 𝟑′), 

propagating at a slower velocity determined by the properties of the coexistence region of the 

lipid interface. The interpretation of a pulse-induced nucleation is consistent with the 

simultaneous observations of (i) a saturation of amplitude, (ii) an abrupt change in curvature and 

(iii) broadening of pulse shape (increased dispersion), observed in Fig. 1 and 2.  

It is most likely that similar waves were observed during electrically induced critical de-

mixing of multicomponent lipid monolayers by McConell et. al (29, 30) and were believed to be 

shock waves. In these experiments, nucleation resulting from an electrical impulse that 

                                                 
1
 In order to follow the lines of Thomson’s work (25, 27, 28) we imagine our biphasic (6) shock 

consisting of a compression shock followed by one of rarefaction. In this case shocks begin to “interact” 

and can for instance weaken each other thereby supporting splitting (25). However the stability of the 

rarefaction tail and its interaction with the front will require further analysis and experiments, which are 

outside the scope of this work and will be treated elsewhere. 
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propagated as condensed domains, dispersed and dissolved rapidly. Although this non-

equilibrium phenomenon was mentioned only qualitatively, these experiments indicate that 

similar phenomenon can also be observed near complex phase boundaries in multi component 

systems and can be excited electrically at lipid interfaces.  

Nonlinear behavior in terms of a relation between amplitude and velocity has been 

treated theoretically in the context of models for soliton propagation in isolated lipid bilayers 

(12, 31). However, the dispersion relation intrinsic to such models depends not only on state but 

also on boundary conditions and/or geometry and therefore can be very different, even 

qualitatively, between a lipid monolayer at the air/water interface and a biological membrane 

with all its structural complexities. For example, by allowing a quadratic negative nonlinearity in 

pressure and assuming an adhoc positive linear dispersion, postulated based on measurements of 

phase velocity in lipid vesicles, Heimburg and Jackson derived a nonlinear wave equation to 

predict a decrease in velocity and pulse width with increasing amplitude for solitons in lipid 

membranes (12, 32). This is in complete contrast with the current observations in lipid 

monolayers where the width and velocity increase with amplitude indicating positive 

nonlinearity B/A and a highly nonlinear dispersion (33).  

We stress, that the line of argument above, relating the curvature of adiabatic state 

diagrams to the stability and instability of propagating shocks, is universal. This means it will not 

only hold for mono- and bilayers, but also for an interface in a living system with all its 

structural complexities. It will be exciting to see experiments on the state diagrams of “living 

interfaces” and the propagation of nonlinear pulses within them.  

An intriguing example of a negative curvature (
𝜕2𝑎

𝜕𝜋2)
𝑠

< 0 in living systems may be 

found in nerves near temperature induced reversible blocks for pulse propagation (Fig.5). When 
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approximating the dimensionless curvature Γ =
𝑐4

2𝑎3
(

𝜕2𝑎

𝜕𝜋2
)

𝑠
 using Maxwell relations of a simple 

thermodynamic system
2
, an independent thermodynamic equation relating 

𝐵

𝐴
 (and hence Γ) to 

experimentally accessible variables can be written as (9, 34) ( being the isothermal expansion 

and 𝑐�̃� the heat capacity at constant pressure);  

2(Γ − 1) =
𝐵

𝐴
= 2𝑐0[𝜌0𝐴 (

𝜕𝑐

𝜕𝜋
)

𝑇
+

𝑇𝛼𝑇

𝜌0𝐴𝑐�̃�
(

𝜕𝑐

𝜕𝑇
)

𝜋
]     (4) 

 

Figure 5. Heat block of the nerve impulse in squid giant axon (data adapted from (35)). All 

known action potentials, including those in human, animals or even algae, exhibit a heat block 

(39). The temperature varies and can be adapted by changing growth conditions(40) . At the 

heat block a transition from (
𝜕𝑐

𝜕𝑇
)

𝑃
> 0 to (

𝜕𝑐

𝜕𝑇
)

𝑃
< 0 takes place. This condition leads to an 

instability of the shock wave excited near a phase transition.  

 

                                                 
2
 Here we assume a mechanically system, i.e. the state is characterized by a,  and T only. 

However, further couplings (Maxwell relations) may play an important role, e.g. electrical (U-q), 

thermal (E-T) or chemically (-N) couplings. These would alter the presented relation.  
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For a lipid monolayer all the variables are experimentally accessible except 𝜌0𝐴, which in fact 

can be calculated using eq. 4, allowing subsequent calculation of ∆𝜋 using eq. 2 (see 

supplementary). In order to estimate the curvature Γ, for a nerve fiber, we use the experimentally 

available (35, 36) relations for the bulk pressure and temperature dependence of c , i.e. (
𝜕𝑐

𝜕𝑃
)

𝑇
and 

(
𝜕𝑐

𝜕𝑇
)

𝑃
 . While experiments demonstrate (

𝜕𝑐

𝜕𝑃
)

𝑇
is usually negative

3
 (36, 37), the quantity (

𝜕𝑐

𝜕𝑇
)

𝑃
 

starts of positive but gets increasingly negative as we approach the temperature corresponding to 

heat block (35, 38). Indeed negative values of (
𝜕𝑐

𝜕𝑃
)

𝑇
and (

𝜕𝑐

𝜕𝑇
)

𝑃
 imply a negative value of B/A 

and – if less than -2 – a negative Γ as well, which would lead to the above mentioned cessation of 

the shock wave.  

 

In conclusion we have demonstrated the application of shock compression science at a 

soft interface near phase transition and its implications for biological systems, especially nerves. 

In particular we extracted the curvature (
𝜕2𝑎

𝜕𝜋2)
𝑠
of the adiabatic state diagram from solitary waves 

observed in lipid monolayer and tied it to the observations of excitation threshold, amplitude 

saturation and stability of solitary waves (against splitting). Since this is the first attempt to apply 

shock compression science to soft interfaces, several questions remain open and predictions to be 

tested: For example our approach predicts a critical point near heat-block in nerves. Furthermore 

the saturation in amplitude, which in our case originates from crossing over the spinodal 

condition, should correspond to a “dynamic” phase transition in nerve pulse propagation, which 

remains to be observed (41). Another aspect arises from the fact, that opto-mechancial coupling 

deserves some attention, as the calibration is done for the isothermal case (19). Obviously, the 

                                                 
3
 precise measurements of (

𝜕𝑐

𝜕𝑃
)

𝑇
near the heat block to clarify the sign are currently not available. It seems plausible, 

however, to assume a decrease in c with pressure even at temperatures near heat block. 
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interpretation of the experiments in the present work has been intentionally oversimplified as for 

a more quantitative description, further analysis, both theoretical and experimental is required. 

New insights will arise from challenging the quasi-2D nature of the propagation, as the thickness 

of the hydration layer as well its interaction with the bulk or other interfaces nearby. In addition 

the coupling of further thermodynamic variable (lipid dipole, bulk pH, charge), the role of 

boundary conditions will be important for a deeper understanding of these pulses in biology. 

This would also lead to a better understanding of dissipation in our system, since even though we 

in find regimes where the pulse can cover significant distance with constant amplitude and width 

(fig. 4), dissipation of our solitary waves remains to be a crucial unresolved issue when 

comparing them to nerve impulses. Finally the interaction of propagating shock waves with the 

complex chemistry of biological interfaces (e.g. enzymes) might lead to completely new 

phenomena that can now be studied systematically (42).  We believe this work opens new doors 

for the physics community to contribute to life sciences, in particular we imagine, to the 

understanding of inter- and intra-cellular communication by combining nonlinear acoustics and 

the physics of critical phenomenon at interfaces.     
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Supplementary 

It is assumed that the lipid monolayer along with a few hydration layers form the propagation 

medium that is adiabatically decoupled from the bulk. Hence 𝜌0𝐴with its dimensions of kg/m
2
 

essentially represents the mass of this medium projected on a 2D interface. In order to calculate 

𝜌0𝐴we employ the following independent thermodynamic relation for B/A; 

𝐵

𝐴
= 2𝑐0[𝜌0𝐴 (

𝜕𝑐

𝜕𝜋
)

𝑇
+

𝑇𝛼𝑇

𝜌0𝐴𝐶𝑝
(

𝜕𝑐

𝜕𝑇
)

𝜋
]        (3) 

While B/A is known from the experimental amplitude-velocity relation, all the other parameters 

are accessible except 𝜌0𝐴. For example, the state 𝜋 = 4.3𝑚𝑁/𝑚 and T=293.15K corresponds to 

the edge of the transition region and we have previously shown that velocity decreases from 

0.4m/s to 0.2m/s on increasing pressure by 1mN giving 
Δ𝑐

Δπ
= −0.2 𝑚/𝑚𝑁𝑠 at constant T. An 

increase in temperature at constant pressure on the other hand, moves the system away from the 

transition region resulting in an increase in velocity, here found experimentally to be 
Δ𝑐0

ΔT
=

0.009𝑚/𝐾𝑠 at constant 𝜋=4.3mN/m. Finally, the phenomenon takes place across a LE-LC phase 

transition, allowing the approximation 
𝑇𝛼𝑇

𝜌0𝐶𝑝
=

𝑑𝑇𝑡𝑟

𝑑𝜋𝑡𝑟
 (the subscript indicates that the pressure and 

temperature are taken at the transition). Plugging in the values gives 𝜌0𝐴 = 0.012𝑘𝑔/𝑚2 

completing the equation of state (eq), defined locally for 𝜋 = 4.3𝑚𝑁/𝑚 T=293.15K. As a result, 

∆𝜋 can be calculated and is found to be 0.12 mN/m, which is comparable to the previously 

reported values of pressure pulses in the transition region. Note that the obtained value of 𝜌0𝐴is a 

gross overestimate of the actual value as it also accounts for charge/dipole effects that have been 

completely ignored in Eq.2 and Eq.3.  

 

  



16 

 

References  

1.  Sackmann E (1995) Biological membranes architecture and function. Handb Biol Phys 1.  

2.  Bloom M, Evans E, Mouritsenj OLEG (1991) Physical properties of the fluid lipid-bilayer 

component of cell membranes : a perspective. Q Rev Biophys 3:293–397. 

3.  Needham D, Evans E (1988) Structure and mechanical properties of giant lipid (DMPC) 

vesicle bilayers from 20 degrees C below to 10 degrees C above the liquid crystal-

crystalline phase transition at 24 degrees C. Biochemistry 27(21):8261–9. Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/3233209. 

4.  Lipowsky R (1995) Generic Interactions of Flexible Membranes. 1:521–602. 

5.  Griesbauer J, Bössinger S, Wixforth a., Schneider M (2012) Propagation of 2D Pressure 

Pulses in Lipid Monolayers and Its Possible Implications for Biology. Phys Rev Lett 

108(19):1–5. Available at: http://link.aps.org/doi/10.1103/PhysRevLett.108.198103 

[Accessed August 13, 2012]. 

6.  Shrivastava S, Schneider MF (2014) Evidence for two-dimensional solitary sound waves 

in a lipid controlled interface and its implications for biological signalling. J R Soc 

Interface 11(97):20140098. 

7.  Hazel J (1995) Thermal adaptation in biological membranes: is homeoviscous adaptation 

the explanation? Annu Rev Physiol:19–42. Available at: 

http://www.annualreviews.org/doi/pdf/10.1146/annurev.ph.57.030195.000315 [Accessed 

December 16, 2013]. 

8.  Georgescauld D, Desmazes J, Duclohier H (1979) Temperature dependence of the 

fluorescence of pyrene labeled crab nerve membranes. Mol Cell Biochem 27(3):147–153. 

Available at: http://www.springerlink.com/index/X11244488454636Q.pdf [Accessed May 

11, 2013]. 

9.  Thompson P a. (1971) A Fundamental Derivative in Gasdynamics. Phys Fluids 

14(9):1843. Available at: 

http://scitation.aip.org/content/aip/journal/pof1/14/9/10.1063/1.1693693 [Accessed 

September 15, 2014]. 

10.  Bethe H (1998) in Classic Papers in Shock Compression Science, eds Johnson J, Cheret R 

(Springer New York), pp 421–495. 

11.  Kaufmann K (1989) Action Potentials and Electrochemical Coupling in the Macroscopic 

Chiral Phospholipid Membrane (Caruaru, Brasil). 1st Ed. Available at: 

https://sites.google.com/site/schneiderslab/research-group/literature. 



17 

 

12.  Heimburg T, Jackson AD (2005) On soliton propagation in biomembranes and nerves. 

Proc Natl Acad Sci U S A 102(28):9790–5. Available at: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1175000&tool=pmcentrez&re

ndertype=abstract. 

13.  Kobatake Y, Tasaki I, Watanabe A (1971) Phase transition in membrane with reference to 

nerve excitation. Adv Biophys 2:1–31. 

14.  Tasaki I (1995) Mechanical and thermal changes in the Torpedo electric organ associated 

with its postsynaptic potentials. Biochem Biophys Res Commun 215(2):654–8. Available 

at: http://www.ncbi.nlm.nih.gov/pubmed/7488005. 

15.  Kim GH, Kosterin P, Obaid a L, Salzberg BM (2007) A mechanical spike accompanies 

the action potential in Mammalian nerve terminals. Biophys J 92(9):3122–9. Available at: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1852366&tool=pmcentrez&re

ndertype=abstract [Accessed October 20, 2012]. 

16.  Landau L, Lifshitz EM (1987) Fluid Mechanics eds Sykes J, Reid W (Pergamon Press 

Ltd.). Second Available at: http://www.mendeley.com/research/a-course-in-theoretical-

physics-fluid-mechanics/ [Accessed December 22, 2011]. 

17.  Albrecht O, Gruler H (1978) Polymorphism of phospholipid monolayers. J Phys 39:301–

324. Available at: http://hal.archives-ouvertes.fr/jpa-00208764/ [Accessed December 22, 

2011]. 

18.  Griesbauer J, Bössinger S, Wixforth A, Schneider MF (2012) Propagation of 2D Pressure 

Pulses in Lipid Monolayers and Its Possible Implications for Biology. Phys Rev Lett 

108(19):198103. Available at: http://link.aps.org/doi/10.1103/PhysRevLett.108.198103. 

19.  Shrivastava S, Schneider MF (2013) Opto-mechanical Coupling in Interfaces under Static 

and Propagative conditions and its Biological Implications. PLoS One 8(7):e67524. 

doi:10.1371/journal.pone.0067524. 

20.  Conti F (1975) Fluorescent probes in nerve membranes. Annu Rev Biophys Bioeng 4:287–

310. Available at: 

http://www.annualreviews.org/doi/abs/10.1146/annurev.bb.04.060175.001443 [Accessed 

August 24, 2012]. 

21.  Cohen LB, Salzberg BM (1978) Optical measurement of membrane potential. Rev Physiol 

Biochem Pharmacol 83:35–88. Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/10619142. 

22.  Conti F, Fioravanti R, Malerba F, Wanke E (1974) A comparative analysis of extrinsic 

fluorescence in nerve membranes and lipid bilayers. Biophys Struct Mech 1(1):27–45. 

Available at: http://www.ncbi.nlm.nih.gov/pubmed/4143474. 



18 

 

23.  Beyer R Nonlinear Acoustics eds Hamilton MF, Blackstock DT (Academic Press, San 

Diego, CA). 

24.  Hamilton MF, Blackstock DT (1988) On the coefficient of nonlinearity in nonlinear 

acoustics. J Acoust Soc Am 83(1):74–77. 

25.  Thompson BPA, Chaves H, Meier GEA, Kim Y (1987) Wave splitting in a fluid of large 

heat capacity. 185:385–414. 

26.  Zel’dovich Y., Raizer YP (1967) Physics of Shock Waves and High-Temperature 

Hydrodynamic Phenomena eds Hayes W, Probstein R (Academy of Sciences, Moscow). 

27.  Thompson P . (1983) Direct observation of shock splitting in a vapor–liquid system. Phys 

Fluids 26(11):3211. Available at: 

http://scitation.aip.org/content/aip/journal/pof1/26/11/10.1063/1.864093 [Accessed 

September 15, 2014]. 

28.  Thompson P , Carofano GC, Kim Y-G (2006) Shock waves and phase changes in a large-

heat-capacity fluid emerging from a tube. J Fluid Mech 166(-1):57. Available at: 

http://www.journals.cambridge.org/abstract_S0022112086000046. 

29.  Lee KYC, Klingler JF, McConnell HM (1994) Electric field-induced concentration 

gradients in lipid monolayers. Science (80- ) 263(5147):655–658. Available at: 

http://leelab.uchicago.edu/Publications 2_files/11.pdf [Accessed May 11, 2013]. 

30.  Lee KY, McConnell HM (1995) Effect of electric field gradients on lipid monolayer 

membranes. Biophys J 68(5):1740–51. Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/10768788. 

31.  Das P, Schwarz W (1995) Solitons in cell membranes. Phys Rev E 51(4):3588–3612. 

Available at: http://pre.aps.org/abstract/PRE/v51/i4/p3588_1 [Accessed May 20, 2013]. 

32.  Lautrup B, Jackson A, Heimburg T (2011) The stability of solitons in biomembranes and 

nerves. Eur Phys J E Soft Matter 34:57–66. Available at: 

http://arxiv.org/abs/physics/0510106 [Accessed May 11, 2013]. 

33.  Eichmann U, Ludu A, Draayer J (2002) Analysis and classification of nonlinear dispersive 

evolution equations in the potential representation. J Phys A Math Gen 35(29):6075. 

Available at: http://iopscience.iop.org/0305-4470/35/29/310 [Accessed June 19, 2014]. 

34.  Beyer R, et al. (1965) Parameter of Nonlinearity in Fluids . II. J Acoust Soc Am 

38(July):797. 

35.  Chapman RA (1967) Dependence on temperature of the conduction velocity of the action 

potential of the squid giant axon. Nature (March):1143–1144. 



19 

 

36.  Kendig J (1984) Pressure and Temperature : Time-Dependent Modulation of Membrane 

Properties in a Btircating. 52(4). 

37.  Spyropoulos S (1956) Response of Single Nerve Fibers at Different Hydrostatic Pressures. 

38.  Hodgkin A, Katz B (1949) The effect of temperature on the electrical activity of the giant 

axon of the squid. J Physiol 109:240–249. 

39.  Fillafer C, Schneider MF (2013) On the Temperature Behavior of Pulse Propagation and 

Relaxation in Worms, Nerves and Gels. PLoS One 8(6):e66773. Available at: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3689679&tool=pmcentrez&re

ndertype=abstract [Accessed May 15, 2014]. 

40.  Rosenthal JJ, Bezanilla F (2000) Seasonal variation in conduction velocity of action 

potentials in squid giant axons. Biol Bull 199(2):135–43. Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/11081712. 

41.  Cole KS, Guttman R, Bezanilla F (1970) Nerve Membrane Excitation without Threshold 

*. 65(4):884–891. 

42.  Chapman DL (1899) “On the rate of Explosion in Gases” Philosophical Magazine and 

Journal of Science eds Kelvin, Lord, Fitzgerald G, Francis W (Taylor and Francis, 

London, Edinburgh, Dublin).  

 


