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Self-assembled thin films respond to external loads via surface instabilities that are
critical to their functionality in both biology and technology. Lipid monolayers at the
air-liquid interface are one such system. Tunability between out-of-plane buckling
(e.g., folding) and in-plane relaxation (e.g., reorganization of lipid domains) in highly
compressed lipid monolayers suggests underlying mechanistic generality. Yet, how
in-plane relaxation occurs and how it is distinguished from folding remains elusive.
Here, we use continuum mechanics, finite element (FE) simulations, and Langmuir
trough fluorescence microscopy (FM) data to elucidate the underlying mechanisms of
these elastic instability modes. Uniaxial loading of the Langmuir trough is evaluated
in FE simulations, where the lipid monolayer is modeled as a thin sheet with a
hyperelastic energy function developed to exhibit a relaxation mechanism. Results show
that this material relaxation mechanism triggers tunable in-plane shear localization
(shear banding). Furthermore, the simulation results of a heterogeneous model, built
from fluorescence micrographs of lipid domains distributed in a continuous matrix, are
rigorously compared with experimental data by domain organizational analyses. These
analyses suggest shear bands are sufficient in inducing domain symmetry breaking
that is characteristic of in-plane relaxation and, without such shear bands, domain
organization remains in powder structure, characteristic of folding lipid monolayers.
Our findings develop a hyperelastic model validated against experimental FM images
that can connect the observed lipid monolayer instabilities of folding and in-plane
relaxation, establishing a generalized framework with the potential to unify all other
monolayer instability modes and characterize other thin film systems.

lipid monolayer | finite element | thin films | elastic instability | shear banding

Thin films formed by the self-assembly of molecules at the air-liquid interface are
prevalent in both biological and technological material systems. Their critical ability to
regulate surface tension has been exploited in various structures including those associated
with drug delivery (1-3), coatings in medical devices (4-7), electronic materials (8—11),
and biological interfaces (12—16) to maintain interfacial structural stability in response
to mechanical forces. Thus, Langmuir monolayers at air-liquid interfaces have been used
extensively in biophysics, biochemistry, and nanotechnology as model systems to probe
surface tension regulation and monolayer response to applied forces (17-20). A large body
of work has been conducted on the liquid-liquid 2D phase transitions and morphologies
of self-assembled thin sheets (17, 21-26). At low packing densities, the sheet exhibits
a dominant fluid-like state with phase transitions governed by thermodynamic laws. At
high levels of compression, a fluid-like sheet can evolve into a solid-like sheet, which has
also been examined in previous studies (27, 28). From a mechanics point of view, the
critical difference between a liquid and a solid sheet is the ability to support static shear
stress (29, 30). While liquids can easily relax such stresses through viscous dissipation,
solids cannot, giving rise to the various surface instabilities studied in thin solid films.
It is well known that self-assembled thin sheets respond to high compressive forces with
different modes of surface instabilities, the mechanical reversibility of which being an
important factor in maintaining surface tension (31-42). Nevertheless, the underlying
mechanism that dictates and unifies these modes in monolayers is far less understood.
Lipid monolayers are one experimental example of a thin sheet that undergoes phase
transitions and instabilities in response to lateral compression (21, 32, 36). Biologically
relevant in the eyes, ears, and lungs, the ability of these sheets to undergo reversible collapse
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Fig. 1. Experimental method for probing lipid monolayer surface instabili-
ties. (A) Schematic for the experimental setup of a Langmuir trough as utilized
to capture all FM images within this text. (B) Surface pressure (difference
between surface tension of lipid-free and lipid-covered interface) measured
through surface tensiometer and different phases captured with FM during a
Langmuir trough compression (41). (C) Three typical modes of surface insta-
bilities in highly compressed lipid monolayers and corresponding instabilities
well-known in solid mechanics: buckling of confined thin films (38), crumpling
of thin sheets, and shear banding in granular materials (43).

and maintain mechanical stability is integral to their biological
function and to the development of related medical treatments
(12-16). Under unilateral compression in a Langmuir trough,
both out-of-plane buckling and in-plane relaxation have been
observed experimentally in highly compressed lipid monolayers
(37). Yet, current mechanistic understanding of the correlation
between these elastic instability modes is lacking. In this work, we
model highly compressed lipid monolayers as elastic sheets where
in-plane relaxation is controlled by the monolayer’s ability to
develop in-plane shear localization (shear banding). We validate
our model against Langmuir trough experimental data where
shear banding serves as a mechanism for differentiating out-of-
plane folding and in-plane relaxation.

Experimental Instability in Lipid Monolayers. The mechanical
properties of lipid monolayers are most often studied via unilat-
cral compression in a Langmuir trough (Fig. 14) with continuous
fluorescence microscopy (FM) and surface tensiometry to probe
the monolayer’s multiscale response. Smaller scale techniques
like atomic force microscopy (AFM) and X-ray diffraction can
give molecular packing information (37, 44, 45), while larger
scale techniques like surface viscosity measurements and Brewster
angle microscopy can provide additional insight toward bulk
material properties and surface deformations (45, 46). While
a broad range of material behaviors are exhibited by lipid
monolayers, a large portion of experimental systems sequentially
undergo two forms of surface responses over the course of
compression: first, molecular phase transitions from gas, to
liquid-like (“expanded”), to solid-like (“condensed”) (23,47, 48),
and second, surface instabilities (36). During the liquid-like
phase of many observed cases (27, 45, 49-51), the monolayer
becomes highly heterogeneous with condensed lipid domains
(dark) dispersed in a soft matrix (light) (Fig. 1B). In solid-like
lipid monolayers, reversible out-of-plane instabilities (Fig. 1C)
such as crumpling (out-of-plane buckling with point and line
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singularities) and folding (localized but smooth out-of-plane
buckling that is dominated by bending and stretching) have
been extensively studied (41, 52-55). Recently, a new mode
of instability where the lipid monolayer relaxes in-plane leading
to a banded morphology of condensed domains was discovered
(Fig. 1C) (37, 41). Interestingly, all of these solid instabilities
resemble well-known problems in traditional solid mechanics,
including buckling of confined thin films (38, 52, 56), crumpling
of thin sheets (57, 58), and shear banding in granular materials
(Fig. 1C) (43, 59, 60).

Experiments have shown that tuning the softness of the lipid
monolayers by modifying lipid composition or temperature can
tune collapse phenomena from out-of-plane folding/crumpling
to in-plane relaxation (41, 49, 61, 62). Fig. 2 focuses on one
such compositional example, contrasting the in-plane domain
morphologies of two monolayers (one that folds vs. one that
relaxes in-plane) at two points: 1) start of the elastic regime,
low lateral pressure and 2) high lateral pressure, as published in
Pocivavsek, et al. (37). The defining characteristic of in-plane
relaxation in lipid monolayers is the reorganization of condensed
domains from roughly hexagonal (powder) structure to a banded
morphology, where the spatial symmetry is broken and domains
become closer in one direction and farther in the opposite
direction. This feature is not observed in lipid monolayers that
fold, where the powder structure persists until the point of
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Fig. 2. Evolution of condensed domain (dark ovals) organization captured
by FM for monolayers that lose stability via folding (Left) and relaxing in-
plane (Right) (compositional details found in Materiais and Methods) under
increasing lateral compression, as previously published (37). Arepresentative
local packing morphology is shown below each image, with its 2D image
autocorrelation to the Right. The autocorrelations show that for folding
lipid monolayers, the condensed domains maintain powder structure with
increasing lateral compression prior to out-of-plane instability (the filled red
areas in the autocorrelations of the Left column show similar circle and
ring). For in-plane relaxing monolayers, the powder structure that exists at
low compression is disturbed at high compression, where distinct bands of
condensed domains are emphasized in the autocorrelation (the filled red
areas in the autocorrelations of the Right column show a circle and ring at
low compression, while distinct lines are shown at high compression).
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folding out-of-plane. To quantify this feature globally, our past
work conducted Fourier transforms of 2D autocorrelations of
FM images (37). In the current work, we focus on more local
morphologies in order to later compare with computational
results. We quantitatively characterize this feature using 2D
autocorrelations, as described in Materials and Methods, with
the analysis of representative local organizational morphologies
shown in Fig. 2 and SI Appendix, Fig. S2A.

Folding in various self-assembled monolayer systems including
lipids and gold nanoparticles has successfully been modeled
using elastic plate theory, where out-of-plane buckling is driven
through an energy balance of in-plane compression and out-
of-plane bending (35, 37, 38). As noted above, folding has
been linked to a preserved in-plane domain packing structure
throughout the elastic regime. The ability of domains to break the
symmetry of their hexagonal packing and reorganize in-plane into
bands suggests the need to explore another mechanism that the
lipid monolayer may undergo within the elastic regime to relax
in-plane loading. These aspects remain poorly understood and
no current work has shed significant insights into the differences
in experimental observations as presented in Fig. 2.

Modeling Instability in Lipid Monolayers. Many theoretical and
computational approaches have been developed at the molecular
level to study the instability of lipid monolayers. Incorporating
thermodynamics principles, where equations of state and defects
were used to describe the phase transition in lipid monolayers
(18, 21, 23), folding onset was captured by minimizing the
interfacial energy. Molecular dynamics simulations showed the
appearance of undulations followed by the transition to a single
fold into the aqueous subphase upon increasing lateral compres-
sion (39, 63, 64). Yet, the simulated undulation and fold are
on the order of lipid monolayer thickness due to the limited size
(nanometer) of these simulations. Thus, while providing valuable
insights into molecular interactions that underlie the onset of
out-of-plane instabilities, these approaches have not successfully
explained the three order of magnitude difference in the fold
length scale (micron) as compared to thickness (nanometer).
Alternatively, studies that utilize a continuum mechanics ap-
proach were proposed to quantitatively characterize folding of
both lipid and gold nanoparticle films (38, 52, 56, 65, 66).
Here, the Langmuir monolayer is considered as a uniform
elastic plate that buckles under lateral compression. A simple
model was developed by Ries for solid-like response of highly
compressed monolayers where the hypothesis of elastic plate
buckling is used to explain the appearance of a tall fold atop the
monolayer (52). The wrinkle-to-fold model further extends this
assumption to study the peculiar folding behavior in monolayers
of lipid and gold nanoparticles (38). It shows that the films go
through wrinkling with micron-size wavelength determined by
the relative stiffness of the monolayer and the liquid subphase.
Under further compression, these wrinkles localize into large folds
observed experimentally. Thus, this reduced geometric approach
can provide a highly quantitative mechanistic understanding of
experimental observations.

Relatively fewer efforts have focused on modeling in-plane
relaxation in lipid monolayers. Some studies suggest the sim-
ilaricy with flow-induced shear bands in complex fluids and
granular materials (67-69). Other recent attempts aim to enrich
material models by extending the success of modeling folding
lipid monolayers as homogeneous elastic plates to in-plane
relaxation. As monolayer folding can be described with neo-
Hookean and other hyperelastic models, efforts are devoted
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to extending the conventional hyperelastic models to capture
in-plane relaxation (38, 52). Specifically, models that invoke
irreversibility either through inelastic material behavior (e.g.,
viscoplasticity) or nonlinear elasticity with two-slope stiffnesses
(e.g., bielastic) were discussed (41). In our recent work, we
instead assumed that the lipid monolayer mechanically behaves
like a hyperelastic material, storing elastic energy both through
local volume and shape changes of the continuum (70). The
onset of shear band bifurcations was characterized through an
incremental approach to nonlinear elasticity and, informed by
experimental isotherms of lipid monolayers, we found that
hyperfoam-like energetics were able to replicate the observed
hardening during the elastic regime before a point of instability
and obtain theoretical predictions of the critical pressures. This
work indicated that material instability on the nonlinear elastic
response of the continuum representing the lipid monolayer,
through shear banding, could be a potential feature associated
with in-plane relaxation. Nevertheless, a finer-scale in silico
investigation capable of reproducing the experimental post-
critical domain reorganization (Fig. 2) remains an unresolved
challenge.

The tunable nature of experimental lipid monolayer instabili-
ties further necessitates the development of a new computational
model with an appropriate constitutive equation that can capture
the distinct experimental observation of domain morphology in
both folding and in-plane relaxing lipid monolayers. In this work,
we show that in-plane domain organizational symmetry breaking
can be achieved by allowing the matrix to release compressive
load via regions of highly localized shear strain, or shear bands.
We first establish a constitutive model that can tune shear band
onset and strength. The ability to trigger or not trigger shear
banding in the material model is assumed to be associated with
the ability of the lipid monolayer to undergo in-plane or out-of-
plane instability, respectively. We further explore these instability
modes through modeling thin sheet instabilities in response to
lateral compression via finite element (FE) analysis. We start
with a homogeneous representation of lipid monolayers and then
enrich the computational model with the heterogeneous domain
organization captured in FM imaging, performing a rigorous
comparison between FE modeling and experimental data. We
develop a hyperelastic model validated against experimental FM
images that can connect the observed lipid monolayer instabilities
of folding and in-plane relaxation, establishing a generalized
framework with the potential to unify all other monolayer
instability modes and characterize other thin film systems.

Results and Discussion

Tunable Material Model for In-Plane Relaxation in Lipid Mono-
layers. Building upon the success of linear elasticity to describe
folding (38, 52), we are motivated to maintain a purely elastic
approach to capture other modes of instability in lipid monolay-
ers. Recently, hyperelastic models have had some preliminary suc-
cess in the endeavor to describe in-plane relaxation (70). We de-
velop amore general and tunable hyperelastic energy functional to
model highly compressed lipid monolayers as thin, clastic sheets
with the ability to release in-plane compressive load through
shear localization (shear banding) triggering monolayer in-plane
relaxation. The model can independently toggle three regimes of
the material response: first elastic regime, relaxation regime, and
second elastic regime (S/ Appendix, Fig. S1 and Fig. 3), which
can efficiently produce a broad range of shear banding behavior,
where the degree of nonmonotonicity in the shear stress—strain
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Fig. 3. Tuning 3 cases of shear band onset and behavior in a homogeneous model. Top Row: Plots present shear stress-strain responses under simple shear
loading (schematic Top Left; see S/ Appendix, Eq. S7). The Inset figures depict analytical loss of ellipticity for a unilateral compressive loading (schematic Middle
Left; see S/ Appendix, Eq. S6), which leads to the determination of the critical value (4y ¢) of the nominal stretch 4y, at which shear bands occur. Analytical
predictions indicate no relaxation onset for Case 1, due to its monotonic shear stress-strain response, and onsets of relaxation for the last two cases, which show
nonmonotonic shear stress-strain responses. The neo-Hookean material used successfully to study folding is also presented in the plot of Case 1, showcasing
model tunability. Bottom Row: Plots show the material responses for FE simulations of the unilateral compression of a homogenous model (schematic Bottom
Left) where the material is described by the corresponding shear stress-strain response in the Top row. Shear banding onset (4 c) is associated with the peak
in reaction force, which is in good agreement with the analytical prediction for all three cases (corresponding star symbols in Top row /nset vs. Bottom row).
Inset in each plot are representative field distributions of shear strain in FE simulations over the course of compression. A homogeneous deformation field is
maintained in Case 1. In Case 2, shear bands form and become more dilute in the second elastic regime. Last, in Case 3, sharp shear bands occur and persist

over the entire numerical simulation.

response is found to significantly impact the strength and persis-
tence of shear banding. We test the tunability of this model using
FE simulations in a uniaxial loading configuration to emulate the
Langmuir trough, then applying this model to a more complex
2D hard-soft composite with domain organizational morphology
derived from an experimental lipid monolayer FM image.

Nonmonotonic hyperelastic material model allows for in-plane
relaxation via the formation of shear bands: Homogeneous rep-
resentation of lipid monolayers. In continuum mechanics, a 2D
shear band can be characterized mathematically as an area,
surrounded by shocklines, where the shear strain is significantly
higher than outside, leading to the majority of the shear defor-
mation localizing within the shear band (60). This redistribution
of strain allows for in-plane relaxation. While multiple modeling
approaches have been developed to describe shear banding, there
has been very limited theoretical work put toward applying
shear banding to lipid monolayers (70). Importantly, no model
has yet captured the symmetry breaking of condensed domain
organization, which is the experimental hallmark of in-plane
relaxation in lipid monolayers. In this work, with the goal to
propose a simple and tunable constitutive model, we adapt an
existing constitutive equation developed by Seki and Alturi (71).
We develop an understanding for its computational applications
in lipid monolayers, emphasizing its ability to form shear bands
as the feature that we propose governs the mechanism for in-
plane relaxation. The response from this model described by
an incompressible hyperelastic-type energy function (see details
in Materials and Methods) is dictated by 3 material properties:
(C1, Gy, C3) where C; controls the first elastic regime, C, controls
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the relaxation regime, and C3 controls the second elastic regime,
further discussed in S/ Appendix, section 2 and shown in S/
Appendix, Fig. S1. The influence of the corresponding response
in simple shear on shear banding onset in a uniaxial compression
is also examined by the standard loss of ellipticity analysis in
continuum mechanics (60, 72) (through the “equilibrium shock”
approach (73); see Materials and Methods and SI Appendix,
section 3). With a focus on shear banding tunability of this model
as an underlying mechanism for tunability between folding and
in-plane relaxation, we highlight here three typical cases: (Case 1:
Ci=1,0C=50_06=05Case2: C, =1,C =5,C; =0.1;
Case 3: C; = 1,C; = 10,3 = 0.001) and analyze shear
banding of the corresponding constitutive model (Fig. 3). The
first case shows a monotonic shear stress—strain response in
simple shear indicating no relaxation (Fig. 3, Top row). Note
that the typical neo-Hookean case used to describe folding lipid
monolayers is also obtained from this model with appropriate
specifications of the 3 material parameters (C; = 1,C; =
0, C3 = 0). The last two cases exhibit nonmonotonic responses:
Case 2 exhibiting a short-term drop in shear stress 6 when the
shear strain ys = ys,c and Case 3 exhibiting a long-term drop
in 0 when ys = ysc. For the nonmonotonic cases, loss of
cllipticity analyses indicate the onsct of the desired shear banding
phenomena, where the point of shear stress relaxation in simple
shear can be considered as the critical point of shear band onset
vs.c (see Fig. 3, Top row Insets, and Materials and Methods).
Given the unique loading conducted on lipid monolayers
with a Langmuir trough, we first simulate in-plane uniaxial
compressive loading on a homogenous FE model as described
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in Materials and Methods. We characterize the effective behavior
of the material through recording the reaction force along
one vertical boundary as a function of the nominal strecch,
An = L/Ly, where L and Ly are the deformed and undeformed
width of the FE model, respectively. The point where the reaction
force drops is the critical nominal stretch Ay, ¢. As described in
SI Appendix, section 3 and shown in Fig. 3, this computational
critical point (signified by stars in the Bottom row of Fig. 3)
is within 1% error of the analytical onset of relaxation as
determined from the loss of ellipticity analysis (signified by stars in
Insets in the Top row of Fig. 3), validating that the computational
model is accurately exhibiting the chosen material response. For
the parameter sets that do not analytically provide a relaxation
point, such as Case 1 and neo-Hookean, the computational
result shows no drop in reaction force. The consistent agreement
between analytical and FE model in determining shear banding
onset emphasizes the proposed constitutive equation as well-
controlled in its ability to differentiate between relaxation and no
relaxation for a system with the geometry and load state similar
to lipid monolayers.

The representative field distributions of shear strain in the FE
simulations (Fig. 3, Bottom row Inset) show how the proposed
constitutive equation can tune both shear banding onset and
behavior. Specifically, for cases where the shear stress—strain
relationship in simple shear is monotonic and exhibits no
relaxation point, there is no instability in the material’s shear
deformations (e.g., Case 1 and neo-Hookean). In cases where the
shear stress—strain relationship in simple shear is nonmonotonic,
distinct shear bands form in the material when Ay = An ¢ (e.g.,
Cases 2 and 3). Furthermore, the degree of nonmonotonicity
in the shear stress—strain response is found to significantly
impact the strength and persistence of shear banding. Low
nonmonotonicity is exhibited by Case 2, where the relaxation
regime of the shear stress—strain relationship in simple shear has
a small slope, causing weak shear bands to form, and returns
to the second elastic regime with little added strain, causing
the dissolution of shear localization. High nonmonotonicity is
exhibited by Case 3, where the relaxation regime has a larger
change in slope and the second elastic regime is not reached within
the computational model’sloading, creating strong and persistent
shear bands over the course of compression. The difference
between shear strain within the band to outside the band for
Case 3 is 5 times as large as that of Case 2, further showcasing
the difference in behavior of these two parameter sets.

We have identified and tested a constitutive equation that,

when applied to a flat plate under uniaxial lateral compression,
exhibits tunable shear banding onset and behavior in FE
simulations. In the next section, this constitutive equation will be
applied to the continuous matrix of a heterogeneous FE model
to connect these results to the realistic biphasic representation of
lipid monolayers. We will show that this shear banding material
response can trigger in-plane relaxation in lipid monolayers,
specifically with shear bands in the soft continuous matrix leading
to symmetry breaking of the condensed domain morphology as
seen by FM.
Nonmonotonic hyperelastic matrix driving shear bands allow for
in-plane relaxation via domain reorganization: Heterogeneous
lipid monolayers. The FE model using a homogeneous repre-
sentation of lipid monolayers is extended to incorporate the
presence of condensed domains surrounded by a softer matrix.
Specifically, we constructed a FE model starting with the lipid
monolayer domain organization obtained via a FM image of a
lipid monolayer at the start of the elastic regime with powder
domain structure (37) (see Fig. 2 and Materials and Methods).

PNAS 2025 Vol. 122 No.36 e2502369122

Case 1: No Shear Banding
C,=1,,=5,C,=05

Case 3: Strong Shear Banding
C,=1,C,=10,C,=0.001

Initial Morphology

Fig. 4. Representative field distributions of shear strain for FE model built
from FM images of a lipid monolayer at the start of the elastic regime with
powder domain structure (Fig. 2). Significantly less localized shear strains are
seen in FE model implementing a monotonic shear stress-strain response
(Case 1in Fig. 3, Left), while strong shear bands, occurring as shocklines, form
in the matrix for the nonmonotonic shear stress-strain response, promoting
condensed domain reorganization (Case 3 in Fig. 3, Right).

We then simulated the unilateral loading similar to the
homogeneous case to mimic the compressive process in Langmuir
trough experiments. Our prior work (37) has indicated that key
structural differences between lipid monolayers that fold and relax
in-plane exist within the continuous matrix. As such, we take the
approach of modeling the continuous matrix with the 3 cases
of tunable shear banding material as developed above, while the
condensed domains are modeled as simple neo-Hookean elastic
inclusions (Materials and Methods). For Case 1, where the system
does not exhibit shear bands in the homogeneous system, no shear
bands form in the matrix (Fig. 4, Lef?). For Case 3, shear bands
form between the domains on diagonals in the form of strong
localized regions of shear strain that allow for domains to break
their hexagonal symmetry, coming closer in the lateral direction
than the vertical (Fig. 4, Right). Note, the material within the
shear bands of Case 3 is being deformed on the order of 10x as
much as the most strained material between domains in Case 1, as
seen in the maximum strain values of Fig. 4. Case 2 also exhibits
the emergence of shear bands, which dissolve over the course
of the simulation similar to what is seen in the homogeneous
case, with the final strain localization very similar to that of Case
1 (Movie S2). The consistency of shear banding onset and be-
havior between the homogeneous and heterogeneous FE models
suggests a robust nature of the proposed constitutive equation.

Much of the current theory behind instabilities in lipid
monolayers implicate condensed domain phase boundaries in
the triggering of folds (32, 54). It should be noted that our
results show that the addition of condensed domains is not
sufficient to impose shear bands in a material that does not
form shear bands in a homogeneous model (see Case 1 in Fig.
4 and SI Appendix, Fig. S2C). On the other hand, simulations
suggest that the capability of the matrix to relax in-plane load,
which can be tuned through our proposed constitutive model,
plays the critical role in triggering instabilities and breaking
symmetry of domain organization. Varying shape and size of the
domains also does not affect the formation of shear bands in the
matrix, as seen in validation against two additional previously
published experimental compositions (37) (SI Appendix, Fig.
S2C). These simulations provide insightful information of how
domains impact the formation and organization of shear bands
and the mechanisms that dictate different modes of elastic
instability. They also enrich the current continuum model
that is only applicable to folding lipid monolayers. Last, the
localization of shear bands in Case 3 throughout compression
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supports our hypothesis that shear bands between domains may
be an important underlying mechanism to in-plane relaxation in
lipid monolayers and leads us to assess their effect on domain
organizational morphology.

Model Validation with Experimental Data: Analysis of Domain
Organizational Morphology. In the Langmuir trough experi-
ment, in-plane relaxation is evaluated by domain organizational
morphology via FM. To further confirm that our FE model can
capture and tune between lipid monolayers that exhibit different
instability modes, in this section, we provide a comparison to
experimental results.

Finite element model captures in-plane relaxation signature from
experimental images. As presented in the Introduction, in-plane
relaxation in Langmuir trough experiments is characterized by
the reorganization of domains from powder structure to lines
of condensed domains with broken organizational symmetry.
This pattern is emphasized via image analysis, utilizing 2D
autocorrelation (Fig. 2). Specifically, as presented in Materials
and Methods, the powder structure domain organization in the
2D autocorrelation can be characterized as a circle and ring for
nearest neighbors with disordered long range spatial correlation,
as seen in the experimental monolayer that folds (Fig. 5 Tap, Left).
The in-plane relaxation organization can be characterized in the
2D autocorrelation as persistent stripes from short to long range,
seen in the experimental example (Fig. 5 Top, Right). The same
approach is applied to analyze the domain organizational mor-
phology from FE models of two heterogencous lipid monolayers
in which the matrix is modeled with Case 1 (no shear bands) (Fig.
5 Bottom, Left) and Case 3 (strong shear bands) (Fig. 5 Bottom,
Right). Results for the domain morphology in Fig. 5 show that
the resultant autocorrelation for Case 1 (no shear bands) has the
characteristic circle and ring, recreating the local experimental in-
plane organization of a folding monolayer. In direct comparison,
the resultant autocorrelation for Case 3 (strong shear bands)
has the characteristic persistent stripes from short to long range,
recreating the experimental broken-symmetry organization of
in-plane relaxation (Fig. 5). We further validate that shear
bands induce organizational symmetry breaking by assessing the
resultant signatures of two additional experimental compositions
(37) (SI Appendix, Fig. S2 A and B). Experimentally, these two
systems undergo folding and in-plane relaxation, respectively.
In the FE simulation, these models can reproduce the resultant
domain organization of their experimental counterparts or be

Experimental

Finite Element

Fig. 5. Validation against experimental data (37) as shown in Fig. 2. Left
Column: Simulations without shear band formation in the matrix (Case 1)
show maintained powder structure at high compression, highlighted with 2D
image autocorrelations, much like that of experimental folding lipid mono-
layers. Right Column: Simulations with strong shear band formation in the
matrix (Case 3) show similar domain organization to that observed in in-plane
relaxing lipid monolayers, also highlighted using 2D image autocorrelations.
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Fig. 6. Progression of condensed domain organization obtained from het-
erogeneous FE models, analyzed with 2D image correlation. Three cases
for the material model (Fig. 3) are applied to the continuous matrix. For
each case, the reaction force of the left boundary is plotted against the
nominal stretch, with /nsets showcasing transient organization analyzed with
2D autocorrelations.

tuned to capture the opposite response via controlling shear band
formation in the matrix. This suggests that strong shear banding
in the matrix is sufficient to break the symmetry of a powder
structure domain organization as seen experimentally. Our FE
models can capture and tune between the distinct characteristic
domain organizations for both lipid monolayers that fold and
those that relax in-plane.

Tuning progression of domain organization throughout compres-
sion. While Fig. 5 showcases the endpoint of the simulations,
we can also gain valuable insights by assessing the reaction force
and transient domain organization over the course of compres-
sion. Overall, the reaction force response of the heterogeneous
simulations mimics the response of those without domains as
seen in Fig. 3: Case 1 exhibits a monotonic shear stress—strain
relationship, Case 2 exhibits a nonmonotonic relationship with
a weaker and shorter relaxation, and Case 3 exhibits a strong
and persistent relaxation (Fig. 6). What is especially interesting,
however, is the progression of the autocorrelation signature for
cach of these cases. Case 1 exhibits a slight loss of symmetry
at its inflection point, while returning to a stretched powder
structure as the compression develops further and reaction force
continues to increase. Case 3 provides a clear example of a 2D
autocorrelation morphing from powder structure to the signature
of in-plane relaxation. The circle and ring signature steadily
loses its symmetry as it converts into persistent lines. The most
dynamic transient morphing is shown in Case 2. With a matrix
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material that forms shear band strain localizations which then
quickly dissolve, Case 2 exhibits a stronger loss of symmetry
than that of Case 1 immediately after the onset of shear bands,
closely resembling the autocorrelation signature of Case 3 (strong
shear banding). However, toward the end of the simulation, as
the shear bands dissolve, the autocorrelations quickly revert to
a stretched powder structure, with the endpoint autocorrelation
signature similar to that of Case 1 (no shear banding).

In summary, through exploring a hyperelastic model for lipid
monolayers integrated with validated FE simulations, we are able
to impose and modulate shear bands in both homogeneous thin
sheets and thin sheets with stiff inclusions mimicking condensed
domains. With an experimental lipid monolayer FM-derived
domain organization as the initial structure, we are able to
compare resultant deformed organizational structures directly
to those of the experimental systems. From the quantification
of these packing structures in the form of 2D autocorrelations,
we find that the formation and persistence of shear bands in
the matrix between domains are sufficient in reproducing the
in-plane relaxation signature from experiments. And with the
dissipation of such shear bands, that reproduction is lost and do-
main packing returns to a powder structure. The unique strength
of a hyperelastic material with a nonmonotonic shear stress—
strain relationship is its ability to impose a temporary relaxation.
This model in particular is also built with strong tunability,
showcased by its ability to capture not only hexagonal packing
(no shear banding in Case 1) and in-plane relaxation (strong shear
banding in Case 3) but also the morphing of domain packing
structures (weak, transient shear banding in Case 2). This mimics
the experimental system, as lipid monolayers can exhibit other
modes of instability between folding and in-plane relaxation.

Conclusions

Highly compressed lipid monolayers exhibit a range of surface
instability modes, with experimental tunabilicy that suggests
underlying mechanistic generality. Prior to this work, folding
lipid monolayers have successfully been characterized as con-
tinuum elastic thin sheets (38, 52, 56). However, it remains
unclear whether this elastic framework can extend to other
surface instabilities, and if so, which elastic material model can
successfully capture all observed instability modes. In this work,
we develop a hyperelastic model validated against experimental
FM images that can connect the observed lipid monolayer
instabilities of folding and in-plane relaxation, establishing a
generalized framework with the potential to unify all other
monolayer instability modes. This model integrates a relaxation
mechanism in the shear stress—strain response obtained from a
hyperelastic energy function to trigger and tune shear banding
behavior, as verified with homogeneous FE simulations that
simulate the experimental lateral compression. To capture the
main characteristic that distinguishes between folding and in-
plane relaxation modes in lipid monolayers (condensed domain
organization), we implement this model in the softer continuous
matrix of a heterogeneous FE simulation, with initial stiff domain
organization derived from experimental FM data. We conclude
that shear bands are sufficient in inducing domain symmetry
breaking that is characteristic of in-plane relaxation, and without
such shear bands, domain organization remains in powder
structure, as seen in folding lipid monolayers. Furthermore, by
assessing the autocorrelation signatures throughout the compres-
sion process for matrices with different shear banding behavior,
transient modes of surface instabilities between folding and
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in-plane relaxation are captured. This general elastic framework
has the potential to extend to other elastic systems which meet the
criteria of being 2D thin films under thermodynamic equilibrium
with material conservation. This subset of systems includes,
but is not limited to, lipid monolayers of various compositions
(45, 61, 74) and block-copolymer monolayers, which have been
shown to exhibit in-plane relaxation and reorganization of stiff
cores similarly to lipid monolayers (24-26, 42). There is also
the potential to build connections between model parameters
and more physical scenarios by incorporating comparative bulk
material properties [e.g., surface viscosity and bulk moduli
(45)] for experimental systems under the defined criteria. AFM,
specifically, has been utilized to capture nanodomains within lipid
monolayers (37, 41), with the ability to determine comparative
compliance or “softness” between nanodomains and the matrix
(45). This information can provide further insight for a more
physical material model. While some materials, such as Gibbs
monolayers of soluble lipids (75), do not meet the criteria needed
to be modeled by this framework, future work can add complexity
to explore dynamic material exchange, rate dependence, and
out-of-plane surface instabilities. Overall, this work provides
effective behavior that can be utilized in probing the smaller-scale
underlying mechanisms [e.g., based on Structured Deformations
(76-79)] and is generally applicable to surface instabilities in
many other thin sheet systems.

Materials and Methods

Experimental Lipid Monolayer Compression Measurements. Experimen-
tal data used for comparison and validation to our developed computational
model utilize FM micrographs of four lipid monolayer compositions deposited
and compressed on a Langmuir trough, as published previously by Pocivavsek
etal.(37). The two compositions shown in Figs. 2 and 5 are 7:3 dipalmitoylphos-
phatidylcholine (DPPC):palmitoyloleoylphosphatidylglycerol (POPG) (folding)
and 7:3 DPPC:POPG with 10 wt% lung surfactant protein SP-Bg_s (in-plane
relaxation) at 25 °C. The two compositions shown in S/ Appendix, Fig. S2 are
8:2 DPPC:ganglioside Gy (folding) and 5:5 DPPC:Gyyy (in-plane relaxation)
at 30 °C. As described in the published methods, the solutions were diluted to
obtain spreading solutions of concentration 0.1 mg ml~". The fluorescent probe
used for visualization at 0.5 mol% with FM was Texas Red 1,2-dihexadecanoyl-
sn-glycerol-3-phosphoethanolamine (TR-DHPE)(MolecularProbes, Eugene, OR).
Fluorescentlylabeled lipidsatthis minimal concentration have beenshown notto
significantly affect phase behavior orsurface instability, as shown via comparison
to label-free isotherms (80) and other methods such as polarized fluorescence
and Brewster angle microscopy (46). When the monolayer is highly compressed
and the domains take up a large surface area fraction, the concentration of
dye in the matrix increases, which could have an effect on microstructure
within the matrix. Research utilizing water-soluble fluorescent dyes for lipid
monolayers(which providesvisualization of domains while maintaining constant
dye concentration in the matrix via desorption) found that, while improving
contrast, thistechnique did notaffect phase behavior of the studied compositions,
which include lipids DPPC and POPG (74). Extension into other compositions
may require further exploration into the influence of fluorescently labeled lipids.
These samples were deposited on ultrapure water under ultrahigh purity argon
to minimize oxidative damage. The instrument used to collect these data was a
custom-made Teflon trough equipped with two Teflon barriers whose motions
were precisely controlled for symmetric uniaxial lateral compression with a
linear speed of 0.1 mm s~ (Fig. 14). A stationary Wilhelmy balance (Riegler
and Kirstein, Berlin, Germany) was used to measure surface pressure.

Image Analysis. We can describe the spatial distribution of regions showing
high (bright matrix) and low (dark condensed domains) levels of fluorescence
using an adaptation of previously published methods (37). This work showcases
local domain organization, since our FE models utilize a portion of the FM
micrograph morphology. We first filter to remove high and low frequency noise
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associated with nonuniform illumination. Then, we conducta 2D autocorrelation
of a portion of the domain organization, designated for experimental FM images
with a red square. These autocorrelations indicate the rate of decay in positional
correlation between bright and dark regions in the image. This means the
signature at the center of the autocorrelation refers to average nearest neighbor
spacing, while the structures formed away from the center referto spacing farther
away. In most autocorrelation figures in this work, we bring focus to the nearest
neighbor morphology by adding a red semitransparent circle or oval.

Material Model. In this work, a hyperelastic model is proposed by developing
the model of Seki and Atluri (71) to describe and model the behavior of a lipid
monolayer matrix, given as

R q@—g

YOG )

wherely := trC = J=2/3rCis defined as the first invariant of C, with tr(e) the
trace of a tensor, K is the bulk modulus, C1, Cy, and C3 are material parameters.
Note that C; = /2, where g is shear modulus.

From this strain energy function, the constitutive model can be derived (see
details in SI Appendix, section 1):

+G (71 —3>2+§(J—1)2, [1]

20 261G, (I - 3)

0 = -

146 (I —3) [1+Cz(71‘3)]

3 (B—%I) + KU =L, [2]

3 + 4G, (71 — 3)

Loss of Ellipticity Analysis for Shear Banding. A 2D shear band can be
characterized mathematically as an area, surrounded by shocklines, where
the shear strain is significantly higher than outside. As described in Seki
and Atluri (69), there exists for some yq # y; the following inequality
given by Abeyaratne and Knowles (71) where shocklines exist in plane strain
incompressible materials.

[z(r1) — z(r)llr1 —r2] < 0. [3]

The equivalence between this condition and the singularity of the acoustic
tensor for the associated incremental problem, pursued in (68), can be found
in (70). Equation 3 means that loss of ellipticity occurs when the slope of the
shear stress-strain relationship transitions from positive to negative, at some
critical shear strain, s ¢. The loss of ellipticity condition is used to determine
the critical point where a uniaxial compression experiences shear deformation
by assessing the following equation for the equivalentamount of shear strain in
a two-dimensional case

s =tr(B) — 2, [4]

where Bis the left Cauchy-Green deformation tensor for a uniaxial compression
of a quasi-incompressible material in terms of nominal stretch, 4y = L/Ly,
given by the following equation

= =T [yw 0 HJ’N 0 ] [YNZ 0 ]
B—FF — a Tl = Is
[0 w Lo 0 2 (5]

Thus, loss of ellipticity occurs when £(Ay) = 0 atsome critical nominal stretch
An,c, where

1
L0y) =1r(B =2yt = iy’ + rwin 2—ysct 6]
N

Finite Element Simulations. We continue previously developed methods for
replicating the uniaxial lateral compression of lipid monolayers using numerical
modeling (39), integrating principles of nonlinear, large deformation solid
mechanics with FE analysis. FE simulations are performed using the commercial

8of 10 https://doi.org/10.1073/pnas.2502369122

software package Abaqus/Explicit 2021 (Dassault Systémes Americas Corp.,
Waltham, MA). The constitutive model is implemented into Abaqus/Explicit
by writing the user subroutine VUMAT. We use two thin sheet models: a
homogeneous model composed of asingle material and a heterogeneous model
composed of domains and a surrounding matrix of two respective materials.
These models are built with the following unit system: length of micrometer
in reference to the scale of FM micrographs utilized in the heterogeneous
model (37), modulus unit of MPa in reference to experimental surface pressure
measurements (37, 41, 81), and a unit mass of 10—7 g, in reference to the 1
g cm™3 density of water, for a dynamic explicit solver. For all matrix materials,
the compressibility is dictated by the bulk modulus K = 200 MPa. This value
is determined by the relation K = 4C; (1 + v)/3(1 — 2v), where Poisson’s
ratio, v ~ 0.495 for a quasi-incompressible material.

Homogeneous model. A 10 x 10 x 1 size thin square is meshed with 10,000
uniform two-dimensional plane strain shell elements (CPE4R, 4 node bilinear
quadrilateral, reduced integration, with hourglass control).

Heterogeneous models. For the model shown in the main text figures, a FM
image of a lipid monolayer before in-plane relaxation, of composition 7:3
DPPC:POPG with 10 wt% SP-Bg_s, at 25 °C and a surface pressure of 30mN

m~" as published previously (37), is imported into the Simpleware ScanlP
software (Synopsys, Inc., Mountain View, CA) to segment out the domains
from the matrix. For the models shown S/ Appendix, Fig. S2, a FM image of
an 8:2 DPPC:Gyyy lipid monolayer at 30 °C and a surface pressure of 25mN
m~" and a FM image of a 5:5 DPPC:Gyy lipid monolayer at 30 °C and a
surface pressure of 31mN m~" as published previously (37), are segmented
the same way. These segmentations are brought into ABAQUS and converted
into sketches, which are then partitioned into 350 x 350 x 1 size thin squares.
The domains and matrix are then meshed with 149482 (7:3 DPPC:POPG),
231370 (8:2 DPPC:Gyy1), and 244763 (5:5 DPPC:Gyy1) total two-dimensional
plane strain shell elements (97% CPEAR, 4 node bilinear quadrilateral, reduced
integration, with hourglass control; 3% CPE3, 3 node linear triangle, reduced
integration, with hourglass control). In addition, we provide approximately 60
units of excess matrix surrounding the domains to cushion the dynamic effects
at the boundaries of the simulation, as seen in the initial morphology in Fig. 4.
The matrix is given the material property described previously in Materials
and Methods. The condensed domains are simulated by a neo-Hookean model
with the same thickness and density, but approximately 100x stiffer than the
matrix. This stiffness ratio is a parameter of the computational model that can be
tuned to match the chosen system, depending on the degree of domain shape
deformation that is observed experimentally. For this system, the following
material equation is utilized, where C19 = 100 and K = 4,000. Note that
C1g = p/2, where u is shear modulus.

K

F (=12 7]

wp = Cro(h —3) +

Boundary conditions. The use of planestraininallmodels enforcesa2D geomet-
ric constraint. These models are then subjected to equal compression from both
leftand right boundaries to represent the loading condition in the experimental
Langmuir trough setup. To minimize boundary effects in the heterogeneous
models, velocity boundary conditions of 50 were applied for the left and right
loads. Distribution of shear bands can be tuned via altering the compression,
so to ensure well distributed shear bands between different scale of domains,
the velocities were gradually ramped up from 0 to 50 before becoming constant
when: Ay = 0.714(7:3DPPC:POPGand 5:5DPPC:Gyyq)and 4y = 0.857(8:2
DPPC:Gyy1).Thereare no boundary conditions on the top and bottom boundaries
of the models' geometries. In all models, there is a general contact interaction
property applied to all material with itself, to prevent unrealistic permeation
of multiple elements. In the heterogeneous model, this same general contact
interaction property is applied at the boundaries where the domains and matrix
meet, preventing permeation of domains into the matrix, or vice versa.

Post processing. While simulations are run, data are recorded at reqular
intervals, providing frames for regular points along the compression of the
model. Compression is measured by nominal stretch, Ay = L/Ly, where Lis
the width of the deformed geometry in the loading direction. The initial distance
between domains varies between experimental FM images. In order to most
clearly represent domain reorganization, the simulation end points were chosen
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where the morphologies share similar horizontal distances between domains
to each other. For the model used in the main text, the FE results were taken
at Ay ~ 0.7 (Figs. 4 and 5). For the models used in S/ Appendix, Fig. S2, the
FE results were taken at Ay &~ 0.8 (S/ Appendix, Fig. S2, Left, DPPC:Gyy1 8:2)
and Ay ~ 0.4 (SI Appendix, Fig. S2, Right, DPPC:Gpq 5:5). To measure the
effective stress and relaxation of the FE models for the monolayer specimens,
reaction force of the left boundary of each model is collected at each frame of
the compression. This aggregate is calculated via a summation of the lateral
component of the reaction force over all nodes of the left boundary. Due to the
symmetric loading of the system, the right boundary could also be used, as it
would exhibit approximately an equal and opposite reaction force response. To
visualize shearstrain localization in FE models and monitor shear band formation
and behavior, the state-dependent variable defined in the VUMAT that tracks and
updates the shear strain, y (further explained in S{ Appendix, section 1and Eq.
S5), is plotted on the deformed geometry of the models over the course of the
compression. In Fig. 3, Case 3and Fig. 4, comparative visualization is assisted by
manually selecting minimum and maximum limits for shear strain values. The
characteristics that define shear bands lie in the difference between the shear
strain within the localized shearband vs. outside ofthe band. Astrong shear band
has a large difference in shear strain, while a weaker one has a small difference.

Data, Materials, and Software Availability. All study data are included in
the article and/or supporting information.
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