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Hypothesis: Escin, a monodesmosidic triterpenoid saponin, was shown previously to form viscoelastic
interfaces with a very high dilatational and surface shear storage modulus. This is expected to be due
to the arrangement of Escin into 2D disordered soft viscoelastic solid interfacial structures, which results
in turn in a distribution of relaxation times.
Experiments: The responses to dilatational and surface shear deformations of Escin-stabilized air-water
interfaces were studied, both in the linear viscoelastic (LVE) and non-linear (NLVE) regime. Step relax-
ation and amplitude sweeps were performed in dilatation experiments. For surface shear, amplitude
sweeps and creep recovery experiments were performed.
Findings: Escin stabilized-interfaces displayed a highly non-linear behavior in dilatation as seen in the
Lissajous plots. In large oscillatory shear the Lissajous curves had a rhomboidal shape, indicating intracy-
cle yielding and recovery, typical of glassy systems. The relaxation of the interface showed stretched
exponential behavior, with stretched exponents typical of disordered solids with dynamic heterogeneity.
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The use of surface rheological measurements beyond the commonly measured LVE regime clearly has
provided new insights into the behavior of these interfaces and their microstructure. These results high-
light the need to reconsider other complex interfaces as disordered solids and not as 2D homogenous vis-
coelastic fluids.

� 2019 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Saponins, like Escin, have previously been studied mainly for
their pharmacological uses. For instance, Escin is a candidate com-
pound for developing anti-leukemia drugs based on its ability to
induce apoptosis in leukemia cells [1]. It has been applied in
chemo-prevention and treatment of colon cancer [2], and has also
been extensively studied for its anti-inflammatory properties [3,4].
Only recently more attention has been paid to the interfacial
behavior of Escin [5].

Saponins are a class of plant based molecules which present
surface activity due to their amphiphilic structure. The basic struc-
ture of a saponin consists of a hydrophobic part, aglycone, with one
or more sugar residues attached via glycosidic bonds. Based on the
type of aglycone, saponins can be classified into steroids or triter-
penoids. Escin is a monodesmosidic (one sugar chain attached to
the aglycone) triterpenoid saponin [5], which was previously
shown to impart very high surface shear and dilatational viscoelas-
tic moduli to interfaces [6–8]. It has a molecular weight

(1131.269 g mol�1) similar to that of low molecular weight surfac-

tants (LMWS) such as Tween 20 (1225 g mol�1), and much smaller
than other surface active biomolecules (e.g. proteins), which also
show interfacial viscoelasticity. Therefore, it forms a viscoelastic
interface faster than proteins do.

LMWS do not generally self-assemble into more complex two
dimensional interfacial microstructures, after adsorption to an
interface, and therefore the surface dilatational properties of inter-
faces stabilized by these components are mainly governed by the
exchange of the LMWS between interface and bulk as explained
in the Lucassen-van den Tempel model [9,10]. When surface active
species are present that can self-assemble into interfacial struc-
tures such as 2D gels or soft glasses, the interfacial dynamics will
be characterized by much higher surface shear and dilatational
storage moduli, and lower surface loss tangents, compared to
LMWS stabilized interfaces [11,12]. The high values for the surface
shear and dilatational moduli observed for Escin-stabilized inter-
faces are an indication that this molecule self-assembles into
solid-like structures, after adsorption to the interface.

The dilatational modulus quantifies the response of an interface
to an all-sided area change, in either compression or expansion. It
is the equivalent in two dimensions of the 3D bulk modulus. The
complex dilatational modulus E�

d is defined as [13]:

E�
d ¼

Dc
DA=A0

� �
¼ E0 þ iE00 ð1Þ

for low amplitude harmonic deformations of angular frequency x,
where DA is the amplitude of the area oscillation, Dc is the ampli-
tude of the surface tension oscillation and A0 the equilibrium sur-
face area. E�

d is a complex number where the real part E0 accounts
for the dilatational elasticity or storage modulus, and the imaginary
part E00 ¼ xgd for the dilatational viscosity or loss modulus [14].
When subjecting the interface to sinusoidal oscillations in the linear
response regime (small amplitudes), the surface tension will oscil-
late with the same frequency as the area, but with a phase shift,
d. Similarly, the surface shear modulus G� can be measured using
small amplitude oscillation of the in-plane shear stress and strain
(and phase shift between them), and calculated with [15]:

G� ¼ jG�jðcos dþ i sin dÞ ¼ G0 þ iG00 ð2Þ

where G0 is the surface shear storage or elastic modulus, and G00 is
the surface shear loss or viscous modulus.

Both E�
d and G� are obtained by applying a Fourier transforma-

tion on the oscillatory surface pressure (dilatational deformation)
or surface stress (shear deformation). If the deformation is in the
linear viscoelastic (LVE) regime, the signal will generate only a first
or fundamental harmonic, of which the phase shift and intensity
are used to calculate the modulus. But if the deformations enter
the nonlinear regime, higher harmonics will appear in the fre-
quency spectrum, and both E�

d and G� cease to be meaningful mea-
sures for the response of the interface [16,17]. For exploring these
non-linearities in interfacial rheology several methods have been
applied before, such as the use of Fourier-transform (FT) rheology
[18–20] or the decomposition of the stress response into Cheby-
shev polynomials [21]. More recently, the use of Lissajous-
Bowditch plots (from hereon referred to as Lissajous plots) based
on the works of [16] for bulk rheology have also been introduced
for dilatational [12,15,22–27] and shear [15,28] deformations of
the interface. Lissajous plots can be created for surface shear exper-
iments by plotting the stress signal versus the strain or shear rate,
and for dilatational rheology by plotting the surface tension (or
alternatively surface pressure) versus deformation [11].

A quantitative analysis of the Lissajous plots was suggested by
Ewoldt et al. [16], by calculating the stiffening factor, S, according
to S ¼ ðG0

L � G0
MÞ=G0

L and the thickening factor, T, defined as
T ¼ ðg0

L � g0
MÞ=g0

L. Here, G0
L and G0

M are the large-strain elastic mod-
ulus and minimum-strain elastic modulus, respectively. The vis-
cosities g0

L and g0
M are the large-rate dynamic viscosity and the

minimum-rate dynamic viscosity, respectively. Both the S and T
factors are dimensionless, with S > 0 indicating strain stiffening,
S ¼ 0 indicating a linear elastic response, S < 0 implies strain soft-
ening, T > 0 indicates shear thickening, T ¼ 0 implies linear vis-
cous behavior, and T < 0 indicates shear softening behavior. This
way of analyzing the Lissajous plots allows for the study of intracy-
cle elastic (S factor) and viscous (T factor) non-linearities. Similarly,
Van Kempen et al. [22] defined the strain-stiffening rations in
extention (Sext) and compression (Scom) for dilatational experi-
ments. The study of non-linear behavior better reflects many pro-
cesses in biological (e.g. mastication) or in industrial processing
(e.g. handling and transportation) where deformations go well
beyond the LVE regime [29–32]. The Lissajous plots provide infor-
mation about the strain softening/hardening and strain rate thin-
ning/thickening behavior, which provides clues on the actual
microstructure of the interface, both near and far from equilibrium.
Besides oscillatory deformations, interfaces can also be tested in
step dilatational strain and surface shear creep experiments, to
gain information on the relaxation behavior of the surface
microstructure. For example, by subjecting interfaces to step
expansion/compression, previous studies have shown that some
viscoelastic interfaces show dynamic heterogeneity, and appar-
ently have a soft disordered solid-like structure [33].

http://creativecommons.org/licenses/by/4.0/
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The aim of this study was to study the interfacial rheology of
Escin-stabilized air/water interfaces, both within the LVE and NLVE
regime, in surface shear and in dilatational mode. Escin-stabilized
interfaces were studied with small and large oscillatory surface
shear tests (SAOSS and LAOSS), and small and large oscillatory
dilatation (SAOD and LAOD). The large amplitude measurements
were analyzed using Lissajous curves. Studies of the behavior of
interfaces in the NLVE regime are still scarce in literature, and to
the best of our knowledge, this is the first study to carry out a thor-
ough analysis of saponin-stabilized interfaces beyond the LVE
regime. The interfaces were also subjected to large step dilatational
measurements, and surface shear creep-recovery tests. These test
were performed to probe the relaxation behavior of the interfaces.
Our results provide novel insight on the behavior of these inter-
faces, in a regime which is highly relevant for applications, but
has not been studied in detail before. Our results confirm the struc-
ture suggested for Escin-stabilized interfaces, proposed based on
experiments [6,34] and molecular dynamics simulations [8,35],
and provide new insight on the microstructure of these molecules
at the interface.

2. Materials and methods

2.1. Materials

Escin was purchased from Sigma-Aldrich Co., Missouri, (Escin
with P95% purity, product No. E1378). Solutions were prepared
in ultrapure water (MilliQ Purelab Ultra, Germany).

2.2. Surface rheology measurements

2.2.1. Surface Dilatational rheology
For the determination of the surface tension of the air/water

interface of Escin solutions (5 g L�1 in phosphate buffer 10 mM
at pH 7), a profile analysis tensiometer PAT (Sinterface, Berlin, Ger-
many) was used. Amplitude sweeps were performed at frequencies
of 0.001 Hz, 0.005 Hz, 0.01 Hz, 0.02 Hz, 0.05 Hz and 0.1 Hz, for
amplitudes ranging from 3.5% to 7%. From the oscillation signals,
Lissajous curves were constructed by plotting the surface pressure,
PðtÞ ¼ cðtÞ � c0 versus the deformation, ðAðtÞ � A0Þ=A0, as done by
van Kempen et al. [22]. All experiments were performed after an
equilibration time of 2400 s at 20 �C, using a pendant drop with
an equilibrium area of 20 mm2, suspended from a 1.99 mm
capillary.

Stress-relaxation experiments were performed with a fast com-
pression or expansion of the drop (3.5%, 5% and 10% area) after
2400 s of equilibration, followed by a relaxation of 2000 s. The
relaxation curve was fitted to a combination of a stretched and a
regular exponential function [33]:

cðtÞ ¼ a expð�Dt
s1

Þb þ b expð�Dt
s2

Þ þ l ð3Þ
where b is the stretch exponent (0 6 b 6 1), a and b are constants,
s1 and s2 are the characteristic times that account for relaxation
and aging, respectively, and l is the asymptotic surface tension value
reached after relaxation. The curve fitting tool available in Matlab
was used to obtain these parameters. The parameters obtained
are averages of 6 independent measurements.

2.2.2. Surface shear rheology
The surface shear measurements of the air/water interface of

the Escin solutions (5 g L�1 in phosphate buffer 10 mM at pH 7)
were performed using a AR-G2 rotational rheometer (TA Instru-
ments, DE, USA). A double wall ring geometry (DWRG) was used,
which consists of a circular channel which is filled with 18.8 mL
of sample. A Pt/Ir alloy ring with a diamond shape cross-section
is then placed at the air-water interface. Amplitude sweeps were
performed at frequencies of 0.1 Hz and 1 Hz for strains from 0.01
to 40%. Lissajous curves were constructed by plotting the stress,
r, against the strain, e, or the shear rate, _e, for one of the repetitions
at each frequency. Creep-recovery experiments were performed
with different stresses (0.209 mNm�1, 0.52 mNm�1 and
1.5 mNm�1) for a given creep time tCR of 150 s, and recovery
was monitored for 1000 s. All experiments were performed after
an equilibration time of 2400 s at 20 �C. The circular channel and
ring were rinsed with MilliQ water and ethanol before each analy-
sis, and the ring was flamed to ensure any organic contamination
was removed.
3. Results and discussion

3.1. Surface rheology of Escin

3.1.1. Surface dilatational rheology
In the amplitude sweeps with the PAT, we varied the amplitude

in the range between 3 and 7%. Higher deformations could not be
applied, since at amplitudes above 7% the deformations of the dro-
plet interface became strongly non-affine, i.e. deformations in the
neck region of the droplet deviated significantly from those in
the apex region, and the droplet shape could no longer be fitted
by the Young-Laplace equation with sufficient accuracy. In the
range of amplitudes we tested the fitting error was at most 2%.
For higher amplitudes, a different analysis technique would have
to be used, referred to as capillary meniscus dynamometry [36],
in which both droplet shape and droplet pressure are used to ana-
lyze non-affinely deformed droplets.

The raw data obtained from an amplitude sweep performed at
0.01 Hz is presented in Fig. 1a, with the oscillation corresponding
to 5% deformation shown in detail in Fig. 1b. From the significant
degree of asymmetry in Fig. 1b one can already see the strong
non-linear behavior. The response deviates significantly from a
simple sinusoidal response, which would have given a perfectly
symmetric ellipsoidal plot. We observed higher harmonics in the
response for all amplitudes and frequencies studied (The relative
intensity of the second, third and fourth harmonic for the oscilla-
tions at 0.01 Hz are provided as supplementary material). Using
only the first harmonic of the Fourier transform of the surface pres-
sure to calculate E�

d, as the software of the PAT does, would then
give unrealistic results [11]. For this reason we chose to plot the
results in the form of Lissajous curves, as seen before in Van Kem-
pen et al. [22]. For constructing the Lissajous plot (Fig. 1c), the ini-
tial and final oscillation cycles were left out. The arrows in this plot
indicate which part of cycle the segments of the plot correspond to.
For example, the arrow pointing to the left denotes compression,
and the arrow pointing to the right denotes expansion.

From the Lissajous curve one can observe an unusual behavior
of this interface which arises upon compression. The compression
part of the cycle in Fig. 1c runs from þ0:04 to �0:04 (upper arrow
in the plot). At a strain of aboutþ0:02, the curve crosses the expan-
sion part of the loop, and subsequently the slope of the plots levels
off, indicating strain softening. For larger deformation amplitudes,
the crossover becomes even more noticeable (see Fig. 2). After
maximum compression is reached (about �0:04), and the expan-
sion part of the cycle begins, the surface pressure continues to
decrease, until the strain is approximately equal to 0. After that
the surface pressure starts to increase in an almost linear fashion.
The rest of the Lissajous curves, corresponding to amplitudes
sweeps performed at 0.02, 0.05 and 0.1 Hz are provided as supple-
mentary material.

The assembly of saponins into 2D clusters was first proposed by
Golemanov et al. [34], and the same authors also proposed this



Fig. 1. (a) Amplitude sweep performed at 0.01 Hz with amplitudes of 3%, 3.5%, 4%, 4.5%, 5%, 6%, and 7% area deformation (b) Augmented image of the oscillation at 5%
deformation. Blue dots correspond to the area oscillation, and black dots to the surface tension. (c) Lissajous plot corresponding to 5% amplitude area oscillation at 100 s
period.

Fig. 2. Lissajous plots obtained from amplitude sweep performed at 0.01 Hz (Fig. 1a). Amplitudes: (a) 3%, (b) 3.5%, (c) 4% , (d) 4.5%, (e) 6.%, and (f) 7%.
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behavior for Escin [6]. More recently, Tsibranska et al. [8] studied
the assembly of Escin at air/water interfaces by performing atomis-
tic molecular dynamics (MD) simulations, and their results provide
clear insight on the origin of the unusual behavior of these inter-
faces in LAOD experiments. Their results showed how Escin mole-
cules self-assemble rapidly on ns timescales into 2D surface
clusters, after adsorption to the interface, due to long-range attrac-
tive van der Waals forces between the aglycone part of the mole-
cule, and intermediate dipole-dipole and short-range H-bonds
between the sugar moeities of the molecule. Tsibranska et al. [8]
estimated an interaction of �10 kT between the aglycone parts,
and a total of �7 kT distributed between H-bonds occurring within
the sugar moieties, adding up to a total of �17 kT of interaction.
This implies that the Escin molecules are strongly bound in the
clusters, and that these will have significant rigidity. When an
interface with adsorbed rigid 2D clusters is compressed, the cluster



Fig. 3. Image showing the presence of wrinkles at the interface for large
compression, as seen with the high speed camera. The outer diameter of the
capillary corresponds to 1.75 mm.
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density will increase until a maximum surface packing fraction is
reached, and the interface is in a jammed state. It was recently
shown by the same authors that at a denser packing, the number
of intermolecular H-bonds increase, rather than forming more H-
bonds with water (which would result in desorption to the bulk)
[35]. Upon further compression several phenomena can occur:
(1) clusters are pushed out of the interface into the adjoining aque-
ous phase, (2) clusters slide over each other, forming multilayer
structures, or (3) the structures remain at the interface and the
interface starts to buckle. In view of the strong interactions
between the Escin molecules, the latter two scenarios are likely
more predominant, although the first one cannot be completely
excluded.

With this in mind, our experimental LAOD results suggest that
upon compression, the packing density of rigid clusters increases
until buckling occurs or multilayers form. We did not observe
the typical wrinkles and ridges that form on the interface associ-
ated with buckling. Such patterns were observed only for larger
deformations and even then they were only transient, as we will
discuss later. Hence, multilayer formation is a more likely explana-
tion than buckling. The latter is responsible for the softening
behavior we observe as the degree of compression increases. Upon
expansion, the structure is stretched again, and during this phase
the surface pressure is either nearly constant or even decreases a
bit. To understand how this can lead to a decrease in surface pres-
sure, we must realize that for complex interfaces of this kind, the
parameter that we extract from the PAT measurements is not a real
surface tension. It is an effective surface stress which apart from
the surface tension includes contributions from deviatoric stresses.
In the early phase of the expansion, clusters may be sliding over
each other, and the friction involved in this gives an additional con-
tribution to the surface stress, leading to a decrease in the surface
pressure. Most likely, in this phase the structure is converted back
to a mono-layer. Once the deformation is close to zero, further
expansion starts to separate the clusters, breaking the attractive
forces such as H-bonds, after which the surface pressure rapidly
increases. At this point when the surface pressure is at a maximum,
some adsorption of new Escin molecules might occur. However
this adsorption will be limited, since Escin is expected to have a
barrier-controlled adsorption as seen for Quillaja saponins [37]. It
should be noted that all Lissajous plots shown have been shifted
upward and centered, since the oscillations did not occur around
the value of c0 achieved before the start of the oscillations.

Amplitude sweeps were performed as well at frequencies of
0.001 Hz and 0.005 Hz, but a downward baseline shift of both
the area and surface tension was observed, being much more pro-
nounced for 0.001 Hz (Provided as Supplementary Material). This
made it impossible to plot Lissajous curves with the data. A possi-
ble explanation for this shift is that using oscillation periods of
200 s (0.005 Hz) or 1000 s (0.001 Hz) may allow for enough reor-
ganization of the molecules within an oscillation cycle, by either
in-plane diffusion or exchange between interface and bulk-phase.
As mentioned before, the effects of mass transfer on the response
cannot be completely excluded for this relatively small molecule.

To analyze the relaxation behavior of the molecules at the inter-
face, after applying a step compression or expansion, the results
were fitted with a combination of a stretched exponential and a
regular exponential function (Eq. (3)). Surprisingly, after compres-
sion, the surface tension did not increase back to the equilibrium
value, showing even a slight further decrease after compression
for some of the repetitions, similar to the baseline shift seen in
the Lissajous plots. An example compression curve is shown in
the Supplementary Material. The fact that we do not see any relax-
ation of the surface tension after compression, gives again a strong
indication that the solid-like 2D clusters upon compression slide
over each other to form multilayers. As a result of the strong inter-
actions between the molecules, these structures do not show any
relaxation in the time scale of the experiment, neither by in-
plane rearrangement, nor desorption. That the latter does not occur
was also proposed by [7], based on compression experiments in
Langmuir troughs. With the aid of a high speed camera we could
observe the formation of wrinkles at the interface when subjecting
the drop to a fast and large compression (Fig. 3), which indicates
that initially the interface did buckle upon compression. But after
the appearance of these wrinkles, if the compression is further
increased, the wrinkles suddenly disappear. When the interface
is compressed even further, the wrinkles start forming again (a
video corresponding to the image is provided in the Supplemen-
tary Material). This suggest that after buckling, the stress that
builds up in the interface is partially released by sliding of the clus-
ters over each other. When this structure is further compressed it
jams again, and starts to buckle again. These intermittent buckling
events of the interface further indicate the limited desorption that
occurs of Escin back into the bulk, due to the high surface binding
energy [38]. The formation of wrinkles has been observed before
for hydrophobin proteins [39,40], Acacia gum [41], asphaltenes
[42,43], AFD4 and AM1 peptides [44], and saponins [37,45]. It is
important to note that we do not observe relaxation of the surface
tension back to equilibrium in compressions up to 10%. But the
relaxation that we observe with the high speed camera after buck-
ling, could in principle also be due to ejection of Escin clusters back
to the bulk at some critical coverage value, and therefore we can-
not completely exclude this scenario at larger compression. In the
present study we will only analyze quantitatively the relaxation
after different expansion amplitudes (Table 1).

The data shows an agreement with the fit of R2 P 0:983 for all
repetitions. A b value of 1 would indicate relaxation with only one
single timescale. A value of 0 < b < 1 indicates dynamic hetero-
geneity, which means there are local variations in the relaxation
kinetics on the surface [46]. In our case, b � 0:48, and this value
is not affected by the step amplitude in the range of step sizes
we applied. These values show agreement with those reported in
[33] of 0.4–0.6 for expansion of other complex interfaces, such as
those stabilized by proteins, protein aggregates, particles, or poly-
mers. The dynamic heterogeneity observed here suggests that



Table 1
Rheological parameters obtained from fitting Eq. (3) for the relaxation stage after
applying different amplitude of expansion (%).

Parameter 3.5% 5% 10%

a ðmNm�1Þ 6:8 � 1:4 8:4 � 1:1 9:0 � 1:9

b ðmNm�1Þ 1:8 � 0:5 1:9 � 0:3 1:6 � 0:2

l ðmNm�1Þ 44:9 � 1:9 46:1 � 1:1 46:6 � 1:1
b 0:49 � 0:05 0:48 � 0:04 0:48 � 0:04
s1 ðsÞ 10:9 � 2:9 12:4 � 3:6 10:7 � 3:3
s2 ðsÞ 1327:6 � 220:5 1306:2 � 677:2 1080:0 � 423:5
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upon expansion, the interface is broken down into clusters or
domains with a wide distribution of sizes, which rearrange them-
selves over time at the interface, at different rates. The presence of
these domains would imply weaker regions, where the fracture
and yielding of the interface occur (explained below in the surface
shear experiments). The characteristic times for relaxation, s1, and
aging, s2, show that the interface has a relaxation which is two
orders of magnitude smaller than the time for aging rearrange-
ments. The asymptotic value for surface tension at equilibrium
after relaxation, represented by the l parameter, increases for
higher deformation amplitudes with respect to ceq. Probably, for
larger expansions the interfacial structures are more disrupted,
and the increase in l would mean that the previously more ordered
packing is not recovered by relaxation (Fig. 4).

3.1.2. Surface shear rheology
From the shear strain sweeps, Lissajous plots were constructed

for both shear stress versus strain and shear stress versus shear
rate, for different selected strains. The results are shown in
Fig. 5a–e for stress-strain Lissajous plots (stress-shear rate Lis-
sajous plots provided as Supplementary Meterial). At small strain
e, Escin shows a response which is predominantly elastic, with
G0 � 1100 mNm�1 and G00 � 60 mN m�1 respectively, at 0.02%
strain amplitude and 1 Hz, which results in an almost straight line
for the Lissajous curve (data not shown). As the strain is increased,
the Lissajous curve starts to become more ellipsoidal (Fig. 5b). The
transition from a line to an ellipse is the result of a change in mag-
nitude and phase angle of the fundamental harmonic. However, for
Lissajous curves at strain P0.83% the shape starts to deviate from
that of an ellipse as can be seen in Fig. 5c for 0.98% strain, indicat-
ing the presence of higher harmonics in the oscillating stress
response [47]. At larger oscillation strains, the Lissajous plot exhi-
bits a rhomboidal shape (Fig. 5d), which has previously been
attributed to glassy systems [48], for which the stress after yielding
is nearly independent of the strain (leading to the near horizontal
parts of the loop). This behavior is different for gels, which exhibit
a stress overshoot after yielding, leading to a local minimum in
that part of the cycle [49]. This indicates that the structure of the
Fig. 4. Stress-relaxation experiment performed at 3.5% are
interface belongs to the category of 2D jammed systems, and is
not a 2D gel. The rhomboidal shape indicates, starting from the
lower left corner of the loop, that the structure initially gives a pre-
dominantly elastic response, until the stress equals the yield stress,
after which the structure breaks down and the interface begins to
flow. When the strain approaches its maximum positive value
(upper right corner of the plot) the shear rate decreases to zero,
and the structure (partially) recovers, showing again first an elastic
response and then yielding as the oscillation proceeds in the oppo-
site direction. For the oscillations performed at 1 Hz and strains
P 15%, superimposed oscillations appear in the plateau region of
the Lissajous plot (Fig. 5e). This phenomenon was related before
to the effects of inertia [50], and therefore its relation to interfacial
behavior is not discussed here.

In some of the Lissajous plots at strains around 1% we observed
discontinuities inside an oscillation cycle (Fig. 6). By plotting the
maximum r obtained from the plots (i.e. the stress amplitude) as
function of the strain, we could confirm the fracturing of the inter-
face occurring at strain values � 1% (Fig. 7).The maximum r shows
a clear fracture point, after which r suddenly decreases.

A quantitative analysis of the Lissajous plots was performed and
the results are presented in Fig. (8). The S factor agrees with the
strain sweeps presented before, being close to zero (linear behav-
ior) for both frequencies up to 0.8% strain for 1 Hz and 1% for
0.1 Hz. Surprisingly, above these strain values the interfaces exhi-
bit intracycle strain stiffening, according to the S factor. But at
strains of P 1:8%, the T factor shows strong intracycle shear thin-
ning behaviour, and this dominates the overall response, which is
hence shear thinning [51]. This apparent strain stiffening in the
elastic response was previously addressed by Mermet-Guyennet
et al. [47]: for large deformations, after the interfacial structure
yields, the tangent modulus G0

M , defined as G0
M ¼ ðdr=deÞje¼0has a

value near zero. The secant modulus, which corresponds to
G0

L ¼ ðr=eÞje¼e0 will then determine the S factor with G0
M ! 0,

resulting in values close to 1, which can be interpreted erroneously
as strain stiffening. The missing bar at 20% strain in Fig. 8a is due to
the superimposed oscillations mentioned before, and hence the
slope at zero strain is not representative of G0

M . In Fig. 8b, the miss-
ing bars at small strains (0.1 Hz) are due to too low shear rates,
resulting in Lissajous plots with too much noise to allow for a suf-
ficiently accurate analysis.

We performed creep-recovery experiments by applying small
stresses (0.209 mNm�1, 0.52 mN m�1 and 1.5 mNm�1, which
were all found to be in the linear regime) for a creep time of
150 s. The data was fitted with the Compound-Voigt model (CV)
used before by Golemanov et al. [34] for saponins. It consists of
one Maxwell element and two Kelvin-Voigt elements positioned
sequentially. A schematic representation can be found in [34].
Using this model, the compliance under creep will follow
a expansion. The relaxation was studied over 2000 s.



Fig. 5. Stress as a function of strain (elastic) Lissajous curves are constructed at strain of (a) 0.2% , (b) 0.52% , (c) 0.98%, (d) 10.47%, and (e) 20.69%. Strain sweeps performed
from 0.01% to 40% strain at 1 Hz. Averages and standard deviation calculated from three measurements.

Fig. 6. Lissajous plots constructed from strain sweep at 0.1 Hz showing the higher stress achieved before fracture at a strain of 0.83% (a), the discontinuities inside an
oscillation cycle at 0.97% (b) and the lower stress after fracture at 10.44% (c). All Lissajous have the same y-axis values (�7 to 7 mPa).

Fig. 7. Maximum stress observed from the Lissajous plots at different strains during
the strain sweeps at 1 Hz (a) and 0.1 Hz (b), where the three repetitions are shown
independently. Lines are guide to the eye.
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k1

� �

þ 1
G2
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� �h i
exp � t�tCR

k2

� � ð5Þ
where G0; G1 and G2 are the elasticities of the Maxwel spring, and
Kelvin springs 1 and 2, respectively, g0 is the viscous response of
the Maxwell dashpot, and k1; k2 are the relaxation times of the Kel-
vin elements 1 and 2, respectively.

The remaining parameters of the CV model can be calculated by
gi ¼ Gi ki and k0 ¼ g0=G0. The fitting parameters were obtained by
fitting both equations simultaneously to the experimental data
(Table 2). G0 corresponds to the initial instantaneous elastic
response, determined from the compliance (Ji ¼ 1=Gi). The value
of 1.09 N m�1 is consistent with the G0 observed in the linear region
during the strain sweeps. We obtained a remarkably high viscous
response from the Maxwell dashpot analogue (g0). This high value
is not surprising, considering that in the linear regime Escin
behaves as a soft solid at the interface, with a fracture stresses
ranging from � 8 mPa to � 17 mPa. (A fit of the parameters shown
in Table 2 to the averaged experimental data from the three stres-
ses is presented as Suplementary Material). We observe good
agreement between the experimental values and the CV model,
as has been observed before for several saponins [6,34]. However,
we observe higher values for the fitting parameters in our study.

In Golemanov et al. [34] the authors proposed an interpretation
of the parameters in the CV model for Quillaja and Yucca saponins.
They suggested that the relaxation of the Maxwell element, k0, is
related to the sliding between densely packed domains or patches,



Fig. 8. S factor (a) and T factor (b) determined from strain sweeps of Escin, at frequencies of 0.1 Hz and 1 Hz. Measurements performed at 20 �C.

Table 2
CV model rheological parameters obtained from fitting Eqs. (4)
and (5) simultaneously for the creep-recovery experiments

Parameter

G0 ðNm�1Þ 1:09 � 0:04

G1 ðNm�1Þ 3:21 � 0:65

G2 ðNm�1Þ 8:09 � 1:51

g0 ðN s m�1Þ 1844:48 � 573:86

g1 ðN s m�1Þ 597:59 � 97:51

g2 ðN s m�1Þ 110:20 � 25:30
k0 ðsÞ 1689:47 � 495:36
k1 ðsÞ 191:82 � 40:07
k2ðsÞ 14:15 � 4:43

Table 3
Rheological parameters obtained from fitting a simple stretched exponential (Eq. (6))
for the recovery compliance after creep at different stresses. Creep was carried out for
150 s and recovery was monitored for 1000 s.

Parameter 0.209 mPa 0.52 mPa 1.5 mPa

b 0:48 � 0:01 0:41 � 0:04 0:41 � 0:00
s1ðsÞ 6:83 � 0:24 5:67 � 0:47 4:5 � 0:50
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with weaker boundaries between them. Those weaker regions
could in that view be the areas where fracture occurs. The relax-
ation of first and second kelvin elements (k1; k2) were suggested
to be related to the reorganization of the molecules inside the
domains to their preferred orientation, and the visco-plastic defor-
mation in the domain boundaries, respectively. We observed sim-
ilar k1 and k2 values to those found in [6]. The main difference
between our relaxation times and those in [6] is k0, which is much
longer in our case, resulting from the high viscosity of the Maxwell
element (g0).

As a first estimate, interfacial parameters can often be related to
their 3D equivalents in the bulk phase by the scaling Bs � Bh,
where B is the 3D equivalent of the surface parameter Bs, and h
is the interfacial thickness. If we assume an interfacial layer thick-
ness of 3 nm [6], the values for the interfacial rheological parame-
ters correspond to a bulk shear modulus in the order of
� 108 � 09 Pa which is similar to polyethylene and polycarbonate
plastics. The surface shear viscosity corresponds to a bulk shear
viscosity of � 1010 � 1011 Pa s, which is in the same order of mag-
nitude as cheddar cheese and asphaltic concrete [52]. These results
show that Escin stabilized interfaces behave as a soft solid
interface.

Although the interpretation of the creep results as proposed in
[34], is not implausible, the emergence of multiple relaxation times
does not always imply that there are multiple discrete relaxation
processes of a different nature. In the relaxation of the step-
dilatational deformations, we observed stretched exponential
behavior, which is an indication of dynamic heterogeneity in the
interfacial response. As a result of a distribution in 2D cluster size,
we may have local variations in the relaxation kinetics, leading to a
distribution of relaxation times [33]. For this reason, the recovery
after creep was also fitted to a simple stretched exponential
(Kohlrausch-Williams-Watts) function:

cðtÞ ¼ a expð�Dt
s1

Þb þ l ð6Þ
The b value we obtained again indicates dynamic heterogeneity

in the response of the Escin-stabilized interface. Using a simple
stretched exponential fit (Table 3), a b value between 0.41 and
0.48, which was similar to that seen for the relaxation after expan-
sion. The relaxation time s1 is also of the same order of magnitude
as in the step-dilatation experiment. So dynamic heterogeneity
appears to be a plausible alternative explanation for the observed
multi-exponential behavior.

4. Conclusion

Escin forms an interfacial structure of a disordered viscoelastic
solid which, based on previous experiments for saponins [34],
specifically for escin [6,7], and MD simulations for Escin [8,35],
consist of 2D solid clusters. We extend the previous research
within the LVE with new data beyond the linear regime. Studies
of viscoelastic interfaces beyond the linear regime are still scarce
in the literature [12,15,22–28] , even though in practice many
deformations occur beyond the LVE regime. With the new data
within the NLVE regime, the results from previous studies are con-
firmed, and new insight on the remarkable behavior of this inter-
face in the NLVE regime is provided.

Using Lissajous plots to analyze LAOD deformations of Escin-
stabilized air-water interfaces showed that these interfaces exhibit
a highly non-linear behavior even at small deformations, and
hence E0

d and E00
d obtained using the fundamental harmonic are

clearly not very meaningful. In compression we observed signifi-
cant strain softening, most likely due to the fact that after reaching
a jammed state, 2D clusters start sliding over each other, leading to
the formation of multilayers. Due to strong interactions within this
structure no relaxation was observed after a sudden step-
compression of the interface. Imaging with a high speed camera
revealed that the formation of multilayers is preceded by transient
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buckling of the interface, in which wrinkles appear, and these
rapidly disappear again upon further compression. It is important
to note, that at larger compression than the studied (10%), ejection
of some of the clusters to the bulk cannot be discarded.

Recently, Sagis et al. [33] discussed the contributions of
momentum transfer between the interface and bulk to the relax-
ation of viscoelastic interfaces, which is usually ignored in litera-
ture in favor of in-plane momentum transfer and mass transfer
between the bulk and interface. In the relaxation after a step-
expansion of the interface we observed dynamic heterogeneity,
with a stretch exponent b � 0:48, indicating that momentum
transfer between interface and bulk may also have a significant
contribution to the relaxation behavior.

Surface LAOS measurements allowed for the characterization of
this sytem as a 2D jammed system (and not a 2D gel), and the
observation of fracture of the interfacial structure, visible as intra-
cycle discontinuities in the Lissajous plots at strains around the
crossover from solid to fluid-like behavior. The solid-like behavior
with remarkably high interfacial shear elastic and viscous moduli
was confirmed with creep-recovery experiments, and fitted to a
Compound-Voigt model as used before [6,34]. In our work the
recovery was also fitted with a stretched exponential functions
again giving indication of a distribution of relaxation times
[27,33,53], which results in b � 0.41–0.48, similar to the value
observed in the step-expansion experiments.

Our LAOD and LAOS results, together with the analysis of relax-
ation using a stretched exponential function provide new insights
on the structure of Escin-stabilized interfaces, and confirm earlier
hypotheses on the origin of the extraordinarily high surface rheo-
logical parameters this component can impart on an interface.
We believe these analyses shed also new light on previous studies
performed on other saponin-stabilized interfaces with comparable
highly elastic interfaces [37,45] as these might present similar
interfacial layer structures, presenting dynamic heterogeneity.
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