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Abstract
Nonlinear rheometry of interfaces is very challenging because of the limits of current day instrumentation and the intricate coupling
of flows at interfaces and in the bulk. The use of time periodic flows may constitute a first step in addressing this issue. Fourier
transform rheology (FTR)measurements with quasi-monolayers at the air-water interface are used in order to assess the suitability of
the different devices to investigate nonlinear interfacial shear viscoelasticity. The probe material was a poly (methyl methacrylate)
forming a soft glassy interface, whereas complementarymeasurements were performedwith a polystyrene latex suspension forming
a predominantly viscous interface at intermediate surface coverages. The obtained data with the magnetic rod rheometer (ISR) were
compared against those obtained with the bicone and the double wall ring geometries attached to standard rotational rheometers. In
particular, an unexpected appearance of even in addition to odd harmonics is discussed in terms of flow field asymmetry.

Keywords Interfacial rheometry . PMMA . Fourier-transform-rheology . LAOS . Interfacial stress rheometer .

Bowditch-Lissajous plot

Introduction

Complex fluid-fluid interfaces can play an important role in the
stabilization of heterogeneous soft materials (e.g., blends, emul-
sions, foams, and dispersed particulate systems) (Israelachvili

2011; de Gennes et al. 2004; de Viguerie et al. 2011; Fuller
and Vermant 2011; Klein et al. 2011; Monteux et al. 2006;
Russel et al. 1989; Vermant et al. 2008; Witten 2004). For ex-
ample, in the case of emulsions, surfactants can stabilize the
droplets of the dispersed phase due to their amphiphilic character
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and the subsequent reduction of interfacial tension. Likewise,
block copolymers act as macromolecular surfactants that stabi-
lize polymer blends (Macosko et al. 1996). It is also known that
particles can accumulate at the interface (Binks and Horozov
2006; Binks 2002; Fischer and Erni 2007; Leal-Calderon and
Schmitt 2008; Murray 2002; Stocco et al. 2011; Vermant et al.
2008; Xu et al. 2007) in Pickering emulsions and these modify
the interfacial mechanicsmore than they affect interfacial tension
(Thijssen and Vermant 2018). Biofilms at interfaces have re-
ceived a great deal of attention because of their numerous appli-
cations in medical and environmental fields (Hollenbeck et al.
2014; Rühs et al. 2013a,b; Wu et al. 2012), and interfacial rhe-
ology is of interest as the interactions between the bacteria can be
measured without interference of the interactions with the
substrate.

Understanding the dynamics and the mechanical properties
of interfacial layers is of scientific and technological relevance
(Erni and Parker 2012; Fuller and Vermant 2012; Sagis 2011;
Sagis and Fischer 2014; Reinheimer et al. 2011). The interfa-
cial rheological material functions can be used to rationally
design interfaces for specific target applications. Concerning
planar liquid interfaces, significant progress has been made
recently in the development of experimental tools to measure
their linear viscoelastic properties (Gordon 1986; Brooks
1999; Brooks et al. 1999; Choi et al. 2011; Erni et al. 2003;
Fuller 2003; Reynaert et al. 2008; Rühs et al. 2012; Vandebril
et al. 2010). To date, three state-of-the art experimental setups
that are readily available are (i) the bicone fixture (Erni et al.
2003) and (ii) the double wall ring (DWR), both connected to
a rotational rheometer (Vandebril et al. 2010), as well as (iii)
the magnetic-rod interfacial stress rheometer (Gordon 1986;
Brooks et al. 1999; Verwijlen et al. 2011). On the other hand,
there are only a few studies on nonlinear interfacial rheology
(Danov et al. 2012; Erni et al. 2012; Erni and Parker 2012;
Hyun et al. 2011; Jaishankar et al. 2011; Krishnaswamy et al.
2007; Sagis and Fischer 2014; Torcello-Gomez et al. 2011;
Zang et al. 2010). For shear rheometry, such experiments were
typically conducted by using the special fixtures adapted to
commercial rheometers, i.e. the bicone geometry (Torcello-
Gomez et al. 2011; van den Berg et al. 2018), or the DWR
(Hermans and Vermant 2014; Samaniuk and Vermant 2014;
Theodoratou et al. 2016). For the magnetic rod-based interfa-
cial stress rheometer (ISR), which is the most sensitive device
(Brooks et al. 1999; Reynaert et al. 2008; Verwijlen et al.
2011), nonlinear measurements have not yet been reported.

An important aspect in interfacial rheology is the unavoid-
able hydrodynamic coupling between bulk and interfacial
flows. The drag exerted by the flow in the surrounding bulk
phases directly contributes to the total drag force on the mea-
surement probe, in addition to the surface drag. Moreover,
through the effect of bulk dissipation of momentum on the
interfacial velocity profile, the interfacial velocity profile de-
pends on the extent of this coupling. The shear rate at the edge

of the measurement geometry is hence not given by the value
expected from a linear velocity profile, but it will be strongly
enhanced, in particular for smaller values of the interfacial ma-
terial functions. The importance of bulk relative to interfacial
flows is quantified by a dimensionless group, the Boussinesq
number. To obtain the correct shear rate at the measurement
probes, iterative solution procedures have been designed for
the magnetic rod rheometer (Reynaert et al. 2008; Verwijlen
et al. 2011; Fitzgibbon et al. 2014; Tajuelo et al. 2016), the
DWR (Vandebril et al. 2010), and the bicone (Fischer and
Erni 2007; Tajuelo et al. 2018) setups. With these corrections,
linear viscoelastic material functions can be determined in os-
cillatory shear flows. For knife edge viscometers, such analysis
has been also implemented for a range of steady-state surface
viscosities (Raghunandan et al. 2015; Lopez and Hirsa 2015)
and recently for the more complicated case of a steady-state
non-Newtonian surface viscosities (Underhill et al. 2017). It
has been shown using direct visualization methods that the
nonlinear response regime in steady-state flow far into the non-
linear regime is often characterized by inhomogeneous defor-
mations at the interface (Barman and Christopher 2014). The
nonlinear boundary condition set by the nonlinear rheological
response makes the already non-linear problem of coupling
between bulk and interfaces even more strongly nonlinear.

For bulk systems, a wide range of nonlinear test protocols
is available. Recently, large amplitude oscillatory shear
(LAOS) rheometry has been proposed as an easy to perform
but difficult to analyze method, which minimally gives a “fin-
gerprint” of the onset of nonlinear response and as such has
been used for a range of soft matter systems, such as polymer
melts, polymer solutions, food grade biopolymers, proteins,
and colloidal materials (Fardin et al. 2014; Cho et al. 2005;
Fischer and Erni 2007; Hyun and Wilhelm 2009; Hyun et al.
2011; Wilhelm 2002; Wilhelm et al. 1998; Singh et al. 2018;
Rogers 2018). It represents a gentle way to enter the nonlinear
deformation regime. During a LAOS experiment, a sinusoidal
strain or stress is applied to the sample. In the linear regime,
the sample responds with a stress or strain signal of the same
frequency but different amplitude and phase depending on its
viscoelasticity, whereas in the nonlinear regime, the response
signal consists of higher harmonics at multiples of the excita-
tion frequency, ω = f/2π (in Hz). In contrast to linear visco-
elastic properties, nonlinear response functions feature
distorted (but periodically self-repeating) oscillatory wave
shapes, which are analyzed by either Fourier transform rheol-
ogy (FTR) or by Bowditch-Lissajous curves. In FTR, the non-
linear mechanical behavior is captured by the presence of
higher harmonics (at 3ω1, 5ω1 etc) in a periodic response
signal under oscillatory shear (Hyun et al. 2011; Rogers
et al. 2011). The nonlinearity is then quantified in FTR via
the intensities and the phases of the higher harmonics. The
LAOS response can also be described by the so-called
Bowditch-Lissajous curves (Ewoldt and Bharadwaj 2013;
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Klein et al. 2007; Wilhelm et al. 2012; Rogers et al. 2011)
where stress is plotted versus strain or strain rate. Recent im-
provements of the LAOS response aiming at some physical
interpretation of the nonlinear response signals include the
geometric stress decomposition (Cho et al. 2005) and the use
of Chebychev polynomials (Hyun et al. 2011; van Dusschoten
and Wilhelm 2001), the sequence of physical processes
(Rogers 2012; Rogers et al. 2011) and rescaling the depen-
dence of the higher harmonics on the strain amplitude (Hyun
and Wilhelm 2009).

In light of the above, as well as the occurrence of large
nonlinearities during the deformation of drops and bubbles,
it is highly desirable to obtain better understanding of both the
linear and the nonlinear response of molecules or particles at
fluid interfaces (de Viguerie et al. 2011; Erni and Parker 2012;
Klein et al. 2011; Reynaert et al. 2008; Sagis and Fischer
2014; Vandebril et al. 2010). In analogy to bulk LAOS, we
propose to use time periodic flows as a first step in addressing
the issue of nonlinear interfacial response, using the finger-
print embedded in the higher harmonics of the stress or strain
response to evaluate the performance of the different instru-
ments as well as the intrinsic responses. First, the magnetic-
rod ISR designed by Brooks et al. (1999) was adapted to
measure nonlinear rheological response using FTR methodol-
ogy and analyze the recorded response signal for higher har-
monics of the frequency. The ISR is a stress-controlled rhe-
ometer where the motion of the magnetic probe is measured
with an optical encoder, similar to strain measurements in the
bulk rheometers. To be able to use the FTR methodology, the
ISR was calibrated in such a way that for a given magnetic
force field a known deformation could be achieved. The ac-
cessible range of excitation amplitudes and frequencies within
a linear subphase response, as well as technical limitations
inherent in the current setup, were established and analyzed.
An advantage of the FTR implementation is that it increases
the measurement range and the accuracy for viscous and vis-
coelastic interfaces (van Dusschoten and Wilhelm 2001).
While controlling the surface at a constant value, a magnetic
rod was displaced in a sinusoidal way parallel to the air-water
interface, resulting in a shear deformation of the interface. The
same sample film can be measured at different surface pres-
sures. Surprisingly, a second harmonic was always detected in
the ISR. The FTR analysis of LAOS signals in bulk systems
may sometimes yield even harmonics, which are associated
with wall slip (Hyun et al. 2011). To explore the origin of the
2nd harmonics, a protocol was implemented, involving tests
with different systems (polymeric and a colloidal particle
quasi-monolayers at the air-water interface) and geometries
(different types of rods, different channel width, channel with
grafted inner walls), as well as complementary tests with the
bicone and DWR setups mounted on commercial rheometers.

Simple shear deformations have the advantage that the
mechanical response is interrogated at constant surface

area, and only the deviatoric contributions to the interfa-
cial and bulk stress are measured. Nonlinear rheometry
using more complicated deformations, for example using
a Langmuir trough with oscillating barriers (Brooks et al.
1999) or oscillating pendant or sessile drops (Fischer et al.
2000; Hilles et al. 2006; Kralchevsky and Nagayama
1994; Sagis and Fischer 2014; Kotula and Anna 2015)
have two major complications. First, there is an interplay
between changes in surface concentration and its effect on
surface pressure (compressibility of the layers) and the
surface rheology. Second, these instruments all have com-
plex mixed shear/dilation deformation modes making the
analysis rather cumbersome (Pepicelli et al. 2017, Nagel
et al. 2017). For more details, we refer to a recent review
by Jaensson and Vermant (2018).

The present work aims to investigate if the nonlinear re-
sponse of interfaces can indeed be characterized by the rheo-
logical LAOS “fingerprinting technique” and how the differ-
ent devices for shear rheometry respond to large interfacial
shear deformations. The paper is organized as follows: after
this introduction, the experimental systems and setup are pre-
sented in section “Experimental”. The results for both poly-
meric and colloidal interfaces are the subject of section
“Experimental results”. In section “Discussion of issues asso-
ciated with measurements using the magnetic-rod ISR”, we
analyze and discuss the results, and finally, the main conclu-
sions are summarized in the last section.

Experimental

Materials

All materials were used as received, unless stated otherwise.
Ultrapure water with a resistivity of 18.2 MΩcm was obtained
with aMillipore water system ion exchange, UV-irradiation, and
filtration steps and used as subphase in the Langmuir trough.

The poly (methyl methacrylate) (PMMA) sample was ob-
tained from PSS (Mainz, Germany) and was synthesized by
anionic polymerization. It had a weight-average molar mass
of 270,000 g/mol and a molar mass dispersity Mw/Mn = 1.04
(with the subscripts w and n denoting the weight- and number-
average molar masses, respectively). An amount of 30 mg was
dissolved in 30 mL of chloroform, a good solvent for PMMA.
Surface deposition of the polymer solution at the air-water in-
terface was performed by spreading the solution drop by drop
with a 20-μL syringe. The polymer layer was left at rest for
about 15 min to allow a complete evaporation of the solvent.

Colloidal polystyrene latex particles were prepared by
surfactant-free emulsion polymerization, using about 1%
wt. acrylic acid as co-monomer during the polymerization,
leading to spherical particles with an average diameter of
538 nm ± 21 nm (Retsch et al. 2009). The solid content of
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the final emulsion was 2.0 wt% as determined gravimetri-
cally. The obtained aqueous dispersion was purified by
several cycles of centrifugation and re-dispersion in water,
yielding the stock suspension. In order to remove amphi-
philic polymer fractions (from the emulsion polymerization
process) physisorbed at the particle surface, the latex sus-
pension was mixed with ethanol (1:5 volume ratio), centri-
fuged, and the supernatant replaced by pure ethanol. The
particles were then re-dispersed using ultrasonication. This
procedure was repeated five times, and then, the final sus-
pension was kept in ethanol. Both the “raw” and the “eth-
anol-washed” suspensions were investigated. The latter was
spread directly from the ethanol dispersion, whereas the
former was spread after dilution in ethanol (1:5 volume
ratio). Surface deposition of the colloidal particles at the
air-water interface was performed by spreading the particle
suspension drop by drop with a 5-mL pipette.

Apparatuses and procedures

Interfacial shear rheometer (ISR)

The experimental setup consisted of a commercial Langmuir
trough coupled with a magnetic rod interfacial stress rheome-
ter (ISR) from KSV Instruments, Finland (Minitrough 4 with
ISR 400) (Brooks et al. 1999). A Wilhelmy-plate (platinum)
coupled to an electromagnetic balance was half immersed into
the water phase and oriented parallel to the direction of the
barrier motion in order to monitor the surface pressure. The
temperature was stabilized at 25.0 ± 0.5 °C by means of a
recirculating water/ethylene glycol bath. For the rheological
measurements, a rheological probe (magnetic rod) was
positioned at the water-air interface in a flow channel and
oriented with the long axis parallel to a homogeneous mag-
netic field (see Fig. 1a). A periodic oscillatory modulation in
the magnetic field induced an oscillating movement of the
magnetic rod in the direction of the long axis, in the plane
of the water-air interface. The maximum field strength was
2.0 × 10−3 T, and the resulting forces that could be applied
range from 10−3 to 30μN (Brooks et al. 1999). The oscillatory
movement of the magnetic rod sheared the interfacial layer

sinusoidally within the channel. The position of the magnetic
rod was optically detected with a camera (Sony XC-HR50,
lens from Edmund Optics, UK).More specifically, the edge of
one end of the rod was monitored, and the position was re-
corded in pixels of the camera. With an excitation frequency ω
ranging from 0.0016 to 4 Hz, and a strain amplitude γ0 rang-
ing from 0.1 to 100% (equaling half the width of the channel).
The interfacial storage modulus Gs′ and the interfacial loss
modulus Gs″ were measured with a resolution of about ±
1 μN/m.

Magnetic rods and channels In order to test the possibility of
wall slip, different combinations of probes and channels were
used: (i) a Teflon-coated steel sewing needle that can be approx-
imated as a rod with length 55.2 mm and diameter of 500 μm
(Brooks et al. 1999); (ii) a glass capillary with an embedded
magnetic rod in the center (Reynaert et al. 2008). It had a length
of 41 mm and a diameter of 400 μm. It is important to note that,
unlike the glass rods, the Teflon-coated sewing needles were not
fully symmetric but had one sharp and one blunt tip; (iii) in order
to optimize the interaction between the surface of the glass cap-
illary rod and the interface in the case of the polymeric layer,
PMMAwas grafted onto the glass capillary surface. The grafting
procedure involved the following steps. The surface of the rod
was first cleaned, by immersing it for 3 h in a 2% v/v alkaline
Hellmanex solution (Hellma-Analytics, Germany). Subsequent
cleaning steps included rinsing with water and ethanol, followed
by drying first under nitrogen atmosphere and then using vacuum
at room temperature. Afterwards, the glass rod was immersed
overnight in a 4-benzoylphenoxypropyl-(triethoxy) silane etha-
nol solution, followed by further cleaningwith ethanol in order to
remove the unreacted silane and then drying in nitrogen. PMMA
was adsorbed by dipping the rod in a 2%w/w PMMA solution in
THF. The rod coated with the PMMA film was dried for about
12 h and then irradiated with UV light (wavelength 365 nm) for
about 30 min in order to graft the PMMA into the surface.
Ungrafted polymer was washed away with a THF solution
(Prucker et al. 1999). (iv) Polyoxymethylene (POM) channels
were used with width of 9 or 7 mm to test for possible width
dependence of viscoelastic properties and a length of 90 mm. To
further enhance the contact between the floating PMMA layer

Fig. 1 Sketch of the rheometric
setups, including (a) the ISR with
the magnetic coils, the flow
Channel, and the magnetic rod;
(b) the DWR (double wall ring)
fixture with its cup; and (c) the
bicone geometry
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and the channel walls, one channel was grafted with PMMA
following the abovementioned procedure. In all experiments
with the ISR, we followed the same procedure for rod magneti-
zation. As in all experiments with the PMMA in the different
instruments, the Bousinesq numbers were high; hence, only lin-
ear corrections needed to be applied in order to correct for the
instrument contribution (for example, for the PMMA layers at
0.1 Hz, the values amounted to 89,000, 119,000, and 17,000 for
ISR, DWR, and bicone setups, respectively).

Signal analysis To use the ISR for nonlinear rheological mea-
surements, the measurement and control software had to be
adapted. The frame rate of the camera was 30 fps, limiting the
time resolution to about 33 ms. This sampling rate is relevant
for the frequency of the modulation signal of the magnetic
field and for the detection of the movement of the magnetic
rod. Accordingly, a user-defined oversampling (van
Dusschoten and Wilhelm 2001) of both the optical data and
the command voltage for generating the magnetic field was
integrated into the ISR acquisition software using Labview. At
sufficiently slow excitation frequencies, oversampling takes
averages over longer acquisition times, and therefore substan-
tially reduces the stochastic noise in the data. Averaging is
only done if the time resolution of the data acquisition is
sufficient to detect the desired highest frequency of the mea-
surement. This highest detectable frequency is set by the
Nyquist frequency. It is defined as half the sampling frequency
of a discrete signal, ωmax = 1/2tDW (where tDW is the dwell
time) (Grenander 1959). With a maximum time resolution of
30 Hz (tDW = 33 ms), the Nyquist frequency is 15 Hz. As a
consequence for the present setup, if the magnetic rod of the
ISR is excited with a maximum frequency of 1 Hz, and with-
out using oversampling, the detection limit is the 15th higher
harmonic. For higher frequencies, oversampling should not be
conducted, because it would reduce the amount of data points
per second by averaging to a value that is not sufficient any-
more to resolve potential higher harmonics, therefore resulting
in unreliable data. For frequencies below 1 Hz, oversampling
was applied, resulting in a better signal-to-noise ratio of the
raw data. Nevertheless, the present setup demonstrates a proof
of concept. The current limitations may be overcome by using
higher-speed cameras.

Bicone geometry

Complementary experiments were performed using a standard
rotational rheometer (MCR 501, Anton Paar, Austria) with a
bicone geometry (Erni et al. 2003). The bicone geometry is
oscillating or rotating with a controlled torque or strain. The
cup remains stationary and the disk oscillates. The cup inner
radius is 40 mm, the disk radius is 34.14 mm, and the cone
angle is 5° (see Fig. 1c).

Double wall ring geometry

A stress-controlled DHR-3 rheometer (TA Instruments, USA)
was also used in conjunction with a double wall ring geometry
and a Langmuir trough (Vandebril et al. 2010; Hermans and
Vermant 2014). The sample is contained in a trough and the
DWR geometry is positioned in an open Teflon cup connected
to a temperature-controlled Langmuir trough. The ring is
made from titanium (Ti6Al4V Grade 5); its inner diameter is
34 mm and its outer diameter is 36 mm. Openings in the ring
and cup allow for the surface pressure to be regulated (see Fig.
1b).

Experimental results

Reference state: the subphase response in ISR

Since water is the common subphase in all experiments, its
response was measured and analyzed (without any sample
layer) with the adapted ISR software and FT. We performed
this reference test with the Teflon-coated magnetic rod, which
is the main probe rod used, and only compared the responses
of different rods at colloidal and polymeric interfaces. In order
to determine the linear regime of the pristine water subphase,
the quality of the excitation and response signal in the frequen-
cy range ω = 0.01–4 Hz was investigated. The lower frequen-
cy limit was determined by the digitization limits of the cam-
era setup being able to resolve the strains. The upper limit was
set by the magnetic rod’s motion deviating from a linear one
and becoming erratic (as discussed below).

Figure 2a displays the time-domain signal of the water
subphase, for both the excitation and response. The related
magnitude spectrum of the Fourier transform of the excitation
signal is shown in Fig. 2b for a strain amplitude of 1.25%. The
response signal has a typical signal-to-noise (S/N) ratio of
1000:1 for the first harmonic, and no higher harmonics indic-
ative of nonlinearities are discernible. The time resolution is
sufficient to detect potential nonlinearities in a frequency
range up to 1 Hz.

The frequency domain data of the response for the pure
water subphase is shown for two additional strain amplitudes
of γ0 = 5% (Fig. 2c) and 10% (Fig. 2d). At γ0 = 5%, only the
first harmonic is seen, and Fig. 2c indicates a S/N ratio for the
first harmonic of about 200:1. When increasing the strain am-
plitude to γ0 = 10%, the water signal does contain higher har-
monics (Fig. 2d) due to nonlinear mechanical response. Note,
however, that for ω = 4 Hz, the effective Reynolds number is
Re = ρa2/η ≈ 0.25 (with a the rod radius); hence, inertial ef-
fects could start to play a role. The higher harmonics could
also originate from an irregular movement at large displace-
ments of the magnetic rod, which resides inside a channel that
is only slightly longer than the rod. The water meniscus inside
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the hydrophilic channel is concave and the magnetic rod lies
with its long axis parallel to the channel axis in the minimum
of the concave meniscus due to gravitational forces acting on
the rod. During large-amplitude oscillations of the rod, the tip
approaches the end of the channel where the shape of the
water surface is not concave anymore. The magnetic rod
may perform slightly irregular motion (not necessarily visible
by the camera), yielding higher harmonics. Another possible
effect is the non-symmetric shape of the metallic rod used in
these experiments (see also section “Interfacial shear rheom-
eter”), as the needle has two different edges, one sharp and one
blunt (Brooks et al. 1999). However, the compressibility of the
interface should smooth out possible local divergence of the
flow; hence, the effects of the asymmetry of the magnetic rod
on the flow field should be very small. This is indirectly

confirmed here since more regular glass capillary rods have
been used as well, and the effects vis a vis appearance of even
harmonics are similar, as discussed below.

In Fig. 3, the results from the analysis of the response of the
water subphase are presented in the form of (a) normalized
intensity and (b) the phases of the higher harmonics, both as
functions of the strain amplitude. In the range of γ0 = 1.2–5%
(Fig. 3a), a slightly negative slope is observed. When looking
at the magnitude spectra of Fig. 2c, it becomes clear that the In/
I1 values at the frequencies corresponding to the position of
higher harmonics do not originate from nonlinearities in the
sample, but from the ratio of the first harmonic to the back-
ground noise level. As the strain amplitude increases, the de-
tected stress is enhanced, I1 as absolute value is increasing,
while the noise level remains constant in absolute value.

Fig. 3 Normalized amplitudes In/
II (a) and phases Φn (b) of the
higher harmonics of the response
(strain) signals of the neat water
subphase. The excitation
frequency was ω = 0.5 Hz. Error
bars are within the size of the
symbols. Channel width 9 mm,
Teflon-coated steel rod (see
section “Interfacial shear
rheometer”). The linear regime is
dominated by noise

Fig. 2 Time (a) and frequency (b)
domain data of the excitation (a
function generation) and response
(b position) signal of the ISR at
ω = 0.5 Hz. The signal-to-noise
ratio of the first harmonic is
1000:1 at a strain amplitude of
γ0 = 1.25%. (c) Magnitude
spectra of the response signal
from the pristine water subphase
at a strain amplitude γ0 of 5% and
(d) 10%
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Consequently, In/I1 then scales with γo
−1 if a constant noise

level is assumed. These measurements are therefore still con-
sidered to be in the linear regime, albeit dominated by noise.
When increasing the strain amplitude above γ0 = 5%, the non-
linear response from the subphase is larger than the noise of
the apparatus and therefore an onset and the intensity increase
of the higher harmonics can be detected. Within the FTR
spectrum, the 3rd harmonic is the most prominent of the
higher harmonics (Fig. 3a). An increase of the signal-to-
noise ratio at very large amplitudes apparently results most
likely from a wiggling motion of the magnetic rod at large
displacements, as discussed above. In order to overcome this
amplitude limitation, potentially the channel length could be
increased.

Next, the frequency-dependent phase spectra of the strain
response (Fig. 3b) are considered, which should always be
interpreted together with the magnitude data. In analogy to
the normalized intensities of the harmonics, for strain ampli-
tudes γ0 > 5%, the phase angle of the higher harmonics starts
to vary substantially. Note that, in general as the phase of the
higher harmonics Φn is very sensitive to variations in the me-
chanical behavior, a stable phase Φn serves as a necessary
experimental condition for a stable, reproducible signal.

As a consequence of the above observations, reliable rhe-
ological measurements on interfacial layers without nonlinear
contributions of the water subphase can be performed up to a
strain amplitude of γ0 = 5% with the present setup. Water can
be used as standard (reference) subphase in the Langmuir
trough for the FT-ISR measurements.

Polymeric (PMMA) quasi-monolayers: surface
pressure isotherms, linear viscoelasticity, and FTR
analysis with the ISR

Surface pressure isotherms Given the ability of PMMA to
form macroscopically homogeneous and insoluble layers at
the air-water interface (Srivastava et al. 2011), arising from
the presence of a polar group (carboxy ester), it is a promising
candidate for investigating the respective rheological nonline-
arities. After spreading, a compression and expansion cycle
with a speed of 50 mm/min was performed with a final com-
pression up to the desired final surface pressure of 20 mN m−1,
followed by a rest time of 15 min, needed to create a homoge-
neous layer in the channel. Whereas bulk PMMA has a high
glass transition temperature Tg (of about 115 °C), it is plasti-
cized at the air-water interface (Fujii et al. 2010; Hancock and
Zografi 1994; Kim et al. 2017;Witte et al. 2010). If we used the
estimated radius of gyration of about 11 nm (Rubinstein and
Colby 2003) as a typical distance from the interface (with wa-
ter), the Tg should be around 67 °C based on literature evidence
(Fujii et al. 2010). This suggests that despite plasticization, the
films are expected to show glassy behavior, as shown recently
(Srivastava et al. 2011). Here, we are interested in the analysis

of the strong viscoelastic signal coming from the PMMA inter-
face and do not consider their microscopic details further.

Linear viscoelasticity Oscillatory measurements on the
PMMA quasi-monolayers were performed at 25 °C (Fig. 4).
For these experiments, a surface pressure of 16 mN m−1 was
chosen, since the magnetic rod could still easily deform the
polymer quasi-monolayer. In Fig. 4, data from a dynamic
frequency sweep (γ0 = 0.1%) (Fig. 4a) and a dynamic strain
amplitude sweep (Fig. 4b) are depicted, employing a Teflon-
coated steel rod and a channel with length, normalized by the
rod diameter of λ = 18. The PMMA quasi-monolayer exhibits
an elastic behavior with the storage interfacial modulus being
slightly larger than the loss interfacial modulus up to f = 2 rad/
s (Fig. 4a). In the limited frequency range available, Gs′ ex-
hibits a power-law dependence on frequency with an approx-
imate slope of 0.5 whereas the respective slope of Gs″ ap-
proaches 1. In Fig. 4b, the oscillatory strain sweep data are
depicted at ω = 0.1Hz showing dominant elastic properties up
to γ0 = 5% and a linear regime up to γ0 = 0.3%.

FTR analysis The same surface pressure of 16 mN m−1 was
used. The frequency domain data, i.e., magnitude spectra and
phase spectra of the LAOS experiments of the PMMA quasi-
monolayer with the Teflon-coated steel rod, are presented in
Fig. 5. The intensity of the higher harmonics increases with
strain amplitude. A remarkable feature is the high intensity of
the second harmonic. The second harmonic becomes signifi-
cant and reaches a magnitude exceeding the 20% of the first
harmonic (I2/1 ≈ 20%), whereas for the third I3/1 > 10%. In the
phase information of Fig. 5b, the values of the 2nd and the 3rd
harmonics change only slightly with increasing γ0. This sta-
bility of the values of the phases of the harmonics indicates a
stable and reproducible signal.

Bowditch-Lissajous representation It is possible to analyze
nonlinear rheological behavior by means of Bowditch-
Lissajous plots, where the strain is plotted against the stress
(Fig. 6). The data at γ0 = 0.4% (Fig. 6a) correspond to the linear
response, whereas at 1% (Fig. 6b) and at 5.6% (Fig. 6c), an
increasingly clear nonlinear response is observed. At γ0 = 0.4%,
some distortion of the plots is observed, most probably related
to the digitization of the motion by the camera. Nevertheless,
the shape of the curve is consistent with a viscoelastic solid
response, expected for a glassy polymer layer. While the shape
of the Bowditch-Lissajous plots at γ0 = 1% (Fig. 6b) is still
consistent with linear behavior, the plot at γ0 = 5.6% (Fig. 6c)
clearly departs from an elliptical shape and exhibits a weak time
evolution, indicating a deformation-dependent material re-
sponse. This specific time evolution could be attributed to is-
sues associated with the choice of the rod and channel, as
discussed in section “Reference state: the subphase response
in ISR”, although intrinsic hysteresis cannot be excluded in this
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glassy system. Note that interfacial tension could also affect the
position of the magnetic rod at the interface since, due to the
compression, the surface tension increases and consequently
the contact angle between the water phase and the rod de-
creases. Moreover, the use of a PMMA-grafted rod likely pro-
motes the microscale heterogeneity of the measuring system
due to the same glassy response issues associated with glassy
PMMA and plasticization, as discussed above for the PMMA
quasi-monolayers (Kim et al. 2017; Fujii et al. 2010).
Nevertheless, the important result here is the sensitivity of the
Bowditch-Lissajous plots to the transition from linear to non-
linear interfacial rheological response.

Inertial, geometric, and flow asymmetry issues The effects of
different potential contributions to the nonlinear signal, such
as subphase inertia, rod/channel sizes, and symmetry, have
been already discussed in section “Reference state: the sub-
phase response in ISR”. Here, we focus on the appearance of
even harmonics and in particular on the second harmonic, for
different combinations of rods and channels. In Fig. 7a, the FT
magnitude spectra of PMMA quasi-monolayer are presented
for γ0 = 1% (aspect ratio of channel width to Teflon-coated
steel rod diameter λ = 18) where we observe the presence of
2nd harmonics. These results serve as reference for the subse-
quent comparisons. The inset of this figure shows the

normalized intensity of the 2nd harmonic as a function of
imposed strain amplitude. Whereas the effects of rod asym-
metry are not expected to be significant for compressible
layers as already mentioned, we compare here FTR results
with different combinations of rods and channels. Figure 7b
depicts data taken with the same Teflon-coated steel rod used
in Fig. 7a, but with a different channel having a width of 7 mm
(λ = 14).We observe again the presence of the 2nd harmonics,
whose intensity is increasing by increasing strain amplitude
(inset). Comparing the normalized amplitudes of 2nd har-
monics for the two channels (insets of Fig. 7a, b), we note a
different behavior when the width of the channel is altered: by
employing a narrower channel, we obtain a monotonically
increasing amplitude of the 2nd harmonic as function of the
strain amplitude, while a more irregular dependence is obtain-
ed for the wider channel.

To evaluate the effect of nonzero Reynolds number, we
increased the subphase viscosity by factor of 10 via mixing
water with glycerol (56% glycerol v/v), leading to a tenfold
decrease of the Reynolds number. The relevant experimental
results with the Teflon-coated steel rod are depicted in Fig. 7c.
We observe a very similar response when comparing with Fig.
7a, b, vis a vis the presence of 2nd harmonics. In particular,
comparing Fig. 7b, c with the same λ = 14, we note that the
normalized 2nd harmonics are virtually the same. Hence,

Fig. 4 Frequency and strain
amplitude sweep for a PMMA
layer at the air-water interface.
The interfacial storage modulus,
Gs′ (black symbols) and the
interfacial loss modulusGs″ (open
symbols) are depicted as
functions of (a) frequency (γ0 =
0.1%) or (b) strain amplitude
(ω = 0.1 Hz) (surface pressure =
16 mN/m, surface
concentration = 0.47 mg/m2, T =
25 °C, Teflon-coated steel rod,
λ = 18.)

Fig. 5 FTR data: magnitudes (a)
and phases (b) of the 2nd, 3rd,
5th, and 7th harmonics for the
PMMA layer. The measurements
were performed at a surface
pressure of 16 mN m−1. The
excitation frequency was ω =
0.1 Hz. The error bars are within
the size of the symbols
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inertial effects do not seem responsible for the appearance of
the 2nd harmonic. Furthermore, we employed the same
Teflon-coated steel rod in conjunction with a PMMA-coated
POM channel (Fig. 7d) with the thought of possibly improv-
ing the contact between the PMMA layer and the walls of the
channel, even if this is not guaranteed because of the
abovementioned glassy nature of PMMA at room tempera-
ture. We also tested a PMMA-grafted glass rod (Fig. 7e), fac-
ing, however, the same issues. Finally, the effect of rotating
the channel with respect to the magnetic field’s lines to make
flow and magnetic field non-coaxial was examined as well,
using a Teflon-coated steel rod (Fig. 7f). In all cases, we detect
even harmonics, with virtually the same normalized values of
the second harmonic (insets). It is therefore confirmed that
even harmonics are always present, over the entire strain am-
plitude range investigated. We conclude that upon changing
the width of the rod and the surface chemistry of both the rods
and the channels, we do not suppress even harmonics; hence,
we cannot attribute their occurrence to these features.

In Fig. 7g, the phases of the 2nd harmonics (Φ2) are pre-
sented as a function of the strain amplitude for all the investi-
gated cases using the magnetic-rod ISR. Using the channel
with λ = 14 (filled squares) and the same channel but non-
coaxial field and flow lines (open triangles), the phase of the
2nd harmonics is constant, indicating a strong and reproduc-
ible signal. With the PMMA-grafted rod (open squares), an
increase of the 2nd harmonic phase is detected. It is worth to
mention here that the phases discontinuously jump from 0 to
360° and vice versa due to the phase periodicity. For this
reason, few data points have been corrected by adding 360°.
Following Klein (2005), we have plotted the data in the phase
range between 0 and 720°. Looking at the case with λ = 14
(filled squares), the signal starts to be stable for strain ampli-
tudes higher than γ0 = 5%. Interestingly, a rapid fall is

observed for the case of the PMMA-grafted channel (open
circles) that we attribute to the low and unstable amplitude.
The intensities and the phases of the 2nd harmonic are strain-
dependent and less reliable, while the other methods give
strain-independent values. This strange behavior associated
with the PMMA-grafted channel is attributed to the
abovementioned issues with glassy PMMA and, in addition,
a possible non-uniform grafted coating, which could lead to
inhomogeneous wetting. A similar, albeit weaker effect is ob-
served with the titled channel (Fig. 7f).

LAOS of PMMA quasi-monolayers with bicone
and DWR geometries and comparison to the results
from the ISR

In order to complete the assessment of the presence of the 2nd
harmonics in interfacial rheology, we performed dynamic
strain sweep measurements at 25 °C at ω = 0.1 Hz, using the
bicone geometry without active control of the surface pres-
sure. A highly concentrated layer was spread to get sufficient
troque signal. The related magnitude spectrum of the Fourier
transform of the excitation signal is shown in Fig. 8a for strain
amplitude of γ0 = 1%. This signal has a typical signal-to-noise
(S/N) ratio of 1000:1 for the first harmonic. Interestingly, over
the entire investigated range of strain amplitudes, no even
harmonics are present, but they could be hidden under the
shoulder of the fundamental peak. The resolution of the ex-
periment is not high enough to differentiate these peaks. In
comparison with the ISR, the bicone geometry is more robust
with respect to torque resolution and the deformation, with no
defects and asymmetries in the setup and the interfacial tool.

Similar results are obtained for the DWR geometry by
performing dynamic strain sweep measurements, again at
25 °C and ω = 0.1 Hz. The quasi-monolayer was created in a
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Fig. 6 Bowditch-Lissajous plots
of the LAOS data obtained with
the PMMA quasi-monolayer
(Fig. 6) at strain amplitudes of (a)
γ0 = 0.4%, (b) γ0 = 1%, (c) γ0 =
5.6%. Plotted here is the rod
position in pixel as stress against
the function generator in mVas
excitation signal. The excitation
frequency was ω = 0.1 Hz, the
Teflon-coated needle with λ = 18
was used at a surface pressure
12 mN/m
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Langmuir trough where the control of the surface pressure was
feasible using a Wilhelmy plate made by paper. Using the
DWR, we obtained similar results with the bicone fixture with
no clear even harmonics throughout the entire investigated
range of strain amplitudes (Fig. 8b). Also, in the DWR setup,
the second harmonic might be hidden under the (broad) fun-
damental peak. At the frequency of the 2nd harmonics, the
peak of the fundamental shows as a shoulder. The third and
the fourth harmonics are clearly detectable. This signal has a
typical S/N ratio of 500:1 for the first harmonic (γ0 = 1%). By
design, the DWR fixture is also placed with high precision in

the shear gap and thus flow field asymmetries related to the
measuring tools can be neglected.

In Fig. 8c, the dynamic strain sweepmeasurements using the
bicone fixture, the DWR and the ISR (with Teflon-coated steel
and λ = 18) at ω = 0.1 Hz are presented. Comparing the inter-
facial moduli measured using the bicone fixture and the ISR,
we note a huge difference (about two orders of magnitude) for
both Gs′ and Gs″. This is due to the fact that the two measure-
ments were performed at different spreading concentrations
(ISR: 0.47 mg/m2; bicone fixture: 146.27 mg/m2; DWR:
5 mg/m2). These huge differences in the polymer layer were

Fig. 7 FT magnitude spectra of
PMMA quasi-monolayer using
the ISR with (a) Teflon-coated
needle, λ = 18 and surface
pressure 16 mN/m; (b) Teflon-
coated needle, λ = 14 and surface
pressure 14 mN/; (c) Teflon-
coated needle with water/glycerol
subphase, λ = 14 and surface
pressure 16 mN/m; (d) PMMA-
grafted channel with Teflon-
coated needle, λ = 14 and surface
pressure 12 mN/m); (e) PMMA-
grafted glass capillary rod, λ = 18
and surface pressure 12 mN/m;
and (f) tilted channel (with
Teflon-coated steel rod, λ = 14) at
strain amplitude of γ0 = 1% and
surface pressure 16 mN/m. Insets:
normalized amplitudes of the 2nd
harmonics of PMMA as a
function of strain amplitude. The
excitation frequency was ω =
0.1 Hz. In (g), the lower panel the
phases of the 2nd harmonic
versus strain amplitude with
different configurations: channel
with Teflon-coated rod and λ = 18
(filled circles); channel with
Teflon-coated rod and λ = 14
(filled squares); PMMA-grafted
rod (open squares); PMMA-
grafted channel and Teflon-coated
rod (open circles); Teflon-coated
rod in water/glycerol subphase
(filled triangles) or tilted channel
(open triangles)
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necessary in order to perform reliable measurements (given the
reduced sensitivity of bicone and DWR compared to the ISR).

Subsequently, the results from the Fourier analysis of the
measurement performed on the different surface shear setups
will be compared. To be able to understand the differences
detected in the three setups, the measurement parameters and
conditions need to be discussed, as they have a direct effect on
the resulting monolayer. Based on the three setups compared
here, the ISR is the most sensitive technique and able to mea-
sure at the lowest surface pressure (0.47 mg/m2). The material
in themonolayer is less compressedwhen comparing it with the
ISR (5 mg/m2) or the DWR (146.27 mg/m2). These different
pressure values result in higher surface shear moduli (Fig. 8c).
In the case of the bicone, a much higher surface concentration is
used and the surface pressure might already create a layer that is
at the crossover to a multilayer system.

The LAOS measurements using the ISR-setup show in the
Fourier analysis higher harmonics (Fig. 7). These include,
apart from the excitation peak, as a primary peak the second
harmonic, but also the third and fourth are detected easily.
When comparing these results of the different setups for mea-
suring surface rheological properties, the ISR (Fig. 7), the
DWR (Fig. 8b), and the bicone (Fig. 8a), the detected second
harmonics are most clearly discernible in the ISR setup, and
for the DWR and the bicone, the 2nd harmonics were not

present or hidden under the broad peak at the fundamental
frequency; in any case, they should be weaker. The third and
the fourth harmonic are clearly detectable.

As the even harmonics are present for both the asymmetric
and symmetric channels, asymmetry in shape is not the main
cause for even harmonics. Another possible origin of the
second harmonics could be due to a non-uniform behavior of
the monolayer upon shearing. Under the assumption that the
magnetic rod is of a uniform shape, the rod would excerpt
the same force in both directions on the interfacial layer. If
the monolayer is uniform, even harmonics would not show.
The monolayer has to contain some kind of inhomogeneities,
so that the force acting upon the magnetic rod could result in a
non-uniform movement. A tentative explanation to why this
would be possible could be differences of the density of the
monolayer, respectively, slight fluctuations in the surface pres-
sure. To shed more light upon the behavior of the monolayer,
experiments that examine the homogeneity of the monolayer
are needed. Such could be doping the monolayer with tracer
particles and then follow their behavior with, e.g., multiple
particle tracking. Generally, creating monolayers in the
Langmuir trough is a well-established method. As in the ISR,
the surface pressure is quite low (here, corresponding to a sur-
face concentration of 0.47 mg/m2), the inhomogeneities do not
need to be very large to result in non-uniformmovements. Such

Fig. 8 FT magnitude spectra of
PMMA using (a) the bicone
geometry and (b) the DWR
geometry at strain amplitude of
γ0 = 1% and excitation frequency
of ω1 = 0.1 Hz and surface
pressure 16 mN/m. In (c), the
oscillatory strain sweep data of
ISR with λ = 18 (circles), bicone
(diamonds), and DWR (stars) are
shown for ω = 0.1 Hz. Filled
symbols refer to interfacial
storage modulus and open
symbols to interfacial loss
modulus. The surface
concentration of PMMA for the
measurement with the bicone is
146.27 mg/m2, for the DWR
measurement, it is 5 mg/m2 while
for the ISR, it is 0.47 mg/m2
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inhomogeneities might originate from the position of the mag-
netic rod inside the channel, like, e.g., one end closer to the end
of the channel, and therefore, the rod is exposed to a slightly
different curvature of the surface, resulting in a different local
pressure.

Colloidal (PS-latex) quasi-monolayers: FTR analysis
of viscous interface with the ISR

Surface pressure isotherms Given the nonlinear rheological
behavior in bulk systems of colloidal suspensions, layers of
polystyrene (PS) latex particles appear to be promising candi-
dates for investigating rheological nonlinearities at the water-
air interface. The investigated PS latex particles with an aver-
age diameter of 538 nm (and a size dispersity below 5%) were
synthesized according to the literature (Retsch et al. 2009) and
spread as explained earlier (see section “Materials”). A surface
pressure-area isotherm of the sample after ethanol washing
and removal of the amphiphilic polymer fraction (which rep-
resents unavoidable contaminants from the preparation of the
particles) in Fig. 9a shows one steep slope of − 1.45 mN
m−1 cm−2 for the layer compression, as generally observed
for neat particle systems (Truzzolillo et al. 2016).

Linear viscoelasticity To determine the viscoelastic properties
of the particle quasi-monolayer, rheological measurements on
the ethanol-washed sample were performed at 25 °C and at a
surface pressure of 2 mN m−1. The corresponding low-strain

interfacial moduli could not be resolved; however, Fourier
transform analysis could be performed at large deformations.

FTR analysis For these experiments, a surface pressure of
2 mN m−1 was chosen, since the layer should not be too stiff
for the magnetic rod to easily move through the layer. Results
from the LAOS experiments with the PS particle layer, under
a strain amplitude γ0 = 5%, a frequency ω = 0.5 Hz and a
subphase pH of 5, are summarized in Fig. 9b, c, where the
time domain data and the magnitude spectra, respectively, are
depicted. The magnitude spectrum shows higher harmonics
up to the 5th harmonic (Fig. 9c). The intensity of the higher
harmonics is decreasing with increasing frequency, in agree-
ment with the respective behavior of bulk systems (Klein et al.
2007). A particularly interesting feature is the (reproducible)
high intensities of the even harmonics, which were reported
also above for the PMMA layer.

Figure 10 depicts the γ0-dependent magnitudes and phases
of the higher harmonics for the latex particle layer more clear-
ly. The intensity for all observed harmonics increases slightly
as a function of strain amplitude (Fig. 10a). When compared
with bulk latex samples at much higher particle fraction, the
present particle layer at the water-air interface exhibits larger
intensity of the 2nd and the 4th harmonics (Klein 2005).
Intuitively, one may expect that much larger strain amplitudes
are needed in order to influence the interfacial particle ar-
rangement due to the presence of lateral capillary and van
der Waals forces between the particles. However, the linear

Fig. 9 PS-latex (550 nm
diameter) quasi-monolayer at the
air-water interface at 25 °C.
Surface pressure versus area
isotherm for an ethanol-washed
sample (a). A set of time (b) and
frequency (c) data are presented.
The frequency data shows the FT
of the rod position for the PS
particle (550 nm) layer at a
surface pressure of 2 mN m−1

(subphase pH = 5), a strain
amplitude of γ0 = 5%, and an
excitation frequency of 0.5 Hz
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response and the surface pressure isotherm of Fig. 9a indicate
that the layer is rather weak, suggesting that electrostatic re-
pulsions of the charged carboxyl functions (from the acrylic
acid comonomer) dominate the particle-particle interactions
(Truzzolillo et al. 2016). Harmonics higher than the 5th are
not discernible for the particle layer due to the high noise level.
In the phase information of Fig. 10b, the 2nd and the 3rd
harmonics change only slightly their values at higher γ0.
This result indicates a stable and reproducible signal (Klein
et al. 2007). Note that it has been possible to plot the data up to
a strain amplitude of γ0 = 6.3% because at this amplitude, the
nonlinearities of the subphase are still negligible, compared to
the nonlinearities of the sample.

Discussion of issues associated
with measurements using the magnetic-rod
ISR

As can be seen in Fig. 4, the PMMA layer exhibits a dominant
elastic behavior. In the frequency sweep (Fig. 4a) utilizing the
Teflon-coated steel magnetic rod, the moduli crossover occurs
at angular frequency of 2 rad/s. Using the Teflon-coated steel
magnetic rod, from the strain amplitude sweep (Fig. 4b), the
sample response is elastic up to γ0 = 5%, and we can detect a
linear regime up to γ0 = 0.3%. The time domain data of the
previous dynamic strain sweep data were analyzed with FTR.
For the PS latex layer, the linear viscoelastic response was too
weak to determine the interfacial moduli. However, the non-
linear signal was sufficiently strong to perform a Fourier trans-
form analysis.

With the help of FTR, the crossover from the linear to the
nonlinear regime and the strain-dependent evolution of non-
linearities are detected in both polymer and PS-latex quasi-
monolayers. Based on the experimental results presented
above, the analysis of the setup and the rheological data allows
to make general considerations about the resulting limitations
and potential improvements of the implemented interfacial
FTR technique. The underlying parameters can be divided

into three major categories: (a) rheology-specific parameters,
(b) instrument-specific parameters, and (c) sample-specific
parameters. The individual contributions are discussed in fur-
ther detail below.

Instrument-specific parameters

In order to perform FT rheological measurements from the
linear to the nonlinear regime, it is necessary to be able to access
a broad range of strain amplitudes and frequencies of the move-
ment of the magnetic rod. To identify potential modification of
the technical setup, which could extend the measuring range
and improve the data quality and especially the sensitivity of the
setup, the following three components need to be considered:
(i) the magnetic field uniformity and enhanced strength of the
magnetic field (which couples to the magnetic moment of the
rod). This was recently achieved with a new design of the ISR
using magnetic tweezers instead of Helmholtz coils (Tajuelo
et al. 2015; Tajuelo et al. 2016), (ii) the magnetic rod and chan-
nel geometry (Reynaert et al. 2008), and (iii) the optical detec-
tion system (specifically the camera resolution, the field of
view, and the image acquisition speed in frames per second).

The maximum force, which can be applied to the sample
layer, depends on the magnetic coupling of the magnetic rod
with the field of the Helmholtz coils. The Helmholtz coils and
the driving power supplies of the commercial setup used are
designed to provide the necessary magnetic field strength for
the experiments with fluid samples. For very stiff samples like
the highly compressed layers, the field strength or rod mag-
netization is not sufficient to move the magnetic rod. The
magnetic rod and the channel geometry could be further im-
proved, by further improving the symmetry and the channel
length, as already discussed above in the results section and in
earlier literature (Reynaert et al. 2008).

With respect to the optical system, the most relevant param-
eters are the camera resolution and the field of view. The min-
imum detectable excitation for the strain amplitude γ0 depends
on the magnification of the camera lens. With a higher magni-
fication, a smaller γ0 can be observed compared to the current

Fig. 10 Nonlinear rheological
data PS-latex quasi-monolayer at
the water-air interface:
magnitudes of harmonics (a) and
phases (b). The measurements
were performed at a subphase pH
of 5 and a surface pressure of
2 mN m−1. The excitation
frequency was ω = 0.5 Hz. Note,
the error is within the size of the
symbols
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setup, for which the lower limit of γ0 was 0.1%. This is because
a larger field of view was needed for larger strain amplitudes
applied in subsequent measurements and it is not possible to
change the camera resolution in a set of experiments for the
same sample. This limitation also calls for a larger field of view
to be able to accurately detect large rod displacements under
identical experimental conditions. If at very large displace-
ments, the end of the magnetic rod leaves the field of view, this
data set cannot be interpreted correctly by FT analysis.

Another important factor of the camera is the acquisition
speed. Detection of high frequencies is limited by the frame rate
of the camera. As already discussed, the maximum detectable
frequency is half the sampling frequency. The current frame rate
of the camera (30 frames per second) imposes the limit of a
maximum detectable frequency of 15 Hz, which represents a
limitation for rheological excitation frequencies exceeding
1 Hz as one cannot detect a sufficient number of higher har-
monics. To address this limitation, a camera with a frame rate
about 20 to 50 times higher than the maximum excitation fre-
quency would be desirable. This number originates from the
lower detection limit of the 9th harmonic multiplied by a factor
of 2 between the Nyquist frequency and the sampling rate.

Sample-related issues

Suitable monolayer sample systems that can be investigated by
FT-ISR for their nonlinear rheological behavior need to com-
ply with the following three requirements: (i) sufficient fluidity
or low stiffness of the sample layer, (ii) reversibility of the layer
deformation, and (iii) sufficient sample-rod contact (to prevent
slip during shear). The surface pressure is an additional, exter-
nally controllable parameter, which sets the layer stiffness.
With the used setup and magnetic field, the latex layer studied
exhibits the needed fluidity to be investigated by FT-ISR only
at small surface pressures (or large surface areas). The glassy
PMMA layer is microscopically heterogeneous and is also
appropriate for FT-ISR at relatively low surface pressures
(see section “Polymeric quasi-monolayers: Surface pressure
isotherms, linear viscoelasticity and FTR analysis with the
ISR”). In addition, a strong adhesive contact between the sam-
ple layer and the shearing rod is necessary to prevent slip at the
sample-rod contact. Typically, the magnetic steel rod is coated
with a low surface energy material (Teflon) to ensure floating
at the air-water interface. This coating has the adverse effect of
providing only a weak interaction with the samplematerial, but
changing to a high surface energy coating would require a
substantial redesign of the rod. The present rod is made of
stainless steel and consequently has a higher density than the
water subphase. The rod is kept at the air-water interface solely
by the water surface tension. When changing to a more polar
rod coating the density of the rod density has to be reduced
below the water density to keep the rod floating by buoyancy.
Such designs are the basis of the employed glass capillary rod

described above and are currently under investigation by other
groups utilizing hollow tubes partially filled with a magnetiz-
able material (Reynaert et al. 2008).

Summary and conclusions

In this work, we have implemented Fourier transform rheology
(FTR) in the magnetic-rod interfacial stress rheometer (ISR) in
order to explore the possibility of measuring the nonlinear rhe-
ological properties of fluid interfaces with this arrangement.We
used Langmuir layers from linear polymers (PMMA) or colloi-
dal (PS-latex) particles at the air-water interface. PMMA
formed an elastic albeit heterogeneous glassy layer, since de-
spite plasticization due to water sorption, its glass transition
temperature remained high. On the other hand, PS latex formed
a viscous layer. We performed large amplitude oscillatory shear
(LAOS) deformations. The excitation signal had a signal-to-
noise ratio of about 1000:1 and the response signal could reach
a signal-to-noise ratio of about 200:1. The reference pure water
subphase did not exhibit any detectable mechanical nonlinear-
ity up to strain amplitudes of 5%. The observed nonlinearities
for strain values lager than 5% are measurement artifacts orig-
inating from a combination of factors, primarily the inhomoge-
neous surface geometry around the ends of the channel and the
presence of flow asymmetries. The effects of surface tension in
case of inhomogeneous wetting can also be a factor. The adap-
tation of the measurement and control software allows
performing nonlinear FT rheological measurements at the air-
water interface, including a user-defined oversampling mode to
improve the signal-to-noise ratio.

The take-home message of this work is that extra caution is
needed in interpreting the results when measuring LAOS with
the magnetic-rod ISR. Of particular concern is the appearance of
even harmonics. Such even harmonics might have their origin in
the experimental setup, but also in material properties. To reach
this conclusion, we used different methodologies and combina-
tions of magnetic-rod and channel with the ISR, and
complemented the investigation with measurements using the
bicone and the double wall ring fixtures, both mounted on com-
mercial rheometers. With the magnetic-rod ISR, we measured
the nonlinear rheology of PMMAwith channels of two different
widths (aspect ratio of channel width to rod diameter λ = 14 and
18). We prepared and tested magnetic, PMMA-grafted glass
capillary rods, and further modified the channel by grafting it
with PMMA. We also increased the bulk viscosity of the sub-
phase 10 times using a mixture of glycerol/water in order to
examine the effect of the subphase contribution. Finally, mea-
surements were performed with a non-coaxial channel to study
the effect of a highly asymmetric flow field in the channel to the
intensity of the even harmonics. In all cases, the results with ISR
indicated the presence of even harmonics whose amplitude in-
crease with the strain amplitude. Notably, even harmonics were
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not directly observed when using the bicone and the DWR fix-
tures, but when looking at the fundamental harmonic, the fre-
quency resolution of the measurements is not sufficient to re-
solve the weak second harmonic. Especially in the DWR, a
shoulder at the frequency of the second harmonic may be pres-
ent. Moreover, for both the bicone and DWR setups, the ‘surface
concentration’ of PMMAwas much higher (at least one order of
magnitude) compared to the ISR, due to sensitivity limits.
Similar results were obtained with the ISR and a viscous layer
prepared from an ethanol-washed PS-latex dispersion. Some of
the abovementioned artifacts have an influence on the even har-
monics. Additionally, the existence of the shoulder of the funda-
mental harmonic in the experimental results of the bicone and
DWR setups may reflect the presence of a second harmonic,
which is weaker compared to that in the ISR data. However,
more work with different materials is needed to clarify this point.

With the field of LAOS in bulk systems evolving rapidly,
alternative approaches to FTR, which can offer various advan-
tages (Zang et al. 2010) could be applied also to 2D systems at
the air-water interface. At the same time, further FT-ISR inves-
tigations could be extended to other polymer samples, such as
poly (n-butyl acrylate) which has a low glass transition temper-
ature. However, the present results suggest that even harmonics
are unavoidable when measuring LAOS with the magnetic-rod
ISR, but could also give important information about the mono-
layer examined. The present study can serve as a practical guide
in this direction. Further research is needed to analyze the uni-
formity of the monolayer, such like multiple particle tracking.
Despite the current progress, a remaining grand challenge is to
reliably perform LAOS with the ISR rheometer, in order to
expand its applicability, considering that it can resolve very
low moduli and offers advantages such as relatively easy cou-
pling with in situ structural probes (microscopy, light scattering).
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