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Hypothesis: The ability to identify the stress-strain relations correctly is critical to understanding and
modeling any rheological responses of an interface. Langmuir-Pockels (LP) trough is one of the most com-
monly used tools for studying an interface. Most, if not all, existing studies assume a 1D uniaxial com-
pression during a LP-trough compression experiment. It is hypothesized that the deformation field is
far more complex than what is typically assumed.
Experiments: To examine this hypothesis, we custom-built a glass-bottomed LP trough equipped with a
camera to capture a series of optical images as a carbon nanotube (CNT)-laden interface is compressed. A
digital image correlation (DIC) technique was then applied to the images to evaluate the global strain
field during compression of the CNT laden interface. The DIC-corrected strain data were subsequently
analyzed with the surface stress data to quantify the surface shear and dilatational moduli of the CNT-
laden interface.
Findings: Our experimental findings clearly show, for the first time, the development of a non-uniform and
complex 2D strain field during compression. The local strains were further quantified and compared with
the usual assumption of 1D uniaxial compression. Although the compressive strain averaged over the
whole trough area closely resembles the 1D uniaxial compression strain, the 1D compression assumption
underestimates the local strain by about 36% at the center of the trough, where the surface stresses are
measured. This is the first study in applying the DIC technique to map out the global strain field as a
particle-laden interface is compressed. The method may also be applicable to other systems with similar
optical texture, allowing the correct identification of stress-strain relationship of an interface.

! 2017 Elsevier Inc. All rights reserved.

1. Introduction

Langmuir-Pockels (LP) trough is one of the most common tools
used for studying fluid-fluid interfaces as an interface is being
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compressed [1]. LP trough is usually used in conjunction with a
Wilhelmy plate to measure surface pressure, which is defined as
the surface tension difference between a reference ‘‘clean” inter-
face and an interface laden with soluble or insoluble components
[2,3]. The surface tension is calculated by measuring the wetting
force and applying a force balance in the vertical direction. It is
more appropriate to treat the as-measured surface pressure as
the total surface stresses containing contributions from both surface
energies, which is subject to change due to interfacial area replaced
by molecules or particles, and any rheological responses from the
interface [4]. The latter are extra, or deviatoric, stresses induced
by the deformation of the interface and may be viscoelastic in nat-
ure. In many cases, especially particle-laden interfaces, the rheo-
logical responses overwhelm the surface energy contributions
[5–7]. Decoupling the surface energy and rheological contributions
is challenging and remains an active area of research [8]. To truly
understand the surface rheological responses, one needs to identify
the surface stress-strain relations correctly. While the surface
dilatational and shear moduli can be deduced from separate exper-
iments by placing theWilhelmy plate parallel and perpendicular to
the barriers [9], the actual strain field is much less studied. Addi-
tionally, since the surface stresses are measured locally using a
Wilhelmy plate, it is imperative to measure the corresponding
local strain to capture the true stress-strain relations. Almost all
existing studies assume purely uniaxial compression at the trough
center as the barriers move closer together. This assumption is
valid if there is perfect slip at the side edges of the trough or if
the trough is sufficiently wide.

The goal of this work is to examine this long-held and widely
used assumption. Earlier attempts have been made by Malcolm
et al. and Aumaitre et al. Theses authors deposited sulfur particle
lines onto a protein-laden surface to study the local strain field
near the deposited lines [10,11]. Their findings suggest the pres-
ence of friction at the wall leading to a decaying strain field
towards the trough side edges. In this study, the complete global
strain field during a LP trough compression experiment is mapped
out, for the very first time, using digital image correlation (DIC).
Unlike previous studies, this study takes advantage of the intrinsic
optical texture of a carbon nanotube-laden interface and does not
require the deposition of foreign particles, which may modify the
strain field. The method reported herein may be applied to other
experimental systems with similar optical texture. This will further
allow the correct identification of true surface stress–strain

relations—the basis upon which any interfacial constitutive models
are developed.

2. Experimental method

2.1. Materials and imaging setup

Carbon nanotubes (CNTs) used in this study were produced
using chemical vapor deposition method (Sigma Aldrich; Cat#
659258, Lot# MKBG9911V). They were used without any further
purification or chemical treatment. The D-band to G-band ratio
of the Raman spectrum for the CNTs is !0.17, suggesting that the
CNTs are relatively free of defects [12] (Supporting Information,
Fig. S1). The CNTs have an average diameter and length of
128 nm and 2.5 µm, respectively. Detailed length and diameter dis-
tribution data are included in Supporting Information (Fig. S2). The
CNT dispersions were prepared by sonicating dry CNT powders in
chloroform using a Branson 450 Digital Sonifier (2 h; 20% ampli-
tude). An initial CNT concentration of 0.2 mg/mL was prepared
and the actual concentration of the CNT dispersion was calibrated
based on the optical absorbance at a wavelength of 500 nm (Shi-
madzu, UVmini-1240 UV–Vis spectrophotometer). Detailed proce-
dure and calibration curve are included in the Supporting
Information (Fig. S3). The CNT-chloroform dispersion was added
drop-wise to an air–water interface using a 500-µL syringe until
the desired CNT coverage was reached. A total CNT amount of
0.684 mg was added in all the experiments. Further details on
the experimental protocol can be found in previous work [5].

A commercially available LP trough (KN 3005 LP trough; KSV
Nima) was modified by replacing the actual trough with a
custom-built glass-bottomed trough (Fig. 1). No modifications
have been made to the microbalance or barriers. The glass bottom
allows for direct visualization as the interface is being compressed.
The barriers of the LP trough were compressed at an arbitrary rate
of 5 mm/min for all the experiments. A Nikon Digital Single-Lens
Reflex (DSLR) camera was positioned above the LP trough to cap-
ture images of the CNT-laden interface at intervals of 10 s. Optical
images for DIC analysis were captured in the absence of a Wil-
helmy plate and microbalance, which will otherwise obscure the
field of view. The images were then used for further DIC analysis
to calculate the displacements and strains of the CNT-laden inter-
face as a function of compression area.

Fig. 1. Experimental setup for mapping out the global strain fields. Inset figure shows the schematic diagram. The setup is based on a commercially available Langmuir-
Pockels (LP) trough (KN 3005 LP trough; KSV Nima) comprising a Wilhelmy microbalance and barriers as indicated. A custom-built glass-bottomed trough is used for direct
visualization of the compression area without obstruction.
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2.2. Digital image correlation (DIC) protocol

DIC is a non-contact technique widely used in solid mechanics
for capturing material deformations based on optical texture or
more specifically ‘‘speckle patterns” [13]. Speckle patterns are usu-
ally created by spraying paints onto a specimen non-uniformly. In
this paper, DIC analysis is possible because of the intrinsic speckle-
like texture of a CNT-laden interface. An open-source subset-based
2D DIC software package for MatLab called Ncorr was employed for
the DIC analysis [14]. Fig. 2 shows the workflow of the DIC process
as used by Ncorr. First, a reference image needs to be chosen. For
our analysis, we used the image with no compression as the refer-
ence image as shown in Fig. 2a. The next step is to select and input
all the images for DIC analysis. The evolution of the CNT
microstructure was followed by analyzing images captured every
20 s during the course of compression. After inputting the optical
images, the region of interest (ROI) was specified for further

analysis. Ncorr is a subset-based 2D DIC package, where ROI is par-
titioned into smaller regions called ‘‘subsets”. The deformation is
assumed to be homogeneous within a subset. There are two
user-defined parameters, namely, the subset radius (rs), which
defines the size of the subset, and the subset spacing (S), which dic-
tates the distance between the subsets. Fig. 2c shows a preview of
the speckle pattern with arbitrarily chosen values of rs and S. Using
the first image as reference, displacements are then computed by
comparing the non-deformed subsets in the reference image
against the deformed subsets in subsequent images (Fig. 2d). Fur-
ther details on the DIC algorithms are available at: http://www.
ncorr.com/index.php/dic-algorithms (accessed April 2017). Strains
are calculated from the displacements after specifying another
user-defined parameter called ‘‘strain radius (rst)”. The strain
radius divides the global strain field into smaller subsets having
a radius rst as shown in Fig. 2e. A plane is then fit through the
points within each subset to yield longitudinal, lateral, and shear

Fig. 2. Workflow of the digital image correlation (DIC) analysis used in this study: (a) is a sample reference image and (b) is a sample image captured subsequently at a given
compression area. The red rectangles in (a) and (b) represent the region of interest (ROI) selected. (c) Sample speckle pattern for arbitrarily chosen values of rs = 60 pixels and
S = 12 pixels. (d) Sample displacement field perpendicular to the direction of compression and (e) strain computation from displacements.
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strain values depending on the direction in which the slope is
taken. Sensitivity analysis on all three user-defined parameters
(i.e., rs, S, and rst) was carried out and is included in Section 3.2.
In this paper, all the data are reported in Hencky strains because
of the expansion-contraction symmetry and symmetric range of
principal values as discussed in a previous study by Verwijlen
et al. [8] The relationship between the Hencky strain and engineer-
ing strain for 1D uniaxial compression is given as:

exx;1D ¼ ln½1þ ððA& A0Þ=A0Þ( ð1Þ

where exx,1D is the 1D Hencky strain, A is the area of the trough and
A0 is the initial area of the trough.

In Ncorr, the 2D strains calculated were Green-Lagrangian
strains, which were then converted to Hencky strains using the fol-
lowing equations:

H ¼ 1=2 lnð2Eþ IÞ ð2Þ

where H is the Hencky strain tensor, E is the Lagrangian strain ten-
sor obtained from Ncorr analysis and I is the identity matrix.

3. Results and discussion

3.1. 2D strain field mapping

Fig. 3 shows the original images as well as the DIC-computed
displacement and strain fields as a function of compression area.
White arrows in the figures indicate displacement directions. In
the compression direction, largest displacements (Ux) were
observed near the center of the barriers, and Ux decreased
approaching the side edges due to the non-perfect slip condition
at the side edges. Strains along the compression direction (exx)
are all negative, indicative of a compressive strain, but the strains
are smaller in areas closest to the side edges (lighter blue in
Fig. 3b). In the transverse direction (y), the displacement and strain
fields are more complex. At the center of the trough, CNTs moved
towards the side edges during compression. However, CNTs could
not escape the side edges, resulting in displacements opposite to
the center and recirculation at the corners. This has led to expan-
sive strains close to the center of trough (red color in Fig. 3c), com-
pressive strains near the side edges (blue), and strains close to zero
in between. The exact shape of the inhomogeneous deformation
field will likely depend on the interactions, or ‘‘stickiness”,
between the CNT layer and the trough walls. The asymmetry along
the centerline is probably a result of the heterogeneous distribu-
tion of CNTs at the interface. This is the first time such a complex
flow field is captured experimentally. Shear strain (exy) was calcu-
lated to be on the order of 0.12, one order of magnitude smaller
than exx at large compression. Shear strain data are included in
Supporting Information (Fig. S4).

Mapping out the global strain field during an actual LP trough
experiment allows us to further quantitatively assess the validity
of a 1D uniaxial compression assumption. The strain at the center
of the trough was calculated by averaging the strain inside an
imaginary Wilhelmy plate as represented by a black rectangle at
the trough center in Fig. 3c. The imaginary plate has the same
dimensions (19.62 mm ) 0.5 mm) as the actual plates used exper-
imentally. Strain components, exx and eyy, were calculated by
assuming the plate oriented parallel and perpendicular to the bar-
riers, respectively, as in actual surface stress measurements. Fig. 4a
shows the local exx and eyy values obtained from DIC analysis (i.e.,
exx,DIC and eyy,DIC) and the strain calculated by assuming 1D uniax-
ial compression (exx,1D). The uniaxial compression assumption
underestimates the magnitude of the strain at large compression.
For instance, exx,1D is about 36% smaller than exx,DIC at a compres-
sion area of 28 cm2. eyy is not defined in the case of 1D uniaxial

compression. In DIC analysis, eyy,DIC is positive due to the expansive
nature close to the center of the trough. The magnitude of eyy,DIC
increases as a function of increasing compression and reaches a
plateau value of 0.28, which coincides with the onset of the ‘‘wrin-
kling” of the CNT layer (shaded area in Fig. 4a). Wrinkling has been
observed for interfaces laden with CNT, graphene oxide, and silica
particles [5,7,15] as additional area is created at large compres-
sions to accommodate the particles. The surface compressional
modulus may be calculated from the wavelength of these wrinkles
[16,17] for homogeneous systems, which is not the case for CNTs
[5].

Fig. 4b compares the magnitude of the strain (exx,DIC) along with
that transverse (eyy,DIC) to the compression direction. The ratio
(m = &eyy,DIC/exx,DIC) is analogous to Poisson’s ratio which describes
a bulk material’s resistance to distort under mechanical load versus
a volume change [18]. m equals to 0.5 for a perfectly incompressible
material. At small compressions, the m value for the CNT layer is
around 0.4, indicating the compressibility of the CNT layer. Inter-
estingly, further compression results in a decrease in m. No CNTs
were detected in the sub-phase water based on UV absorbance.
There are two possible explanations. First, the decrease is caused
by the loss of CNTs from the interface due to aggregation, where
the CNTs stacked up and escaped the interface [5]. Second, the geo-
metric constraint imposed by the side edges of the trough prevents
CNTs from moving further towards the edges at large
compressions.

Fig. 4c shows the surface stresses as a function of exx,1D, assum-
ing uniaxial compression. The local slope of a stress–strain curve is
related to the apparent modulus, or stiffness, of the CNT layer for a
given compression area. The steeper the slope, the higher is the
modulus. The modulus increases probably due to the compaction
of the CNT-laden layer. At large compression (<35 cm2), the slope
of the stress-strain curve decreases slightly as the CNT-layer wrin-
kles. Fig. 4d shows the surface stresses as a function of DIC-
corrected strains (exx,DIC). It should be noted that the apparent
modulus contains both dilatational and shear components. Follow-
ing the procedure proposed by Petkov and Gurkov [9], the total
surface normal stresses (rxx and ryy) were measured in separate
experiments using a Wilhelmy plate oriented parallel and perpen-
dicular to the barriers, respectively. Surface pressure data are
included in Supporting Information (Fig. S5). The evolution of sur-
face pressure and its relation to CNTmicrostructure have been ana-
lyzed and discussed in detail in a previous paper [5]. For a
viscoelastic surface:

csxx ¼ ðK þ GÞexx þ ðK & GÞeyy þ ðlþ gÞDxx þ ðl& gÞDxx

syy ¼ ðK & GÞexx þ ðK þ GÞeyy þ ðl& gÞDxx þ ðlþ gÞDxx
ð3Þ

where sxx is the extra surface stresses (i.e., sxx ¼ rxx & req, where req

is the equilibrium value in the non-deformed state) along the com-
pression direction, syy is the extra surface stresses perpendicular to
the compression, K is the surface dilatational modulus, G is the sur-
face shear modulus, l is the surface dilatational viscosity, g is the
surface shear viscosity, exx is the strain along the compression direc-
tion, eyy is the strain perpendicular to the compression direction, Dxx

is the strain-rate along the compression direction, and Dyy is the
strain-rate perpendicular to the compression direction.

The effect of compression rate and corresponding relaxation
behavior of CNT layers will be explored and reported in a future
paper as they are beyond the scope of this study, which focuses
on putting forward an experimental technique for global strain
field mapping. For simplicity, it is also assumed that the compres-
sion rate is sufficiently high, relative to the characteristic relax-
ation time of the CNT layer, such that the response is primarily
elastic with negligible viscous contribution. It is worth noting that
the DIC analysis is based on tracking the movement of CNT speckle
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pattern, which is prone to relaxation of the CNT layer. The slower
the compression rate, the more time the CNT layer will be allowed
to relax. Two compression rates were used to explore the effect of
compression rate on the DIC results. As the compression rate was
decreased from 5 mm/min to 1 mm/min, the strain field
approaches the 1D uniaxial compression assumption (Fig. S6). In
the original work by Petkov and Gurkov, only the first terms on
the right hand side of the equations remain for 1D uniaxial com-
pression. In the DIC-corrected cases, both exx and eyy are defined
and known. K and G values were calculated for both the 1D uniaxial
compression case and the 2D DIC-corrected case. Fig. 4e and f show
K and G as a function of strain for the 1D uniaxial compression (K1D,

G1D) and the DIC-corrected case (KDIC, GDIC), respectively. In both
cases, the dilatational modulus (K) first increases as the CNT layer
are compressed and then reaches a maximum before the onset of
the wrinkling transition. However, K1D reaches a maximum value
of around 70 mN/m, as opposed to KDIC that reaches a maximum
value of 62 mN/m. The difference is attributed to the underestima-
tion of strain in the 1D uniaxial compression case. The surface
shear modulus (G) is similar for both cases, showing slight
strain-softening behavior at higher strains.

To compare the overall DIC-corrected strain with the 1D uniax-
ial strain for a given compression area, the average strain along the
direction of compression (!exx;DIC) and that transverse to the

Fig. 3. (a) A series of original images captured using the experimental setup shown in Fig. 1. (b) and (c) show the displacements (with respect to the first image) and Hencky
strains calculated form these images using DIC analysis (Ncorr). The black rectangle at the centre of each image indicates the position of the imaginary Wilhelmy plate for
calculating the local strain. CNT amount = 0.684 mg; compression rate = 5 mm/min; rs = 60 pixels, S = 12 pixels, and rst = 10 pixels.
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compression direction (!eyy;DIC) were calculated by averaging all the
local strains within the open trough area. Fig. 5 shows that the
average DIC-corrected values closely resembles the 1D uniaxial
strain values !exx;DIC , whereas the !eyy;DIC values remain close to zero,
further supporting the use of the DIC correction method.

3.2. Sensitivity analysis and limitations

In the DIC analysis, three parameters, namely, rs, S, and rst, were
specified by the user. These parameters are defined in the DIC pro-
tocol section and Fig. 2. Sensitivity analysis was carried out to
understand how these parameters may affect the calculated strain.
Fig. 6a and b show the variation in the calculated values of exx,DIC
and eyy,DIC as a function of percent change in rs, S, and rst. The
results suggest calculated strains are rather insensitive to the exact
values of S and rst used in DIC analysis, which were arbitrarily cho-
sen to be 12 pixels and 10 pixels, respectively. The largest change

Fig. 4. (a) DIC-corrected strains (exx,DIC and eyy,DIC) versus strains calculated by assuming uniaxial compression (exx,1D) as a function of compression area. (b) The ratio
between DIC-computed strains along and perpendicular to the compression direction. Surface stresses as a function of: (c) exx,1D and (d) exx,DIC. Surface dilatational (K) and
shear (G) moduli as a function of: (e) exx,1D and (f) exx,DIC.

Fig. 5. Average DIC corrected strains (!exx;DIC and !eyy;DIC) and 1D uniaxial strain (exx;1D)
as a function of compression area.
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in the calculated strains (exx,DIC and eyy,DIC) was observed when the
rs is 40% smaller than the arbitrarily chosen value of 60 pixels. This
is probably caused by the noise involved in digital imaging.

Despite the robustness of the DIC analysis, the current study has
a number of limitations. First, the success of DIC analysis relies on
the presence or creation of an appropriate speckle pattern [13].
Second, unlike solid samples used in tensile test, particles or mole-
cules may desorb from the interface during compression, leading
to a change in optical texture and failure of the DIC analysis. In this
study, the UV absorbance of the sub-phase water was measured to
confirm that no CNTs desorbed during compression, which is also
consistent with previous findings [5,7]. However, this may not be
the case for other interfacial systems. Third, this method cannot
correct for the stress field or local strain field modified by the pres-
ence of a Wilhelmy plate. The insertion of a Wilhelmy plate creates
a meniscus that likely affect the particle distribution close to the
plate [19]. In-plane stress measurements, such as microtensiome-
ter [20], may be used in conjunction with the DIC method reported
in this paper to alleviate this problem. Finally, dilatational and
shear strain decoupling relies on the constitutive model proposed
by Petkov and Gurkov, which strictly speaking only applies to lin-
ear viscoelastic systems where the moduli are independent of
strains. The surface dilatational and shear moduli calculations
assume an elastic layer and ignore any viscous dissipation.

4. Summary and conclusions

To summarize, this paper reports a new experimental method
of applying digital image correlation (DIC) to a particle-laden inter-
face to map out the complete global strain field. The analysis takes
advantage of the intrinsic speckle pattern present in a CNT-laden
interface and requires no addition of foreign particles as in previ-
ous studies. The strains calculated are rather insensitive to the
arbitrarily chosen user-defined parameters (e.g., subset radius,
subset spacing, and strain radius) in the DIC analysis. The common
1D uniaxial compression assumption underestimated the local
strain at large compression and overestimated the surface elastic
moduli. All in all, this work confirms, for the first time, the com-
plexity of the strain field created during a LP trough experiment,
while offering a possible way to capture the actual strain field.
The technique reported in this paper may be applied to study other
insoluble layer systems beyond CNTs. In cases where a speckle
pattern is absent, the use of foreign probe particles or a different
imaging technique, such as Brewster angle and fluorescence micro-
scopy, may be required. However, cautions must be exercised as
the presence of probe particles may modify the intrinsic behavior
of interest and the change in optical texture may be too large for
DIC to handle. The findings also support the need to develop new
experimental tools (e.g., radial trough [21]) to create a simpler

deformation field for characterizing the rheological responses of
an interface. Further studies will be pursued to: (i) evaluate the
applicability of this technique to other material systems, (ii) assess
the quality of a speckle pattern quantitatively [22], and (iii) inves-
tigate the effects of desorption [23], 3D aggregation [5], and wrin-
kling [11,16,17] on the DIC strain analysis.
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