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Global strain field mapping of a particle-laden interface using digital
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a b s t r a c t

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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