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ABSTRACT: Monitoring of environmental contamination, including oil pollution, is important to protect marine ecosystems. A
wide range of sensors are used in the petroleum industry to measure various parameters, such as viscosity, pressure, and flow.
Here, we create an optical lattice mesh structure that can be used as an oil sensor integrated with optical fiber probing. The
principle of operation of the sensor was based on light scattering, where the tested medium acted as a diffuser. Three different
mesh-patterned structures were analyzed by optical imaging, light transmission, and scattering in the presence of supercut, diesel,
and stroke oil types. The meshes were used as a medium for different types of oils, and the optical diffusion and transmission
were studied in the visible spectrum. Angle-resolved measurements were carried out to characterize the light scattering behavior
from the mesh structures. Different types of oils were identified on the basis of the optical behavior of the lattice structure. The
fabricated mesh structures can be used as a low-cost measurement device in oil sensing.

■ INTRODUCTION

A total of 91 million barrels of oil is consumed daily for
generating energy, driving machinery, and the transportation
industry.1 Its fractions are used for manufacturing chemical
products, such as plastics, detergents, and paints. As a result of
global industrialization and increasing mobility, the demand for
petroleum products continues to rise.2 This raises the need to
improve the technical ability to efficiently extract oil, extend the
production lines of existing oil fields, and discover new sources.
One of the undesirable issues in the petroleum industry is oil
leakage, which can result in economic losses and environmental
pollution in soil and groundwater.3 Therefore, development of
an oil sensor for rapidly detecting oil is desirable.
Various portable sensors have been developed for the

detection of oils.4−6 Some of these instruments are miniature
versions of the laboratory instruments. Typically, detection of
the oils was performed by analyzing their physical, electrical,
optical, and chemical properties.5 Viscosity is one of the main
physical properties that has been investigated because it
indicates the resultant degradation under oxidation, contami-
nation, or stress.4 Sensors that analyze viscosity are generally
classified on the basis of displacement and vibration.5 To
measure kinematic viscosity, solid microdisplacement was
adapted in capillary, rotational, and dropping ball viscometers.
The main disadvantages of these sensors include complex
structure, requirement of experimental calibration, and low
reliability.7 The principle of microvibrational measurements is
based on determining the dynamic output of the resonators in
contact with the oil sample. However, the precision of these
mechanisms highly depends upon the temperature of the
medium. Moreover, electrochemical oil sensors operate based
on the measurement of voltage or current between the
electrodes using oil as a dielectric material. With this approach,
real-time monitoring of oil can be achieved. However, as a

result of the conductivity variation of oil types depending upon
their temperature and brand, capacitive sensors based on oil
permittivity have been developed.5 Additionally, fluorescence
spectroscopy has been used as an effective approach for
monitoring oils in seawater. The molecules of an oil sample
were excited to a higher level using a narrow-band light source,
and readouts were recorded. This method was limited to the
ability of the oil sample to fluoresce or the capability of adding
fluorescence tracers to it.6 The use of fiber optic based sensing
in the oil and gas industry has greatly expanded over the past 2
decades. Fiber optic sensors have been designed on the basis of
measuring the liquid refractive index.8 The changes in light
energy have been studied by bending and tapering the cladding
of an optical fiber. Dependent upon the physical and optical
properties of the core, the refractive index of the medium can
be accurately measured to the third decimal place. The other
type of fiber optic sensors is hollow waveguides, which have
been used for detecting gases, such as CO, CO2, NH3, H2S,
C2H2, and CH4.

9

In the present work, we investigated the optical character-
istics of a lattice structure, which was used as a medium for
detecting oil. Its sensing capability was based on both physical
and optical properties of the oil. The optical diffusion and
transmission properties of the lattice structure were analyzed
for different types of oils in the visible spectrum.

■ FABRICATION OF LATTICE STRUCTURES
We developed an oil sensor consisting of titanium alloy (Ti−6Al−4V)
lattices, which are a unique classification of cellular structures. This
type of shape can be regarded as a space truss structure composed of
struts and nodes with certain repeated arrangement in three-

Received: October 30, 2016
Revised: January 18, 2017

Article

pubs.acs.org/EF

© XXXX American Chemical Society A DOI: 10.1021/acs.energyfuels.6b02850
Energy Fuels XXXX, XXX, XXX−XXX

pubs.acs.org/EF
http://dx.doi.org/10.1021/acs.energyfuels.6b02850


dimensional (3D) space. Among different cellular structures, lattices
are the most attractive type as a result of their inherent advantages.
First, in comparison to those disordered cellular foam, only a small
portion of a lattice structure is needed to determine its properties for a
high degree of order.10 Also, one of their most definitive benefits is the
capability of maintaining mechanical performance while the weight is
reduced, resulting in lower material costs and increasing design
flexibility.11 These structures can provide high energy absorption
characteristics and thermal and acoustic insulation properties.12 Metal
mesh structures have been reported as band-pass filters in the terahertz
(THz) region.13 Crack-template metal mesh (CT-MM) structures
have been engineered to be used as transparent electromagnetic
interference (EMI) shielding (∼26 dB).14 Also, highly homogeneous
light transmission and strong microwave shielding were observed.
Additionally, metal mesh devices were used to localize the electro-
magnetic field for the detection of a biotin−streptavidin combina-
tion.15 Lattice structures can also be designed to be stretchable for load

bearing with high stiffness as well as bendable for a compliant
mechanism with large deformation.16 Thus, lattice structures have
potential in a wide range of applications, such as biomedical implants,
shock or vibration damping, and acoustic absorption.17 In the present
work, the optical characteristics of the meshes were used for oil
detection.

The alloy cellular solids with high strength, low modulus, and
desirable deformation behavior have been manufactured through the
cell shape design using selective laser melting (SLM) in additive
manufacturing (AM). In AM, information on each layer is taken from
a stereolithography (STL) format that is the pattern file sliced in
approximated triangles and manufactured by a 3D printer.18 In SLM,
3D printing of metal enables the fabrication of complex-shaped parts
with fine geometries. The interaction of a propagated laser beam with
powder surface melts and fuses selected powder layers on top of each
other under an inert atmosphere to create a predesigned model. A
Concept Laser M2 Cusing SLM system equipped with a Nd:YAG laser

Figure 1. Fabrication of the 3D mesh structures. (a) Schematic of the selective laser melting process. (b) 3D-printed Ti−6Al−4V lattice for oil-
sensing mesh structures with the size of 1000, 700, and 400 μm (scale bar = 1 cm). (c) Schematic view of the mesh structures. Optical microscope
images of the microstructures having mesh sizes of (d) 1000 μm, (e) 700 μm, and (f) 400 μm (scale bars = 200 μm). (g) Mesh transmission window
of 1000 μm (scale bar = 5 mm). (h) Magnified image of 1000 μm mesh (scale bar = 2 mm). (i) Schematic diagram of the experimental setup used
for measuring optical scattering from the meshes.
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with a wavelength of 1075 nm, a constant beam spot size of 50 μm,
and a laser power of 200 W has been used to carry out building the
lattice samples under argon. Figure 1a shows a schematic of the
fabrication process. Thin layers of metal powder are spread evenly
using a recoating blade onto a building plate that is fixed to a movable
building platform that moves vertically. Once the layer is spread, each
slice is selectively scanned by the laser beam and fused to the previous
scanned layers. This process is repeated until the part is completely
built.
The lattice structures that were fabricated in the present work

consisted of nodally connected diamond unit cells with different mesh
lengths of 400, 700, and 1000 μm (Figure 1b). Figure 1c shows a 3D
model of the lattice structure. Panels d−f of Figure 1 show images of
three different meshes under bright field illumination. The trans-
mission window of the mesh structures is shown in panels g and h of
Figure 1. Optical transmission and scattering through the windows
change in response to the medium within the meshes (air, water, and
oil). The optical scattering was measured experimentally using the
setup shown in Figure 1i. The mesh material has a long life cycle and is
capable of operating in harsh environments. It has a compressive
strength of 970 MPa, an elastic modulus of 113.8 GPa, and a melting
point of 1604−1660 °C.19

■ RESULTS AND DISCUSSION
Optical imaging of mesh structures with and without the
presence of oil was performed to study optical characteristics of
the lattices. The optical transmission properties of the mesh-
sized structure of 700 μm with three different types of oils were
tested. The parameters of studied oils at 25 °C are shown in
Table 1.

For the other mesh sizes, optical imaging and transmission
were measured in the presence of water and oil. The wetting
property of Ti−6Al−4V has been shown to be modified by
laser irradiation.20 The processed samples were initially
hydrophilic; however, over time, they become hydrophobic,
having contact angles of up to 137°. This change is determined

by the surface chemistry as a result of an increasing carbon
content in Ti−6Al−4V. This hydrophobic behavior of the mesh
structures enables removal of water by gravitational force over
time (∼1 min) and formation of oil droplets inside the mesh
structures. Figure 2 demonstrates the difference between these
meshes when water and oil are presented in transmission mode
using a halogen white light source (Carl Zeiss HAL100). Panels
a−c of Figure 2 correspond to a 400 μm periodic mesh lattice.
The presence of the liquid altered the internal reflections of the
incident light, resulting in different transmitted light within the
same mesh structure. The periodic mesh structures have optical
windows through which light travels unperturbed, when air is
the medium. In the liquid, optical scattering takes place within
the windows21,22 and the droplets of oil/water act as
microlenses, changing the path of light (Figure 2c).23 Panels
d−f of Figure 2 show an analogous effect for a mesh size of
1000 μm. After the presentation of the oil to the matrix, the
transmitted light reduced 9 and 4% for both 700 and 1000 μm
mesh sizes, respectively.
Figure 3 illustrates the light transmittance characteristics for a

mesh size of 700 μm when different types of oil were presented.
The shapes and colors of the light scattering out of the mesh
dramatically change for different types of oil. In panels b and d
of Figure 3, the transmitted light was highly intense for water
and diesel, respectively, because these oil types are transparent
liquids. In panels c−e of Figure 3, the change in the wavelength
of the transmitted light indicates the presence of oil. The
presence of oil and other substances can be easily defined
through the investigation of optical transmittance character-
istics of these meshes. The spectrum and angular scattering of
the transmitted light are highly influenced by the properties of
physical oils (refractive index, density, and temperature).
Light scattering experiments were conducted on the lattice

microstructures in the presence of crude oil. Panels a−c of
Figure 4 show the results of angle-resolved measurements of
light transmission through the mesh using an automated
rotational stage (Figure S2 of the Supporting Information).
Figure 4a shows the transmitted light (λ = 532 nm) when the
structure was empty. The light transmission (3.2 μW) was at
normal incidence angle. When the mesh was submerged into
the water, the transmitted light scattered through the mesh
structure (Figure 4b). The intensity of the normally transmitted

Table 1. Properties of the Oils Studied in the Present Work

oil type viscosity (mm2 s−1) density (kg m−3)

west Texas crude oil 4.9 870
diesel 2.98 820
stroke oil 45 870

Figure 2. Transmitted light through 3D-printed lattice structures. A lattice having a mesh size of 400 μm in the presence of (a) air, (b) water, and (c)
crude oil. A lattice having a mesh size of 1000 μm under (d) air, (e) water, and (f) crude oil. Scale bars = 300 μm.
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light decreased to 2.4 μW as the mesh was filled with oil
(Figure 4c). The decrease was due to the angular scattering and
also back reflection of light. In the presence of crude oil, the
transmitted light decreased to ∼0.1%. The light source and
detector were fixed at opposite sides of the mesh structures,
which were placed on the rotary stage. It was rotated 180° with
increments of 1°. The 0° orientation was perpendicular to the
face (panels c−e of Figure 1). At 90°, the maximum
transmission occurred for media, which were oil-free. When
water was added to the mesh structures, the transmission
windows were narrowed, which resulted in lower transmission
intensity. The drastic decrease in light transmission in the
presence of crude oil could be attributed to the high absorption
property of most crude oil species (Figure 4f).
Diesel and stroke oil were also tested to characterize light

scattering behavior of the lattice structure. Angle-resolved
measurements were carried out for the transmitted light
corresponding to mesh structures having diesel and stroke
oil. In the presence of diesel oil, the transmitted light pattern
diffused and the intensity of the light was 1.2 μW, where the
light was scattered from −15° to 20° from the normal (Figure
5a). When the light passed through the mesh in stroke oil, the
transmitted light was focused with an intensity of 5.4 μW
received at the central peak (Figure 5b). The study suggests
that each oil species forms a different distribution and
dimensions of droplets within the meshes, leading to distinct
optical scattering and transmission properties. These distinc-
tions can be used for oil detection and sensing by integrating
these meshes with fiber optic detection.

The presence of different fluids in the mesh structure altered
scattering characteristics of the transmitted light in terms of
intensity and wavelength. To investigate the changes in the
transmitted light wavelength, spectroscopy measurements were
performed. The focusing behavior of the mesh structures
(which produces discrete optical transmission windows)
enabled the investigation of a small field of view of the
specimen in spectroscopy analysis, leading to significant
reduction of stray light. Figure 6 shows transmitted light
from the mesh in the presence of water, diesel, stroke oil, and
crude oil. Panels a and b of Figure 6 show the transmittance of
400 and 1000 μm sized structures in the presence of crude oil
compared to water. Both meshes demonstrated analogous

Figure 3. Transmittance optical images of lattice structures having a mesh size of 700 μm. Mesh in the presence of (a) air, (b) water, (c) crude oil,
(d) diesel, and (e) stroke oil (scale bars = 200 μm).

Figure 4. Transmitted light through the lattice structure having a mesh size of 700 μm. Angle-resolved measurements of the structure having (a) air,
(b) water, and (c) crude oil (scale bars = 1.5 cm).

Figure 5. Transmitted light through the lattice structure having a mesh
size of 700 μm. Angle-resolved measurements of the transmitted light
from the structure soaked with (a) diesel and (b) stroke oil. The insets
show the photographs of the transmitted light. Scale bars = 2 cm.
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behavior. However, as the mesh size changed, the intensity of
tranmittance was altered. Figure 6c demonstrates the spectrum
of transmitted light through a mesh structure having a mesh
size of 700 μm in the presence of different oils. Each oil type
and water had different absorption values and demonstrated
different optical transmission values from 400 to 800 nm. For
the crude oil, the global minimum for the transmitted light was
at 500 nm and the local maximum was at 600 nm. Additionally,
for the stroke oil, the spectrum was altered from the case when
only water was present. In comparison of the transmission
spectra of the measured oils to the transmission spectrum of
water, the spectra were found to be unique for each oil type.
The intensity of the transmitted light spectrum might be varied
depending upon the measurement environment; however, the
trends of the patterns remain analogous. Figure 6d shows that,
by considering the transmission spectrum obtained from oil
measurements with respect to transmission from water, unique
trends can be obtained. These measurements can be used as a
fingerprint for each oil and provide a method for rapid
detection of specific oil types. Once the measurements were
performed, mesh structures were washed with water and dried
out with nitrogen gas. To verify the complete removal of oil
species, a spectroscopy measurement of cleaned mesh was
performed, which was consistent with initial spectroscopy
measurements.

■ CONCLUSION
We demonstrated a lattice structure as an oil sensor based on
the light scattering and spectroscopy measurements. Different
mesh sizes were analyzed for comparison of their optical
characteristics. The results showed that the mesh structure
could distinguish oil types by the light scattering method or
investigation of the tranmission spectrum. Once the oil was
detected, the transmittance measurement was used for
identifying the sub-oil species. Trasmitted light from the
mesh in the presence of three different oils was analyzed, and

each type of oil showed a unique transmission spectrum. We
demonstrated a new oil detection method using the lattice
mesh structure, which could be a quick and low-cost method
for identifying oil subtypes. Additionally, the same type of
meshes has been used for repeat analyses with different types of
oil, showing reusability. One of the limitations of the present
technique is the requirement of a bulky optical measurement
setup. However, by the miniaturization of the measuring unit
and embedding wireless transmission technologies, remote
sensing of the oil contraminants in the environment can be
achieved. Furthermore, the present sensing technology can be
integrated with tunable optical sensors,24−35 optical fibers,36

waveguides,37 optical resonators,38 and smartphone readers39 to
obtain quantitative measurements based on plasmonic or
wavelength shifts. We anticipate that the development of the
3D microstructured lattices presented in this work will enable a
new generation of sensing technology.
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