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Fluid interactions with metafilms/metasurfaces for tuning, sensing, and microwave-assisted
chemical processes
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In this paper we demonstrate tunability of a metasurface, which is the two-dimensional equivalent of a
metamaterial, also referred to as a metafilm, by changing the permittivity in a continuous flow channel that
interacts with the metasurface. Numerical simulations and experimental results are presented for a metasurface
consisting of metallic electric-field coupled resonators operating in S band near 3.6 GHz. The localization and
enhancement of the electric field in the metasurface that interacts with the fluid channels is explored as a means for
implementing and aiding microwave assisted chemical processes. Applications of such continuous flow tunable
metasurfaces are discussed.
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I. INTRODUCTION

Metamaterials are commonly engineered by arranging a
large number of small scatterers in a regular array throughout
a region of space to obtain a desirable bulk electromagnetic
behavior.1–3 This concept can be extended by arranging
electrically small scatterers into a two-dimensional pattern
at a surface or interface (see Fig. 1). This surface version
of a metamaterial is called a metafilm or metasurface.4,5 These
metafilms are also referred to in the literature as metasurfaces
and/or single-layer metamaterials. The simplicity of metasur-
faces makes them attractive alternatives to three-dimensional
(3D) metamaterials for many applications. Several unique
properties of metasurfaces have been reported, including
sub-half-wavelength cavities,6 guiding waves,7 and resonant
metasurfaces.8

Previous published work on fluid tunable frequency se-
lective surfaces (FSSs)9–11 focuses on tuning the band-pass
response of an array of nonresonant structures. In contrast,
here we investigate the interaction of a metafilm/metasurface
array of highly resonant structures with a fluid. We demonstrate
experimentally the frequency tuning of a metasurface through
interaction with a dielectric fluid, such as de-ionized water,
and explore using a metasurface to concentrate and enhance
the delivery and interaction of electromagnetic energy with
a fluidic systems. Such metasurface/fluid interactions may
have potential significant applications for dynamic frequency
tuning as well as sensing, process monitoring, and con-
trolling in vivo microwave interactions during a chemical
process.12–14

II. ANALYSIS OF METASURFACES

Similar to a metamaterial, the behavior of a metasurface can
be characterized by the electric and magnetic polarizabilities
of its constituent scatterers. The most convenient method
to analyze metamaterials is with effective-medium theory.
However, because the effective material properties are not
uniquely defined for a metasurface, a more appropriate
characterization of metasurfaces is given by generalized sheet
transition conditions (GSTCs).4 The GSTCs relating the
electromagnetic fields at a metasurface interface were given in

Ref. 5 and can be expressed in the form (assuming ejωt time
dependence)
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susceptibilities, which have units of meters and are related to
the electric and magnetic polarizability of the scatterers that
compose the metasurface. For simplicity, we consider here
only the case where the scatterers have sufficient symmetry
such that the surface susceptibility dyadics are diagonal, and
are given by
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The relationship between these surface susceptibilities and
the electric and magnetic polarizabilities of the individual
scatterer that compose the metasurface were discussed in
Refs. 5 and 15. Using these GSTCs, the reflection and
transmission properties of a metasurface are investigated in
Ref. 15, where it is shown that with the right choice of
scatterer polarizabilities (and in turn the right choice of the
surface susceptibilities), total reflection and total transmission
properties can be realized. For total reflection, the following
conditions must be met:
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and for total transmission the following conditions must be
met:
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FIG. 1. Electric-field coupled resonator used in metasurface design.

where TE and TM are with respect to the z axis that is normal
to the metasurface, θ is the angle of incidence measured from
the surface normal of the metasurface, and k0 is the free-
space wave number. In this paper, we present experimental
results demonstrating the ability to tune the frequencies over
which reflection and transmission occur for a metasurface by
changing the polarizability of the inclusions via a microfluidic
channel.

A few comments are needed on (i) the difference between
a metamaterial and a conventional photonic band gap (PBG)
structure and, in turn, (ii) the difference between a metasurface
and a conventional frequency selective surface (FSS). We
began our discussion with metamaterial concepts that are
extended to metasurfaces. To this end, it is important to
understand the behavior for various frequency ranges or length
scales of a periodic composite material.

First, consider the case when the wavelength approaches
the period of a periodic structure. In this region, the electro-
magnetic field interaction with the periodic structure is very
involved. Scattering is the mechanism for the field behavior
and we cannot think of the composite material behaving like
an effective medium. When the wavelength approaches the
period, higher-order Floquet-Bloch modes must be considered,
and as such FSS and PBG are the predominate applications
in this region, and one typically does not refer to these
materials as metamaterials or metasurfaces. This causes unique
characteristics in the field behavior and results in unique
applications. High-frequency applications of periodic struc-
tures have been given various names throughout the literature.
In recent years, 2D high-frequency periodic structures have
been given the name frequency selective surfaces (FSSs)16

(historically known as periodic gratings) and high-frequency
three-dimensional periodic materials have been given the
name photonic band gap (PBG) materials,17 although a more
appropriate term given to these three-dimensional periodic
materials at microwave frequencies is electromagnetic band
gap (EBG) materials. FSS and PBG/ EBG materials have
similar characteristics in that, at certain frequencies, the
FSS and PBG/EBG block or stop the propagation of EM
waves either across the surface or through the materials. The
frequency bands where this occurs are referred to as stopbands.
At other frequencies the periodic structure allows energy to
propagate through the structure; these frequency bands are
referred to as passbands.

FIG. 2. (Color online) Microfluidic tunable metasurface.

The second case (period smaller than half the wavelength)
corresponds to a region where the scatterers are designed in
such a manner (either the shape or bulk material properties)
such that the scatterers themselves can resonate. When this
occurs, a new class of manmade materials (metamaterials) can
be realized that can have a broad range of unique behaviors
commonly not found in nature, for example, double nega-
tive materials (DNG), or near zero-index materials. Similar
behavior will be present for scatterers in a 2D surface (the
metasurface). For a 2D array of scatterers, the region where the
wavelength approaches the period of the structure corresponds
to resonances associated with the periodicity of the scatterers.
The conventional FSS operates far into this region. On the other
hand, when we talk about metafilms or metasurfaces, we are
referring to an array of scatterers that fall into the second case
(period smaller than half the wavelength); that is, resonances
of the surface that are associated with the resonances of the
scatterers, and not associated with the periodicity of the array
(i.e., a nonconventional FSS).

III. DESIGN AND SIMULATION OF METASURFACE

In designing the metasurface for these investigations it is
required that there is strong interaction between the fluid in
the microfluidic channel and the structure. To accomplish
this, inclusions were selected that would allow for direct
interaction between the local fields excited in the inclusion
by the incident wave and the fluid channel. Figure 1 shows
the electric-field coupled inclusion that was chosen for our
metasurface design. This type of inclusion is easily excited
by the electric field of the incident wave allowing the
plane of the inclusions to be oriented parallel to the plane
of the metasurface. Being able to orient the inclusion in
the plane of the metasurface has several attractive features:
(i) it is consistent with the planar fabrication techniques used
for microwave circuits and Polydimethylsiloxane (PDMS)
microfluid channels,18 (ii) it allows the capacitive gaps for
each inclusion to be simultaneously aligned to each other as
well as the fluid channel, thereby allowing multiple inclusions
to share the same fluidic channel path, and (iii) it allows the
fluid channels to be in direct contact with the capacitive gaps
of the inclusions, which facilitates strong coupling of the fluid
channels to the electric field excited in the capacitive gaps.

Because the fluid channels strongly interact with the fringe
fields in the gaps, a change in the permittivity of the fluid
will affect the capacitive response of each inclusion and, in
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FIG. 3. (Color online) Simulated resonant behavior of a 3 × 6
metasurface array composed of electric-field-coupled resonators
inside an S-band waveguide.

turn, the polarizability. This results in an effective electric
and magnetic surface susceptibility ↔

χES and ↔
χMS , which can

be altered by changing the permittivity of the fluid in the
channels. As can be seen from Eqs. (5) and (6), changes in
the sheet susceptibilities will, in general, affect the reflection
and transmission properties of the metasurface. Changing the
electrical properties of the fluid in the channels therefore
provides a means for tuning the resonances of the metasurface.
This same tuning mechanism may be used inversely as a means
to monitor and detect changes of the electrical properties of the
fluid in the channels. A diagram of the fluid channel coupled
metasurface is shown in Fig. 2 above.

The simulations discussed here were performed using An-
soft HFSS (mention of this product is not an endorsement, but
only serves to clarify the software used). The precision for the
frequency sweep was set to a 10-MHz step size. The accuracy
of the simulations was constrained by using an adaptive
solution where the finite element mesh was continually refined
until the maximum change in the magnitude of all the S
parameters between simulation refinements was below 0.01.

In designing the metasurface structure, the resonant charac-
teristics of an infinite array of identical electric-field coupled
scatterers was first simulated. The infinite metasurface was
simulated using Floquet mode analysis of a single inclusion
with periodic boundary conditions and excited with an incident
plane wave at the angle corresponding to that of the mode

FIG. 4. (Color online) Microfluidic metasurface composed of a
3 × 6 array of electric-field coupled resonators fabricated from copper
on Duroid R© with three polymer tubing fluid channel sections.

propagating in an S band waveguide at the desired resonant
frequency. Using this infinite-array analysis, approximate de-
sign parameters for a single inclusion could then be determined
for the desired operating frequency range in the S band. A
full-wave simulation was then performed for a finite 3 × 6 array
placed cross-sectionally inside a standard 7.2-cm × 3.4-cm
perfect electric conductor S band waveguide to determine the
response for the array interacting with the waveguide mode. A
parametric simulation was then performed for the 3 × 6 array
in the waveguide in order to optimize the inclusion design
parameters for operation in the waveguide.

Figure 3 shows |S11| simulation results for the 3 × 6
array inside the waveguide. The final design parameters were
t = w = 0.5 mm, d = 9.5 mm, l = 5 mm, g = 0.15 mm, with
an inclusion spacing period = 11 mm. The array was simu-
lated as 17-μm-thick copper on a 0.508-mm-thick Duroid R©

substrate with relative permittivity, ε = 2.94. Behavior is ob-
served where the metasurface passes through resonances near
3.29 GHz where the condition for total reflection is satisfied
and also near 3.54 GHz where the condition for total
transmission is satisfied [see Eqs. (5) and (6) above].

IV. EXPERIMEMTAL RESULTS OF A FLUID
TUNABLE METASURFACE

The same 3 × 6 metasurface array structure that was
simulated above was then fabricated from the Duroid R© 6002
High Frequency Laminate with 17-μm-thick copper laminated
to 0.508-mm-thick substrate and coupled to fluid channels to
investigate tuning. Polymer tubing was used for fluid channels
because of difficulty bonding and sealing PDMS fluid channels
to the Duroid R© substrate. The polymer fluid channels were
bonded to the metasurface using cyanoacrylate based glue. A
picture of the metasurface with polymer fluid channels bonded
and aligned across the gaps of the inclusions is shown in
Fig. 4. A gold metasurface array on a quartz substrate that
was bonded to PDMS fluid channels was also tried. However,
due to fabrication limitations, the gold could not be made thick
enough and therefore the metal losses were too great to allow
any resonance effect to be observed.

The 3 × 6 metasurface array was placed in a verti-
cally oriented standard 7.2-cm × 3.4-cm rectangular S-band
waveguide so that gravity acted parallel to the waveguide axis,
and normal to the plane of the metasurface and fluid channel
flow (see Fig. 5). The metasurface array was supported by a
block of polystyrene foam that filled 2/3 of the waveguide so
that the metasurface could be easily located in and removed
from the waveguide in order to facilitate quick filling of the
fluid channels. The input and output ports of the waveguide
were then connected to a calibrated vector network analyzer.

Employing the TRL (through reflection line) calibration
method,19 we measured the scattering parameters of the
waveguide over the frequency range 2.6–3.95 GHz. The mea-
surement uncertainties in the reflection coefficient resulting
from this calibration method are � |S11| = 0.02 (one standard
deviation).19

S-parameter measurements with and without fluid in the
channels were performed to determine the tuning of the tran-
smission resonance. De-ionized (DI) water with a nominal
relative permittivity of ε = 76 over the measurement
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FIG. 5. (Color online) Experimental setup with the 3 × 6 array of
electric-field coupled resonators fabricated from copper on Duroid R©

with three polymer tubing fluid channel sections placed in S-band
waveguide.

frequency range of 2.6–3.95 GHz was chosen to test the
frequency tunability of the metasurface because of its ease
of handling, low volatility, high dielectric constant, and low
loss in the S band, and water is also a common dielectric
background in many biological fluids. Fluid channels were
manually filled using a syringe. Figure 5 shows the experimen-
tal setup with the metasurface inside the S-band waveguide.

Experimental results shown in Fig. 6 demonstrate tunability
over a frequency range of 150 MHz. The dip in |S11| is clearly
shifted from 3.75 GHz down to 3.6 GHz between the cases
without and with water in the fluid channels, respectively
(see Fig. 6). The disagreement between the positions of the
resonance dip for the case without water compared to that
of the simulated result in Fig. 3 above for the metasurface
without fluid channels in a free-space-filled waveguide is due
to inclusion fabrication errors.

These fabrication errors resulted in a discrepancy between
the simulated inclusion dimensions and those actually fabri-
cated. The overall effect of these fabrication errors was a lower
resonance frequency. The additional oscillations observed in
the experimental measurements are also a result of fabrication
uniformity and periodicity errors of the inclusions as well
as nonuniform perturbations across the metasurface due to
errors in bonding the fluid channels. In the future, fabrication
improvements will be explored to mitigate these errors. In
addition to using fluids for specifically tuning microwave
characteristics, the changes in resonance characteristics may
also be used to monitor the process related to the changes
in the fluid flowing in the channels, and have applica-
tions to manufacturing, industrial, biomedical, and chemical
processes.

V. APPLICATION OF METASURFACES TO MICROWAVE-
ASSISTED PROCESSES IN FLUIDS

A metafilm operating in the resonant state stores elec-
tromagnetic energy in the modes of the inclusions. This
property can be exploited to increase the interactions expe-
rienced between the electromagnetic fields and liquids carried

FIG. 6. Experimental results comparing |S11| for fluid channels
empty (solid curve) and filled with DI water (dashed curve) over the
S band from 2.6 to 3.95 GHz.

by the fluidic channels. There is currently an explosion
of research into processes that use microwave energy to
catalyze chemical or biochemical reactions12–14 and many
of these types of processes could benefit from the use of
metafilms to increase the coupling between electromagnetic
fields and fluids. The metafilm approach described here is
particularly valuable for reactions that are implemented using
a continuous flow geometry. Chemical composition can be
precisely controlled by controlling reactant flow rates, while
the amount of energy transferred to the fluid can be precisely
controlled by controlling the frequency and power of the
microwave excitation, in addition to controlling the flow
rate of the fluid across the metafilm. In addition, since the
resonant frequency of the metafilm array can be tailored by
the geometry and arrangement of the inclusions, different
metafilms with different resonant frequencies can be stimu-
lated by a single variable-frequency source within a single
waveguide.

Simulations of the electric-field strength inside the waveg-
uide when the fundamental mode of the S-band waveguide is
excited were conducted. For a 1-W input at 3.29 GHz the
maximum field strength calculated was 8 × 102 V/m. For
the same waveguide, but with the metasurface placed in

FIG. 7. (Color online) Electric-field structure in the gap of the
inclusions of the metasurface showing the enhancement of the electric
field. Maximum field amplitude is 1.25 × 105 V/m at 3.29 GHz.
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the center, the maximum electric-field strength calculated in
the gaps of the electric-field coupled inclusions was 1.25 ×
105 V/m. This demonstrates a field enhancement of at least
two orders of magnitude and an enhancement in the specific
absorption rate (SAR) of at least four orders of magnitude.
The field structure in the central gap of the inclusion is shown
in Fig. 7 above.

Given that the first Floquet mode occurs when the period
of the array equals λ/2, which corresponds to 13.63 GHz
for this metasurface, this enhanced electric-field effect at the
much lower frequency of 3.29 GHz can therefore be attributed
to the unique properties of the metasurface resonance. The
localized field structure shown in Fig. 7 demonstrates the
possibility of using a metamaterial structure to precisely
deliver electromagnetic energy. The fluid-tunable metasurface
discussed above clearly demonstrates the interaction of a fluid
channel with the field in the gaps of the inclusions composing
the metasurface.

VI. CONCLUSION

In this paper, we numerically and experimentally demon-
strated a fluid tunable metasurface fabricated from a 3 × 6
array of copper electric-field coupled resonators on a Duroid R©

substrate. Polymer tubing fluid channels were bonded to the
metasurface array. Tuning over a frequency range of 150 MHz
in the S band was achieved by flowing de-ionized water in
the fluid channels. In addition to fluid tuning, the use of
metasurfaces is explored for delivering electromagnetic energy
for assisting in chemical processes in fluid channels. The
results presented in this paper suggest that in addition to the
transformation a metasurface may have on a scattered field,
these highly resonant structures may have many other possible
applications, including tunable resonant frequency selective
surfaces, sensing and monitoring processes tied to the changes
in fluid flows, as well as manufacturing, industrial, biomedical,
and microwave assisted chemical processes.
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