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Broadband electromagnetic metamaterials with reconfigurable fluid channels
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We present the design, characterization, and experimental verification of broadband and tunable metamaterials
based on reconfigurable fluid channels. We demonstrate through simulation that a finite-height cylinder of water
in a background medium behaves as a nonresonant metamaterial. By changing liquid type or adjusting liquid
level, we tune the effective material parameters of the metamaterial through altering the composition and amount
of water used. We verify the efficacy of the metamaterial through experiment, demonstrating a design procedure
for a metamaterial with broadband and tunable properties.
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I. INTRODUCTION

Electromagnetic metamaterials employ subwavelength,
structured composites to artificially engineer materials with
unusual and versatile effective material properties. Since early
work focusing on thin wire structures [1] and split-ring
resonators (SRRs) [2], a variety of unit cell structures have
been explored [3–5] and used for the design of interesting
and useful devices, such as a superlens [6] and invisibility
cloak [7]. Many of these metamaterial unit cells have depended
on resonant effects, resulting in a narrow operating bandwidth
and usually with high losses close to the resonant frequency.
Dynamic tunability has been used to partially address the
bandwidth limitations of resonant metamaterials. Since typical
resonant metamaterial elements such as SRRs can be treated as
resonant LC circuits, most of the work has involved embedding
electric components such as varactor diodes into a resonant
cell to create nonlinear effects and tune the capacitance of
the unit cell [8–10]. Methods of mechanical tuning have also
been explored through methods such as pneumatic action [11]
and adjustable metal rods in dielectric resonators [12]. These
methods all leverage the property of resonant elements that
the resonant frequency can be shifted substantially by a very
small change to the electric or physical properties of the cell.
In contrast, nonresonant metamaterial unit cells do not
suffer from narrow bandwidth limitations, bringing about
devices such as the broadband carpet cloak [13]. However,
nonresonant elements can normally only be used to control
the electric permittivity, and only values larger than unity
can be obtained. Creating tunable nonresonant cells is also
challenging because altering the effective material properties
requires significant changes to the geometry of the cell
structure.
Our goal is to move towards metamaterials that exhibit
both nonresonant and dynamically tunable properties. The
composite liquid lens [14] achieves broadband tunable results,
but the lens materials remain fixed after construction and
thus exhibit a static tunability. In this paper, we propose the
use of liquid channels to create a metamaterial unit cell that
can be easily tuned after initial construction by changing the
liquid type or adjusting the liquid level within the structure’s
columns. With the ability to reconfigure the liquid volume
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and conductivity in a cell, we consider the tunability to
be somewhat dynamic. True dynamic tunability could be
achieved with our basic structure by employing microfluidic
approaches. This type of metamaterial unit cell could be used
to provide tunability for broadband, index-only metamaterial
devices. As an example, it could be used to realize a broadband
graded-index (GRIN) lens. By adjusting the liquid height in
the metamaterial, properties of the lens such as the focal length
would gain tunability while retaining broadband performance.
Other index-only devices that rely on broadband metamaterials
include the well-known carpet cloak [13]. By employing
dynamically tunable metamaterials to realize such a device,
the cloak would gain tunability and potentially the ability to
adjust its size, all while retaining broadband operation.
This design approach offers a general tradeoff between
refractive index amplitude (n ) and loss (n ) in the structure.
Using a conductive fluid for the metamaterial, an increase
in column number, spacing distance, and fluid volume will
increase both n and n . While we find through simulation that
loss can be mitigated by using fluid with a very high or low
conductivity, our approach focuses mainly on maximizing n
of the cell. With small volumes of fluid (less than 7% fluid per
unit cell), tunable n from 1 to 2 can be achieved.
II. DESIGN AND CHARACTERIZATION
OF A SINGLE COLUMN

Our basic proposed unit cell is a cubic lattice containing
a finite-height cylinder of dielectric material, as shown
in Fig. 1(a), with column radius r = 4.5 mm and height
h = 28 mm. Replacing the dielectric with a perfect electric conducting (PEC) material would yield a thin wire
medium. However, unlike low-frequency plasmons in metallic
mesostructures [1], the cylinder used in this work is not
infinite in height. Due to its finite height, it has a nonzero
resonant frequency. The operational frequency range is held
well below the resonant frequency in the quasistatic frequency
range, yielding a nonresonant metamaterial unit cell. Thus, the
proposed metamaterial exhibits a broadband response.
We first consider a dielectric fluid, i.e., either a lossless
fluid (LF) or a conductive fluid (CF). If conductivity is large
enough, the lossy fluid dielectric is an effective conductor and
thus behaves like a PEC inclusion. We confirm this behavior
through simulation using the Ansys HFSS software. Choosing
the dielectric material to be water based, the LF is characterized
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To maximize the effective material response, we primarily
wish to maximize n . However, we also consider the loss
factor to accommodate for low-power scenarios and in the
consideration of physical applications such as lenses. Whereas
resonant metamaterials produce significant loss, our nonresonant structure provides greater design freedom for the designer
in selecting an acceptable loss for the structure. Devices such as
Pendry’s perfect lens [16] cannot exist without nearly lossless
materials.
Physical structures are bound by the mechanical constraints
of size and weight, thus it is also important to minimize the
volume of water used when designing a cell.
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FIG. 1. (Color online) The single column unit cell. (a) The
simulated model with parameters r and h labeled. (b)–(d) The
retrieved material parameters n, , and μ, respectively. Both the real
and imaginary parts are given for the perfect electric conductor (PEC),
lossless fluid (LF), and conducting fluid (CF).

by r = 81, modeling distilled water. The CF is characterized
by r = 81 and σ = 4, a typical value for seawater.
From the simulated S parameters S11 and S21 , we use the
standard S-parameter retrieval process [15] to calculate the
effective material parameters, focusing on the refractive index
n = n + j n . Figures 1(b)–1(d) show the effective material
parameters and demonstrate the broadband effective material
properties for this metamaterial.
For 1 GHz, at which the unit cell is 1/10 the size of the
free-space wavelength, the PEC unit cell gives n = 1.66 and
the CF unit cell gives n = 1.65 [Fig. 1(b)]. The CF provides
comparable results to a PEC, and thus we cannot use the
homogenization theory to accurately compute its material
parameters.
Although a CF such as saltwater can provide an effective
refractive index comparable to that of a PEC, there is a small
amount of loss due to the finite conductivity [see Fig. 1(b)].
The loss is significantly lower than that of a resonant cell, as
n < 0.1 across the decade sweep. However, if the structure
is to be utilized for low-power applications where minimizing
loss is critical, an LF unit cell may be used in place of the
CF. For the LF, n = 1.60 at 1 GHz. Thus the tradeoff for the
lossless character is a slight decrease in n when compared to
the CF case.
The nonresonant character of the unit cell provides a
broadband response over a decade bandwidth from 100 MHz
to 1 GHz. The PEC unit cell shows a 4.24% change, the CF
unit cell shows a 3.11%, and the LF unit cell shows a 3.48%
change across the decade.
Examining r and μr in Figs. 1(c) and 1(d), we observe
that μ remains close to 1 for all cases. Since changes in 
alone affect n, we will only display n for the remainder of the
simulation characterization. In our experimental validation, we
will again examine the full set of effective material parameters.

There are four basic properties that can be varied in this
structure to manipulate the refractive index. Three involve
creating different fluid geometries by changing the number of
columns, the intercolumn spacing, and the dimensions of the
columns. Composition of fluid through conductivity change is
a fourth factor that can be altered in the structure. Through
tuning these parameters, we set a goal of maximizing effective
n while also minimizing the loss factor n /n . Since the CF
unit cell provides a larger n than LF, we focus on the use of
CF (σ = 4 S/m) for the inclusion. We are operating in the
quasistatic limit, examining the unit cell at the upper limit of
our frequency range (1 GHz).
We use simulations because medium approximations do
not accurately describe our cell’s properties. Given that our
water inclusion of Fig. 1(a) has a volume ratio of 0.66 and
dielectric constant of 81, a simple volume-weighted average
incorrectly predicts a refractive index of 2.5, while MaxwellGarnett incorrectly predicts a refractive index of 1.1. We are
working with geometries that cannot be represented by these
approximation models, and thus simulations are necessary for
accurate cell characterization.
A. Number of columns

To expand the number of columns in a single unit cell, we
begin with a single column of r = 4.5 mm. We then divide
the single column into square arrays of columns, stepping the
number of columns exponentially from 4 to 25. This presents a
degree of freedom to our design: spacing distance d. Figure 2
pictures a diagram of the 3×3 array case. While d = 5 mm
and h = 28 mm throughout the simulations, we adjust r with
every array expansion to keep the volume of water consistent
for each design, using the water-volume percentage of the
3×3 cell (6.60% of total unit cell volume, 1.7813×103 mm3
of water per cell).

FIG. 2. (Color online) Diagram of the 3×3 column array. The
base simulation design is shown with parameters r, h, and d.
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FIG. 3. (Color online) Parameter sweeps across (a), (c) number
of columns and (b), (d) spacing distance d. The real part of the refractive index is shown in (a) and (b), while the loss factor is shown in
(c) and (d).

The simulated results are shown below in Figs. 3(a)
and 3(c). For an increasing number of square columns, there
is a monotonic increase in n , as seen in Fig. 3(a). Figure 3(c)
shows a monotonic decrease for the loss factor. Thus, for the
same volume of water, splitting the single column presents a
tradeoff by increasing n but also increasing n /n .
The 3×3 array offers a compromise between large n and
low n /n , so we examine a 3×3 array further.
B. Spacing distance between columns

Fixing r and h, the spacing distance d is stepped from 4 to
13 mm by 1 mm increments. Seen in Fig. 3(b), as d increases, n
increases then decreases, reaching its peak around 10–12 mm.
The loss [Fig. 3(d)] falls, then rises, for increasing d, inversely
related to n .
Continuing our characterization, we examine the
d = 10 mm model. At this value, n is reaching its peak, and
the columns are equidistant when multiple cells are lined up
together. However, for applications where low loss is critical,
it would be advantageous to select a model with closer column
spacing.
C. Column dimensions

The volume of water in each cell can be adjusted by
varying the dimensions of each column. Holding d = 10 mm
for the 3×3 array, we examine the effect of volume on n by
decreasing the parameters of radius and height of the cylinders
independently. We decrease r and hold h constant and vice
versa, keeping the cylinders centered at the same points
[see the diagram in Fig. 4(a)].
Figure 4(b) shows results for a sweep in radius with fixed
height h = 28 mm (blue) and for a sweep in height with a
fixed radius r = 1.5 mm (red). While an increase in volume
increases n for both parameter sweeps, a maximum height
with changes in radius provide higher n than a maximum
radius with changes in height for the same amount of volume.
This would suggest that height should be fixed to obtain the
best n performance.
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FIG. 4. (Color online) Simulation results for parameter sweeps
varying column dimensions. (a) The two parameters: varying radius,
height constant at h = 28 mm (top), and, varying height, radius
constant at r = 1.5 mm (bottom). Both figures are shown with the
smallest simulated parameter. (b), (c) The refractive index plots.

However, examining n /n [Fig. 4(c)] shows that loss
is much smaller for maximum r with changing h, and
approximately independent of changes in r for fixed h.
Thus there is a considerable tradeoff when considering an
optimal design. If volume of water (or, in particular, weight)
is an important consideration, it is advantageous to maintain a
fixed height and vary the radius to obtain higher n for smaller
volumes of water. However, to minimize the effects of loss,
a design should maintain the largest radius possible while
varying the height.
D. Fluid conductivity

We have a degree of freedom in the metamaterial design
by selecting an appropriate fluid. We discussed two cases
above, namely, that of the LF and CF. With a large enough
conductivity, the CF behaves as a PEC inclusion. So far,
we have discussed the CF in terms of the two limits of
conductivity—as either a lossless fluid (σ ≈ 0) or PEC
(σ ≈ ∞). In both of these cases, as shown in Sec. II, the
metamaterial structure is lossless. Introducing a finite σ causes
the metamaterial to become lossy. Because the metamaterial
is lossless for both sides of the limit and we expect a finite loss
for finite σ , the loss must possess a local extremum by Rolle’s
theorem. For a low-loss metamaterial, there are thus (at least)
two ranges of σ values in which we should operate. We study
variations in σ in order to examine the loss as a function of
σ using the baseline 3×3 array presented in Sec. III A. The
simulated results are presented in Fig. 5.
As seen in Fig. 5, conductivities under 10−1 S/m and above
105 S/m behave as very low-loss materials with a constant n .
Between these values, the loss in the metamaterial increases
greatly. However, the strong electric field interaction also
results in a large n . Examining the results, very conductive
fluids (such as mercury, which has σ on the order of 106 ) could
be used to provide a large n while also providing very low
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FIG. 5. (Color online) Conductivity sweeps for the baseline 3×3
array. (a) shows a rise, fall, then plateau of refractive index with
increasing fluid conductivity. (b) shows that there is no loss in
the structure when using fluids with very high and very low
conductivities.

loss. The saltwater we used in the experiments for this work
is suboptimal for low-loss operation. However, as we noted,
n is large for this range of σ . We note that for applications
requiring very low-loss metamaterials, the fluid should have
very large σ . However, if we can accept losses in order to
obtain large n , a CF such as saltwater is suitable.
IV. EXPERIMENTAL DESIGN

To fabricate and test our design, we manufactured a structure that is five multichannel unit cells long in the transverse
direction, pictured in Fig. 7. We make slight modifications
to the basic multichannel unit cell design of Fig. 2(a), where
r = 1.5 mm, h = 28 mm, and d = 10 mm. Using clear acrylic
to hold the water channels, we set the radius to r = 1.5875 mm
to accommodate a 1/8 inch drill bit in manufacturing. Column
height was decreased to h = 25.75 mm to allow for top and
bottom acrylic plates to hold the columns in place.
To make the cell reconfigurable and thus provide greater
freedom for tunability, we chose to incorporate a base reservoir
from which to fill and empty the fluid channels. The reservoir
measures 30×12×2.5 mm in the k, H , and E directions,
respectively. It overlaps the bottom of the columns in the E
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V. EXPERIMENTAL RESULTS
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direction, sitting 0.78 mm above the unit cell to account for
the thickness of the bottom of the acrylic plate.
Using simulation to compare the modified design to the
basic column design, Fig. 6 shows good agreement between
the two cases. We study PEC, saltwater (SW), saltwater filled
halfway (SWh), and distilled water (DW) inclusions.
With this reservoir in place, the fluid can be easily filled to
different heights inside the structure from a single input valve.
There is a hole in the reservoir of the top plate to allow air to
escape during filling. Figure 7(a) shows the columns filled all
the way, while Fig. 7(b) shows the columns filled only halfway.
The structure is measured in a TEM waveguide, pictured
in Fig. 7(c). The reservoir expands beyond the edge of the
waveguide to allow for easy access to the input valve.

0

1
0

FIG. 7. (Color online) Photographs of the fabricated structure
(a) fully filled and (b) halfway filled. (c) The structure is placed
in the transverse direction of the TEM waveguide.
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FIG. 6. (Color online) Comparison of the 3×3 array design with
base reservoir (solid line) to original column design (dashed line) for
a perfect electric conductor (PEC), distilled water (DW), saltwater
(SW), and saltwater filled only halfway (SWh). Material parameters
n , n , real(), and real(μ) are presented in (a)–(d), respectively.

We measure the S parameters using a vector network
analyzer and obtain the effective material parameters, again
using the S-parameter retrieval process [15]. The structure
is measured using saltwater with conductivity σ = 4 S/m,
to match simulation. The filtered retrieved effective material
parameters are shown in Fig. 8.
We calibrate the experiment setup by retrieving effective
material parameters for a known material, rexolite, which has
n = 1.59, r = 2.53, and μr = 1. We normalize the retrieved
μr for each case to μrexolite , and multiply r by μrexolite to
maintain n.
Figure 8 shows good agreement in n between measurements and the HFSS simulations of the structure with the base
reservoir. There is slightly more loss than predicted in the upper
frequencies of the water trials, but all other material parameters
show results consistent with simulation predictions. The low
n of air provides a baseline metric, showing that the acrylic
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FIG. 8. (Color online) Experimental data (solid line) compared to simulation data (dashed line) for the multichannel unit cell design with
base reservoir. The distilled water (DW), saltwater (SW), and saltwater filled halfway (SWh) conditions are presented. The air measurement
provides a baseline metric. Material parameters n , n , real(), and real(μ) are presented in (a)–(d), respectively. Experiment shows strong
agreement to simulation.

support structure does not greatly affect the material properties
of the liquid channels.
We demonstrate tunability in column height by taking a
measurement of the structure filled only halfway with saltwater
(10.375 mm above the base reservoir). The good agreement
with simulation, seen in Fig. 8, shows that simulation can
predict the precise results of height tunability.
Tunability in fluid composition is exhibited by filling the
channels with distilled water (Fig. 8) rather than saltwater.
Making predictions from the simulation of Fig. 5, decreasing
conductivity from 4 S/m to about 0 S/m should decrease n ,
and also decrease loss. The experimental results confirm this
prediction, showing that a nonconducting fluid can replace
a conducting fluid to trade the maximum obtainable n for
minimal loss.
Thus, after constructing a structure, we can reconfigure
both the composition and amount of fluid in the structure to
somewhat dynamically tune the effective material properties
of the metamaterial.

VI. CONCLUSIONS

In this paper, we presented and demonstrated a nonresonant
metamaterial cell composed of liquid channels featuring finite
columns of dielectric fluid. Liquid water was chosen for the
inclusion because of its convenience and ease of tunability.
The cell can be tuned by varying the height of the column
and the conductivity of the fluid. Through simulation, we
characterized the four main degrees of design freedom of our
cell: number of columns, spacing distance between columns,
dimensions of columns, and conductivity of liquid. In general,
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