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Phononic Crystals for Suppressing Crosstalk in
Ultrasonic Flowmeters

Sabiju Valiya Valappil , Johannes F. L. Goosen , and Alejandro M. Aragón

Abstract— Ultrasonic flowmeters that use transit-time ultra-
sonic transducers face measurement errors due to “crosstalk,”
whereby the working signal travels through the pipe wall and
couplings, interfering with the signal from the fluid. Although
various procedures have been proposed to solve the issue of
crosstalk, they’re limited to low-frequency ranges, or they are
not effective in high-pressure environments. We propose a
mounting mechanism based on a single-phase 3-D phononic
crystal (PnC) waveguide that can mitigate crosstalk at high
frequencies (megahertz range) and thus improve the flowmeters’
measurement accuracy. PnCs are artificial materials consisting
of periodically arranged scatterers thereby showing bandgaps
(BGs)—ranges of frequencies where elastic/acoustic waves are
attenuated—due to Bragg scattering. We design PnC wave filters
by engineering the BG frequency range to the working signal of
the ultrasonic flowmeter. We then fabricate the waveguide using
additive manufacturing and connect it between the transducer
and the pipe wall. Transient ultrasonic experiments show that
transducers with PnC mountings attain a 40 dB crosstalk
reduction in comparison with a standard transducer mounting
configuration.

Index Terms— Band gap, band structure, finite element
analysis (FEA), metal additive manufacturing, phononic crys-
tals (PnCs), transient experiments, transmissibility, ultrasonic
flowmeters, ultrasonic transducers, wave attenuation.

I. INTRODUCTION

ULTRASONIC transducers, due to their versatility and
nondestructive nature, are extensively used in various

measurement systems, including ultrasonic flowmeters [1],
[2], [3], [4], nondestructive testing devices [5], [6], [7], and
medical imaging systems [8], [9], [10]. These transducers
convert electrical input signals to ultrasound waves (and vice
versa), which interact with the desired media to provide the
required measurement. However, ultrasonic flowmeters that
use transit-time ultrasonic transducers to measure flow rates
through pipes face accuracy issues due to “crosstalk,” which is
caused by the interference of signals traveling through the solid
region (solid/pipe signal) with the fluid region (fluid signal).
In addition, the solid signal contains more energy than the
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required signal due to the often unavoidable large impedance
mismatch between the transducer, pipe wall, and the measuring
fluid, leading to an immense reflection of waves in the solid
portion. Hence, crosstalk makes it difficult to identify the
required signal [11].

Various solutions have been proposed to mitigate crosstalk
in ultrasonic flowmeters. For instance, crosstalk has been
minimized by isolating the sensor from the solid signal
path [12]. For example, enclosing the acoustic transducer and
the surrounding housing in a sheath also aids in isolating the
housing from the rest of the solid region, thereby minimizing
the interaction between the solid and fluid signals [13].
Another approach is to create time delays between the required
and the pipe signals [14]. For instance, applying protrusions
to transducers increases the solid wave path so that the solid
signal arrives at the receiving transducer after the fluid signal,
thus avoiding the crosstalk [15]. A third approach is by
localizing the energy transmitted from the pipe signal [16].
To that end, resonators and damping systems are attached to
the transducer [17], where resonators aid in localizing the
energy while damping systems reduce the energy of solid
waves by converting the wave energy to heat.

All these methods, however, have drawbacks. In the case
of the protruded design, the distance between the transducers
determines the generation of the crosstalk. For example,
if the transducers are far away, as in the case of a large-
diameter pipe, then the solid signal could arrive at the receiver
along with the required signal resulting in crosstalk. This
distance limitation imposes restrictions on the pipe diameter,
flow velocity, and sound velocity of the fluid medium,
among others [18], [19]. Resonators and damping systems
are limited to relatively low frequencies (a few hundred
kilohertz) because it is difficult to construct an oscillator
that has resonance frequencies in the megahertz-range at
the macroscale. Similarly, damping systems with constant
dissipation are also less effective at high frequencies because,
although energy increases with the frequency, the dissipation
remains the same. Acoustic insulation becomes an issue in
high-pressure environments since a heavy casing is needed
to withstand high pressures, which increases the crosstalk by
allowing more solid waves to pass through the casing [20].
Consequently, for the smooth operation of the flowmeter, it is
necessary to have a wave filtering mechanism that removes the
crosstalk, which has a substantial operational frequency range
(at megahertz level) and has a limited influence from pressure
and temperature.

A potential solution could be based on frequency-dependent
insulation by exploiting the properties of phononic crystals
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(PnCs) [21], [22], [23]. PnCs are man-made periodic
media that exhibit Bragg scattering [24] type band gaps
(BGs)—ranges of frequencies where elastic/acoustic waves
are attenuated. Because of BGs, PnCs have been explored
in many applications, including vibration isolation [25],
energy harvesting [26], acoustic cloaking [27], super/hyper
lens [28], [29], frequency steering [30], among others. PnCs
(or similar periodic structures) have previously been used
inside the piezoelectric component of transducers to optimize
the piezoelectric coefficient [31], [32], [33], [34]. Another
related application of PnCs in ultrasonic transducers is
to improve the measurement accuracy of the transducers
in nondestructive evaluation [35], [36]. Liu et al. [37] used
PnCs to improve the sensitivity of acoustic-ultrasonic-based
devices for structural health monitoring, thereby improving
their performance for a broad frequency range. By blocking
unwanted signals using PnCs, Kabir et al. [38] were able
to enhance the crack detection ability of the acoustic
emission method [39]. Other applications of PnCs in ultrasonic
transducers include enhancing sound receiving accuracy of
parametric loudspeakers [40], and reducing nonlinearities
in ultrasonic damage detection [41]. Still, to the best of
our knowledge, PnC structures have not been used as
mountings on the transducer of ultrasonic flowmeters to
mitigate crosstalk.

In this article, we investigate the use of PnC structures
as wave filters to mitigate crosstalk in ultrasonic flowmeters
(Fig. 1). A PnC-embedded wave filter is designed, realized,
and connected between the piezo and the back of the
transducer that is attached to the pipe wall such that the
PnC waveguide filters the signal arriving from the pipe
wall to the piezo. We explore various practical aspects,
such as selecting the geometry and arrangement of the
PUCs for the best performance within a limited space and
choosing a suitable material for the mounting. In addi-
tion, we incorporate manufacturing aspects and industrial
standards in the design process. We fabricate two different
designs of PnC waveguides via additive manufacturing,
where one has a broad BG frequency, and the other
possesses greater manufacturability. For comparison purposes,
we also construct a dummy block with the exact outer
dimensions as the PnC waveguide via the same manufacturing
process (additive manufacturing). We validate the performance
of the PnC-embedded ultrasonic transducer via transient
ultrasonic experiments and compare them against a standard
transducer.

II. THEORETICAL ASPECTS OF ULTRASONIC
TRANSDUCERS AND PNCS

A. Challenges in the Flow Measurement Through a Pipe
Using an Ultrasonic Flowmeter

The flow rate through a pipe can be measured by various
methods such as pressure-based meters, variable-area type
measurement systems, optical systems, magnetic flowmeters,
Coriolis devices, and ultrasonic flowmeters [42]. Among them,
ultrasonic flowmeters are of great interest because of their
high accuracy and low maintenance cost [43]. In an ultrasonic

TABLE I
MATERIAL PROPERTIES OF THE PIPE AND FLUID

flowmeter, a high-frequency ultrasound pulse generated using
an ultrasonic transducer (based on piezoelectric effect [44])
is transmitted through the moving media at an angle.
An ultrasonic receiver receives this signal on the opposite side,
which provides the travel time. The exact process is repeated in
the reverse direction resulting in an upstream and downstream
measurement. The difference between these two signals’ travel
times is directly related to the flow rate through the pipe.
Several transmitters and receivers can be placed along the
circumference of the pipe to further improve the measurement
accuracy, which, in addition, also aids in obtaining a flow
profile through the pipe. The layout and operation of the
ultrasonic flowmeter are provided in Fig. 1.

The figure shows the cross-sectional [Fig. 1(a)] and
longitudinal-sectional [Fig. 1(c)] views of the pipe with
ultrasonic transducers, along with a photograph of the
transducer [Fig. 1(b)]. The ultrasonic transducer mainly
comprises a piezoceramic material (Piezo) for converting
electric pulse to ultrasound and vice versa and a window [a
structural element usually constructed of the same material as
the pipe that is in contact with the fluid, which is marked
in Fig. 1(b)] for transmitting this pulse to the fluid and
receiving it at the opposite side. The transducer also possesses
electrical components for supplying and receiving electric
signals. A metallic casing (stainless steel in the present case)
encloses the transducer for protection. Due to its complex
construction and the presence of multiple materials, various
challenges may occur during the flow measurement that could
hinder the flowmeter’s accuracy.

The 1 MHz input pulse [refer to Fig. 1(a)] generated
at the transmitter arrives at the window-fluid interface and
experiences an immense reflection due to the considerable
mismatch in the impedance (density × speed of sound)
between the window and the fluid layer (refer Table I for the
material properties of the pipe and the fluid).

This reflected signal travels through the solid portion (red
signal path in Fig. 1) to reach the receiver, thus interfering
with the required signal (green signal path). This interaction
of the two signals (crosstalk) is a complex phenomenon
because it comprises pressure waves (P waves) from the fluid
region and pressure and shear waves (S waves) from the solid
region. Due to crosstalk, the measured signal experiences a
reduction in accuracy or even the complete loss of the working
signal [45]. Thus, to avert crosstalk, a mechanism is necessary
that prevents both P and S wave propagation in the solid
region from reaching the receiving transducer. In addition,
as the flowmeter (and the transducer) will be exposed to
high-pressure and temperature environments, the mounting
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Fig. 1. Schematic of the ultrasonic flowmeter, where (a) shows its cross-sectional view highlighting the signal paths through the fluid and the solid media.
Input pulse and output pulse with crosstalk are also shown here, where the signal through the solid region (red plot) arrives much earlier than the signal
through the fluid (green plot), resulting in the crosstalk between these signals (marked using a curly bracket in the output pulse). (b) Photographs of an actual
ultrasonic transducer where the Piezo generates the pulse and the window that transmits the signal to the fluid are marked using arrows. (c) Longitudinal
section of the flowmeter with transmitting and receiving transducers and signal and noise paths. The transmitter and receiver are oriented at an angle α to
enable the flow measurement.

mechanism should be able to prevent or reduce crosstalk under
these conditions.

B. Design Requirements for the Mounting Structure

Since crosstalk is a significant issue in an ultrasonic
flowmeter, we would like to address it by filtering out the
solid (pipe wall) signal. As mentioned already, by attaching
a mounting structure in the solid wave path that would
act as a mechanical wave filter, we might be able to
remove the solid signals for the desired frequency range.
Since the ultrasonic transducer is composed of stainless steel
316 (SS316), we could fabricate the mounting system from
the same material, ensuring a smooth contact and energy
transfer between the transducer and the mounting. As the
transducer signal is broadband (1 MHz central frequency with
a bandwidth of 600 kHz), it is also necessary for the mounting
structure to possess a wide operating frequency range with
its central frequency close to 1 MHz. Moreover, the lateral
dimension of the mounting structure should be in a similar
range to that of the outer diameter of the transducer (18 mm).

Finally, the structure should be manufacturable at a reasonable
cost.

C. PnC-Based Mounting Mechanism

As PnCs possess BGs that can attenuate incoming waves for
particular frequency ranges, we design a mounting mechanism
based on a single-phase 3-D PnC waveguide. To investigate
wave propagation through the 3-D PnC structure, we need
the corresponding wave equation. Since the PnC waveguide is
entirely composed of solid material, the wave propagation is
governed by the 3-D elastic wave equation

ρ ü = (λ + 2µ)1u − µ∇ × ∇ × u (1)

where u and ü, respectively, are the spatial displacement and
the acceleration. ρ represents the density of the material, λ and
µ are the Lamé coefficients, whereas 1 and ∇×, respectively,
represent Laplacian and vector curl operators.

We still need to provide the necessary boundary conditions
to fully define the boundary value problem (BVP). We study
two BVPs, for which the BCs are as follows.



7504711 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 72, 2023

1) BVP1 (Band Structure Analysis): (or dispersion analy-
sis) [46] establishes the relationship between the applied
frequency ω and the wave vector k that provides the
BG frequency range (if any) and speeds of different
wave modes. The magnitude of the wave vector k
is the reciprocal of the wavelength and it is directed
toward the direction of the wave propagation (i.e.,
in the direction of the phase velocity) [47]. The
dispersion relation is obtained by conducting a set of
eigenvalue analyses of the periodic unit cell (PUC) after
applying Bloch–Floquet periodic boundary conditions
(BFPBCs) [48] through the irreducible Brillouin zone
(IBZ) [49]. The Brillouin zone (BZ) is derived by
transforming the PUC from the direct lattice (Bravais
lattice [50]) to its reciprocal lattice [51]. The IBZ is the
smallest section of the BZ that can capture the wave
dynamics of the PUC. We consider a simple cubic PUC
[as shown in Fig. 2(a), (b), (d), and (e)] with a 32-fold
symmetry, thus the BZ could be reduced to a tetrahedron
(as shown in Fig. 2(c)) [52]. The number of eigenvalue
analyses conducted depends on the sampling of the wave
vector through the IBZ, as we need one analysis per
wave vector step. Similarly, the number of eigenmodes
selected for the analysis depends on the frequency range
of interest. Since we are interested in the megahertz
range, we started with 30 eigenmodes. The BFPBC used
in these analyses takes the form

u(r + ai , t) = eιk.ai u(r, t) (2)

where r is the position vector and ai is the lattice vector
in 3-D, i.e., ai = {a1, a2, a3} [refer Fig. 2(a)]. For the
cubic geometry, magnitudes of lattice parameters are the
same in all three directions, i.e.,

∥a1∥ = ∥a2∥ = ∥a3∥ = a (3)

where a is the magnitude of the lattice vector (in any of
the three directions). If no wave vectors are present for
a range of frequencies implying no wave propagation
for that frequency range, we get a BG. In addition,
we can obtain wave speeds for various wavebands by
taking slopes of the dispersion relation corresponding
to those wavebands. Although less expensive (due to
operating on one PUC), the band structure analysis
assumes an infinite medium by prescribing BFPBC.
Thus, it cannot provide an actual attenuation rate for
a finite PnC structure, so we need a transmissibility
analysis.

2) BVP2 (Transmissibility Analysis): (or harmonic fre-
quency sweep analysis) [53] is the steady-state dynamic
analysis of the finite PnC waveguide after applying the
essential (Dirichlet) boundary condition [54]

u(l, t) = ūeιωt (4)

where ū is the constant displacement amplitude
applied at one end (left end) of the PnC waveguide
(at r = l), [shown in Fig. 2(f) and (g)] and
ω is the applied frequency. For a given frequency,

the transmissibility response provides the reduction in
amplitude of the input signal for a given number of
PUCs arranged in space.

III. DESIGN AND ANALYSIS OF PNC-BASED WAVE FILTER

Using the band structure and transmissibility analyses,
we can start the design process of PnC’s PUC and waveguide.
Since the BGs in PnCs are generated due to Bragg scattering,
we can use Bragg’s law of diffraction to obtain the size of the
PUC as follows [24]:

nλ̄ = 2a cos θ (5)

where n is an integer, λ̄ is the wavelength in the material, and
θ is the angle of incidence of the wave to the normal of the
surface. At n = 1, for a normal incident wave, the magnitude
of the lattice parameter can be half of the wavelength in the
medium. We can obtain the wavelength in the material from
the following expression:

λ̄ = C/ f (6)

where f is the applied frequency and C is the wave speed.
C = CP for pressure waves and C = CS for shear waves.
For our material choice, SS316, the wave speed values are
provided in Table I. To design a PUC possessing a BG with a
central frequency of 1 MHz, we can use (5) and (6) to obtain
the magnitude of the lattice parameter, which is estimated to be
2 mm. To accommodate a broad operational frequency range
(600 kHz), the PnC should possess a broad BG. We know that
the BG width is directly related to the contrast in adjacent
phases’ impedances within the PUC [55]. Since we have
a single-phase PUC, to maximize the impedance mismatch
within the elements of the PUC, we need to maximize
the contrast in their masses and stiffnesses [56]. Based on
literature and understanding of dynamics, we chose large
spheres separated by small rods, as shown in Fig. 2(a) and (b),
to construct the PUC. There is about an order difference in the
cross-sectional area of the sphere to the rod. On the contrary,
while the second one [refer to Fig. 2(d) and (e)] has triangular
features instead of spherical ones that offer lower contrast in
the properties than the former—resulting in narrower BG—the
manufacturability is greatly improved by minimizing overhang
angles in additive manufacturing. By populating the PUCs in
three dimensions, we arrive at PnC waveguide designs that are
shown in Fig. 2(f) and (g). We also add two hollow cylindrical
fixtures to connect them to the transducer from Fig. 1(b).
To verify the performance of these PUCs and waveguides we
perform band structure and transmissibility analyses.

A. Band Structure Response

The band structure of the cubic PnC is obtained through
finite element analysis (FEA) by following the ω(k)

approach [56], i.e., by sweeping the wave vector along the
vertices of the IBZ and calculating the set of eigenfre-
quencies corresponding to a fixed number of wavebands.
Fig. 3(a) and (b), respectively, represent the band structures of
PUCs with spherical and triangular features (their geometries
are shown in Fig. 2). These figures show frequency as a
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Fig. 2. Three-dimensional PnC PUCs and waveguides where (a) and (b) show different views of the cubic PUC with spherical features where ai (i = 1 to 3)
defines its lattice parameter. (c) IBZ of the cubic PUC. (d) and (e) Different views of the PUC with triangular features whose lattice parameter is the same
as in the previous case. (f) and (g) PnC waveguides with spherical and triangular features, where z is the principal wave propagation direction, and z′ is a
direction obtained by rotating z to 45◦. The fixtures that connect the waveguides with the rest of the transducer are also shown here. u(l, t) is the Dirichlet
BC applied to these PnC waveguides at the location l .

function of wave vector sampled along the IBZ, where 0

corresponds to the center of the BZ where the IBZ begins,
i.e., at k = 0. 85 eigenvalue analyses were used to represent 7
IBZ branches. We analyzed 30 wavebands in the case of the
PUC with spherical features where the required BG is present
between 18th and 19th bands [refer to Fig. 3(a)]. Conversely,
we considered 63 bands in the case of the PUC with triangular
features because of the presence of multiple BGs [refer to
Fig. 3(b)], where the first BG is also between 18th and 19th
bands.

Fig. 3(a) shows that by connecting spheres with rods,
we can produce a wide BG of 800 kHz that spans from
fS1 = 700 kHz to fS2 = 1.5 MHz, which is more than the
required operating frequency range of 600 kHz. However,
since the maximum overhang angle is higher than the
allowable limit (45◦) of 3-D printing, we could expect
some variations in features (size and shape) as shown in
Fig. 5(b). As all the angles in the design with triangular
features are close to 45◦, it is easier to fabricate with fewer
variations. However, the PnC with triangular features possesses
multiple narrow BGs within the operating frequency range
instead of a single broad BG. The first BG of the triangular
design starts at 780 kHz but only spans up to 835 kHz. The
following BG spans from 880 kHz to 1.2 MHz. Nonetheless,
the stacking of narrow BGs and flat modes (standing waves)
goes up to 1.8 MHz with some low-slope modes present in
between.

B. Transmissibility Relations

Following the band structure analysis, we study the
transmissibility response of the finite PnC waveguides shown

in Fig. 2. We supplied a harmonic displacement of 1 µm
amplitude at the left end of each of the waveguides [as shown
in Fig. 2(f) and (g)] for the frequency range from 600 kHz to
1.8 MHz with a step of 10 kHz. Fig. 4 shows transmissibility
relations of waveguides obtained by taking the ratio of output
displacement (right side) to the input displacement for the
applied frequency range, where shaded regions represent the
triangular PnC’s BGs. In the same figure, the BG of the PnC
with spherical features is bounded by thick black lines. As the
figure shows, the BG frequency ranges are consistent with
those dictated by band structure analyses. However, several
peaks are present in the transmissibility relations of both
designs due to the reflections from the free surfaces and
subsystem resonances (i.e., the resonant modes of the finite
structure within the bandgap (BG) frequency range). Band
structure analysis will not capture them since the analysis
is operating on a single PUC and assumes infinite material
with BFPBCs. Although the band structure analysis report that
the PnC with spherical features has a broader BG frequency
range than that of the PnC with triangular features, the latter
possesses multiple narrow BGs bounded by f1 through f13
spanning almost the same frequency range as the former—
and also outperforming the former in the 1.5–1.8 MHz range.
However, there are still certain frequency bounds (between
f2 and f3, between f4 and f5, and between f8 and f9) within
the operational frequency range, where PnC waveguide with
triangular features shows higher transmission compared to the
spherical featured PnC due to the lack of BGs in those ranges.
Both PnC waveguides are nevertheless manufactured since
close to 1 MHz (marked as fC in Fig. 4) their transmissibilities
are in the range of −60 dB, which is desirable for the actual
application.
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Fig. 3. Frequency as a function of wave vector (band structure) for PnCs with (a) spherical and (b) triangular internal features, where the shaded regions
show corresponding BGs. fS1 = 0.7 MHz and fS2 = 1.5 MHz from (a), respectively, represent the lower and upper bound of the BG frequency ranges of
the PnC with spherical features. The inset in (a) shows the BZ and its tetrahedral IBZ with its vertices.

Fig. 4. Transmissibility relations of cubic PnC waveguides from Fig. 2 attained through FEM. The BG predicted by the band structure of the PnC with
spherical features is bounded by thick black dashed lines, whereas shaded regions represent the BG of the PnC with triangular features. The total frequency
range spans from 0.6 MHz to 1.8 MHz, where fC = 1 MHz is the required central frequency and f1 through f13 are frequency bounds of BGs of PnC with
triangular features.

IV. FABRICATION AND TESTING OF PNC WAVEGUIDES

A. Fabrication of PnC Wave Filters

Since the dimensions of the PUC are in millimeter ranges
with internal features in the submillimeter length scales,
the manufacturing processes are significantly limited as
mesoscale fabrication is challenging [57]. The two suitable
fabrication methods are wire electric discharge machining
(wire-EDM) [58] and metal additive manufacturing [59].
Although the former can produce accurate geometry, it can
only remove materials from a solid block (subtractive

manufacturing), limiting its applications to simpler geometries.
Even though we can manufacture the PnC design from
Fig. 2(g), we cannot fabricate the design from Fig. 2(f) using
wire-EDM.

Metal additive manufacturing based on selective laser
sintering uses laser beams to melt the metallic powder in
multiple passes transforming the powder into the desired
geometry. After melting every layer, more powder is added,
allowing the method to generate complex designs. In addition,
this method is very inexpensive compared to wire-EDM
(almost two orders of magnitude). However, the accuracy
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Fig. 5. Photographs of 3-D printed PnC waveguides with (a) triangular and
(b) spherical features. The expanded views show the corresponding PUCs,
where the latter shows more variation from the model than the former.

of the fabrication depends on several factors, such as the
overhang constraint, which determines the projection angle
of the subsequent layer compared to the previous one, hence
determining the printability and dimensional accuracy. The
maximum allowable overhang angle in the metal additive
manufacturing process is 45◦ [60]. Since the design with
spherical features exceeds this angle, the surface quality,
feature sizes, and shapes of the features could be adversely
affected. We modified the design as described in Fig. 2(g)
to minimize the overhang angles by keeping all the angles
close to 45◦, thereby revising the shape of the internal features
(from spherical to triangular) and the printing orientation of
the PnC waveguide (from aligning toward the z-direction to
45◦ inclination to the same direction).

B. Fabricated PnC Specimens’ Variations From the Design

We decided to fabricate both designs via additive manu-
facturing. As shown in Fig. 5, 3-D-printed PnC specimens
show certain variations from their designs. One reason is
the sticking of powder particles to the sample’s lower and
side edges with the melt pool, thus distorting the shape. The
second is because of residual support structures added to aid
the printing process, which could not be removed during the
post-processing stage. The PnC with spherical features also
faces issues due to large overhang angles. The specimen in
Fig. 5(b) has been printed by aligning the printing axis to the
z-axis [refer Fig. 2(f)], whereas the specimen in Fig. 5(a) is
printed by aligning the printing axis to z′ by rotating it 45◦

from z-axis [refer Fig. 2(g)], thus keeping all the overhang
angles ≤ 45◦. Consequently, the latter is more repeatable and
is closer to the model.

One may wonder whether variations from the numerical
model introduced by 3-D printing affect the performance of
the PnC waveguide. Minor variations in feature size have

insignificant effects on performance since the BG width is
controlled by the mass and stiffness contrast within the PUC,
which is not highly affected by slight geometric variations.
Similarly, the surface roughness [as seen significantly in
Fig. 5(b)] also has a minor influence on the wave attenuation
behavior of the PnC waveguide as we deal with bulk waves
instead of surface waves. On the contrary, if the subunit
cell features (e.g., spheres) experience significant variations
leading to connections between those spheres, and if there are
a significant number of them, then these connection points
could transmit waves leading to changes in the BG range,
shifting of BG center frequency, or reduction in attenuation
rate. However, as we can see in Fig. 5(a) and 5(b), this kind
of distortion has not happened. As discussed, incorporating
process parameters such as overhang angle greatly improves
the manufacturability, as seen in the PnC with triangular
features. To further improve printing accuracy, other process
parameters such as layer thickness, and powder characteristics
(particle size, surface tension, and feed rate), among others,
can be optimized [61]; this is beyond the scope of this article.
We connect both PnC waveguides with existing ultrasonic
transducers and test their behavior via transient experiments.
To that end, an experimental setup is built.

C. Experimental Setup to Measure the Required
Signal and Crosstalk Levels of Ultrasonic Flowmeter
With and Without PnC

The experimental setup for verifying the performance of
the PnC waveguide is composed of PnC-mounted transducers,
a signal generator for sending the desired signal, the
data acquisition system (DAQ) for collecting, converting,
and displaying readable data, and transducers with dummy
mountings to compare the response with PnC mounted
transducers to obtain the effects of the PnC. The dummy
block has cross-sectional dimensions of 14 × 14 mm with
a height of 16 mm. The dimensions are kept the same as that
of the PnC waveguide; otherwise, the signal traveling time
through the fluid would vary between those two transducers.
It should be noted that the dummy block has a higher mass
than the PnC waveguide since the former is a block of material,
whereas the latter is a porous structure. This variation in mass
will have an insignificant influence on the response of the
transducer since the purpose of the dummy waveguide is to
transmit the incoming elastic wave to the rest of the structure
while maintaining the same construction. Both transducers
(with PnC and dummy blocks) are used in pairs; one acts as
a transmitter and the other as a receiver (and vice versa). The
fabricated PnC waveguides (and dummy blocks) are connected
to the ultrasonic transducer between the Piezo element and the
transducer-wall coupling by hot pressing and welding to ensure
an adequate contact [Fig. 6(a)]. A rectangular broadband pulse
with a central frequency of 1 MHz and peak-to-peak voltage
of 200 V is used as the input signal for the excitation. The
receiving signal is amplified using a low-noise amplifier (LNA)
and visualized using an oscilloscope (Yokogawa DL160) with
a sampling rate of 50 MS s−1 and a frequency step of 500 Hz.

1) Calculation of Solid and Fluid Signal Levels: Two sets of
experiments are conducted to obtain the solid and fluid signal
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Fig. 6. Photographs of the assembled specimen and experimental setup. (a) Assembled specimens that include transducers connected with two types of PnC
waveguides (PnC with spherical and triangular features) and transducers with dummy blocks. (b) Fluid-filled chamber connected with transducers to measure
the signal strength in the fluid portion, whereas (c) displays the assembly of an empty flowmeter with the transducers, which is used to measure the signal
levels in the solid region.

levels. The first one is performed by attaching PnC-mounted
transducers to a fluid-filled chamber [as shown in Fig. 6(b)].
As the chamber walls are very thin, the energy transmitted
to the solid region will also be less. In addition, since the
fluid is static, the travel time for the signal through the fluid
region is already known, allowing us to identify the fluid signal
from the output signal, thereby measuring the required signal
strength. The second one is conducted in an empty flowmeter
[refer to Fig. 6(c)]. This flowmeter has a very thick solid wall,
and almost all the energy from the input acoustic signal is
reflected back to the solid region as there is no liquid inside.
Thus the output signal can be regarded as the wall (solid)
signal. The ratio of the latter signal to the former provides
us with the solid-to-fluid signal ratio. The experiments are
repeated with transducers possessing dummy mountings for
comparison.

D. Transient Experimental Results of 3-D PnC Mounted
Ultrasonic Transducers

We compare the performance of transducers with PnC wave
filters against the transducer with a dummy block. Fig. 7 shows
the transmissibility relations obtained by experiments. The
PnC-mounted transducer shows a considerable reduction in the
crosstalk level (i.e., signals traveling through the solid region
are greatly attenuated) within the BG frequency range. There
is an average solid-to-fluid signal reduction of 40 dB (within
the BG range) and a maximum reduction of 60 dB (close to
the required central frequency of 1 MHz marked as 1S_to_F

in Fig. 7). In fact, except for 500–550 kHz (range outside the
BG), both the PnC waveguides show similar performances.

From band structure analyses [refer to Fig. 3(a) and (b)],
we have seen that the PnC with spherical features outperforms
the PnC with triangular features due to the former’s broad
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Fig. 7. Transmissibility relation of different specimens obtained via experiments. The figure includes transmissibilities of a transducer with a dummy block
and transducers with triangular and spherical featured PnCs. The spherical PnC’s BG is bounded by thick black lines while the triangular PnC’s BG is shown
using the shaded region (both predicted by analyses). 1S_to_F ≈ 60 dB represents the highest variation in the solid-to-fluid signal ratio between the transducers
with and without the PnC mountings, which is observed close to the required central frequency (1 MHz).

BG as compared to a set of narrow and moderate BGs of
the latter. Transmissibility analyses (refer to Fig. 4) show that
the attenuation rates are closer for both the waveguides till
1.5 MHz, and the PnC with triangular features performs better
than the PnC with spherical features from 1.5 to 1.8 MHz.
The experiments reveal that the transmissibilities of both PnCs
are very similar throughout the frequency range. The minor
variations in the BG ranges and propagating modes within
the operating frequency range have negligible influence on
the response of wave filters. In addition, we can also observe
that, even outside the BG frequency range (e.g., around 0.5,
2, 2.5, and 3 MHz), PnC-embedded transducers outperform
the standard one (not as significantly as within the BG range)
because of the difference in their dispersion characteristics.
Especially close to 3 MHz, we can observe a sharp decrease
in solid-to-fluid signal levels (about 20 dB) because of a
combination of the higher-order BG generated by Bragg
scattering and the high signal strength due to the presence
of an actuator displacement mode at that frequency. The
analysis details are discussed in the supplementary material,
Section I, while the output fluid signals are provided in
the supplementary material, Section II. In addition, as PnC
waveguides are connected in the solid wave path, they do
not influence the waves traveling through the measuring fluid;
thus, the fluid signal of the PnC-embedded transducer is
similar to the standard transducer (refer to supplementary
material, Section II for details).

V. CONCLUSION

In order to improve the performance of transducers
used in ultrasonic flowmeters, we proposed a mounting

mechanism based on 3-D PnC waveguides. We designed
two PnC wave filters, one with spherical features and
the other with triangular features that facilitate additive
manufacturing. While the former possesses a broad BG around
the required frequency, the latter has multiple moderate and
small BGs. Both were analyzed using FEA, realized via metal
additive manufacturing, and mounted to the transducer by
hot pressing and welding. The transient experiments showed
a considerable reduction in the solid-to-fluid signal ratio
within the BG frequency range (40 dB on average with a
maximum of 60 dB close to 1 MHz). Thus we conclude
that PnC-inspired mountings can drastically improve the
measurement accuracy of ultrasonic transducers by mitigating
crosstalk when connected to the solid wave path, provided the
waveguides are not directly exposed to the surrounding fluid
media.

Additional concluding observations are as follows.
1) Both PnC waveguides possess a frequency range of

attenuation that is broader than dictated by the analysis,
which implies that other factors are affecting the wave
attenuation, which may be fabrication aspects (surface
roughness, material constitution, variations in feature
size, and shape) and structural damping.

2) Other than for a narrow frequency range, both PnC
waveguides show similar transmissibility responses
throughout the spectrum. Hence, it is not required to
have a single broad BG, but combinations of narrow
BGs, flat wave modes, and shallow-slope wave modes
can add to a moderate BG to create a cumulative wave
attenuation region similar to the response of a PnC with
a single broad BG.
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3) Throughout the frequency range except close to
100 kHz, both PnC-embedded transducers show lower
solid-to-fluid signal levels compared to the standard one.
This behavior could be due to the complex dispersion
characteristics (varying wave speeds and combinations
of different wave modes throughout the frequency range)
of PnC wave filters augmented by imperfections in their
manufacturing.

4) Since both spherical and triangular PnC waveguides
show similar performances, we can select the latter
for practical applications since they are more amenable
to additive manufacturing than the former. In addition,
triangular PnC waveguides can be fabricated via multiple
processes (3-D printing and EDM), further improving
their applicability.

PnC waveguides in real applications of ultrasonic flowmeters
introduce environmental conditions such as the effects of
surrounding fluid media, pressure, and temperature. Thus,
a future direction could be to perform an optimization of
PnC-inspired mountings incorporating multiple environmental
aspects.
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