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Abstract

In this contribution the use of defect modes in phononic
crystals for sensing applications will be discussed on the ba-
sis of different practical realizations. As a specific example,
experimental results of wave transmission through tubular
phononic crystals will be compared for different materials
and in the presence of different geometric defects to the
ideal crystal, as well as to reference measurements through
a corresponding hollow tube and solid cylinder. Numerical
results from finite element models validate the experimen-
tal data and are used to illustrate band gap suppression and
defect modes.

1. Introduction
Introducing defects into a phononic crystal or acoustic
metamaterial yields additional functionality for practical
applications. One promising area are phononic-fluidic
sensors exploiting localized defect resonances inside a
phononic band gap. This requires initial investigation and
optimization of the band gap for different geometric con-
figurations of a solid, elastic matrix, where very large band
gaps have been demonstrated for finite three-dimensional
lattices [1, 2]. Secondly, it is advantageous to design the ge-
ometric defects to yield resonances inside such band gaps
for the solid-fluid material combinations of interest, in order
to separate the defect resonance from other modes. The use
as chemical and biochemical sensors for liquid analysis by
filling the defect with a fluid of interest has been repeatedly
demonstrated in the past decade [3, 4, 5, 6]. The defect res-
onance is then directly linked to physical properties such as
speed of sound, density, viscosity, molar mass, molar vol-
ume, and (adiabatic) compressibility. Subsequently, these
devices can be used to accurately measure the concentra-
tion of different constituents [7]. Two aspects differentiate
the real behavior of a phononic crystal sensor to the ideal
operation principle. For one, intrinsic losses in the materials
and fluids of interest must be accounted for, as they strongly
affect defect resonances. And two, a real sensor is a device
of finite dimensions, limiting the extent of any periodic ar-
rangement. These effects have been recently validated in
numerical and corresponding experimental analysis, com-
paring lossless and lossy materials as well as semi-infinite
and finite geometries for the application as concentration
sensor and for determination of the speed of sound of these
aqueous mixtures [8].

In addition to presenting different work on phononic-
fluidic sensors at the symposium, here we discuss an ex-
perimental study supported by numerical analysis with a
unique type of lattice, a tubular phononic crystal (TPC).
We illustrate the appearance of a strong band gap for a fi-
nite cylindrical lattice in addition to the effect of geomet-
ric defects and different materials on practical transmis-
sion results. Tubular phononic crystals are a class of pe-
riodically structured elastic cylinders for wave propagation
along the revolution axis. In light of the ubiquity of cylin-
drical pipes, vessels, and capillaries for the technical and
biological transportation of fluids, we envision these de-
vices as tubular phononic crystal sensors for in-line mon-
itoring of liquids [9]. This work was done as part of the
ongoing collaboration project Tubular Bell, with partners
in Germany and France. Further experimental results and
numerical investigations can be found in our recent related
publications [10, 11].

2. Design and fabrication of defects in
tubular phononic crystals

2.1. Defect design

Periodically adding additional geometric features along the
length or circumference of a hollow cylinder is the key de-
sign feature of a tubular phononic crystal. These features
are placed on the outer rim only, since we want the inner
tube to be undisturbed for unperturbed fluid transport. The
features can exhibit both translational and cyclic symmetry.
In the most simple case, outer rings are added periodically
along the axis. The rings can then act as distributed local
resonators. Changing the geometry of one ring or remov-
ing it completely constitutes a defect in the regular arrange-
ment. Figure 1 shows a CAD rendering of the different TPC
and reference designs. To be suitable for the different fabri-
cation techniques necessary for the different materials used
in this study, the outer tube diameter and lattice constant is
set to 8 mm, with an equal width and pitch of five ring res-
onators and an inner tube diameter of 6.4 mm. The outer
diameter of the rings is 14.2 mm. The defect is placed in
the middle at the third ring position, with an outer defect
ring diameter of 17.6 mm or a missing ring. Outside the pe-
riodic arrangement we extended the tube on both sides by a
length of two times the lattice constant. Consequently, the
total length of all investigated samples amounts to 72 mm.
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Figure 1: Design of a tubular phononic crystal based on
a periodic arrangement of ring resonators, with geometric
defects and reference samples.

2.2. Materials and fabrication

The samples are fabricated in three different materials,
two polymers and a metal. The polymer samples are
3D-printed using DLP microstereolithography (MAX X27
UV385, Asiga, Australia) using a tough and stiff polymer
(FusionGRAY, Asiga, Australia) and a soft, flexible, and
rubbery material (3DM Flex, 3DM-Shop, France). The
metal samples are sourced from a 3D-printing supplier us-
ing selective laser melting of stainless steel 316L pow-
der (Materialise, Belgium). The steel samples are post-
processed with fine powder and glass bead blasting, while
the polymer prints are rinsed and cleaned with isopropanol.
With resin printing of the tough polymer the highest geo-
metric accuracy and surface smoothness is achieved, how-
ever all samples conform to the design parameters within a
deviation of a few percent. The exact material properties of
3D-printed plastic and steel are not known. For the tough
acrylic plastic and stainless steel 316L the properties are
close to values found in literature.

2.3. Numerical simulation

For validation purposes we built finite element models of
the different TPC and reference designs in COMSOL Mul-
tiphysics 5.6 using the solid mechanics module. As bound-
ary condition we applied a surface impedance matching the
ultrasonic transducers used in experiments to the end faces
of the tubes. A time-harmonic velocity perturbation was ap-
plied as excitation to one end, and the transmitted velocity
was measured at the other end. The samples were meshed
with a mesh size of over ten elements per wavelength for the
highest frequencies of interest. A frequency domain pertur-
bation study yielded the simulated frequency spectra, which
we compare to our experimental data in the following sec-
tion. A more in-depth numerical study of tubular phononic

crystals with and without liquid is currently in preparation
by the project partners [12].

3. Results and discussion
Two ultrasonic contact transducers (V103-RM and V153-
RM, Olympus, Germany) connected to a high-precision
lock-in amplifier (HF2LI, Zurich Instruments AG, Switzer-
land) are used to measure longitudinal and linearly polar-
ized shear wave (polarized along one perpendicular Carte-
sian axis) transmission along the cylindrical axis through
all samples (illustrated in Fig. 2). In the following, relative
transmission of the received signal amplitude divided by
the output signal amplitude is plotted over frequency. The
transducers have a center frequency of 1 MHz and a −3 dB
bandwidth of 100%, but can operate effectively upwards of
about 20 kHz. The measurement range of interest is up to
100 kHz for the polymer samples and up to 250 kHz for
steel, owing to its higher speed of sound. The output ampli-
tude was set to 500 mV. Piezoelectric transduction and me-
chanical coupling efficiency result in an upper transmission
limit of approximately −20 dB, or 100 mV/V. Coupling to
steel samples reduces the maximum transmission to around
10 mV/V due to the smaller contact area of tubes in rela-
tion to the transducer size, while material losses in polymer
samples lead to a maximum transmission below 1 mV/V.
Regions of transmission minima correspond to band gaps.
Repeating maxima correspond to standing waves along the
complete tube length, which are suppressed in the TPCs.
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Figure 2: Illustration of the measurement and simulation
setup for longitudinal (left) and linearly polarized shear
wave (right) transmission through tubular samples.

3.1. Steel TPC

Figure 3 illustrates the transmission through a steel tubu-
lar phononic crystal in comparison to solid and tube refer-
ence. A strong and clear band gap appears around 100 kHz
for both longitudinal and shear wave transmission, with
both gaps overlapping. Band gap suppression relative to
the solid reference reaches −80 dB or 0.1 mV/V in steel,
while transmission outside the band gap is similar to tube
and solid references with nearly no losses. The band gap
center corresponds to longitudinal and shear wavelengths
of approximately 60 mm (cl = 5740 m/s) and 30 mm
(cs = 3270 m/s), respectively. The TPC with a periodic-
ity of 8 mm operates therefore way below the frequency
of Bragg type scattering, demonstrating the local resonator
effect of the periodic rings.
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Figure 3: Measured longitudinal (top) and shear (bottom)
wave transmission through steel rings TPC in comparison
to solid and tube reference.

In Fig. 4 the measured longitudinal wave transmission
(solid lines) of the ring TPC in steel is compared with the
defect designs. Changing the geometry of the third ring re-
sults in the appearance of an additional dip prior to the first
band gap at 60 kHz and a defect resonance mode within the
main gap at 116 kHz. Removing a ring instead introduces
a resonance mode at 121 kHz. The behavior is similar in
the numerical simulations (dashed lines) with a very good
agreement on the band gap and most transmission modes
outside the gap, however the defect resonances are here
split into two distinct modes. The small secondary gap
at 170 kHz is also predicted at a slightly lower frequency
in the simulation. The mismatch can be mostly attributed
to fabrication tolerances. We indicated four different re-
gions/modes A-D. The behavior of the steel TPC at these
four modes is shown in Fig. 5. The band gap behavior is
clearly evident for A and B, with different rings and vibra-
tion modes contributing the local resonance to absorb the
transmitted wave energy. Defect modes C for a larger ring
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Figure 4: Longitudinal wave transmission (solid lines)
through steel rings TPC, with defect modes appearing for
defect ring and missing ring; numerical data (dashed lines)
for validation and determination of modes A-D.
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Figure 5: Numerical displacement (colors corresponding
to positive, red, and negative displacement in x-direction,
blue) and deformation plot of steel TPC samples for band
gap regions A and B, as well as defect resonances C and D
corresponding to Fig. 4.

and D for a missing ring highlight the effect of defect engi-
neering to achieve narrow-band transmission inside a band
gap.

The transmission of linear shear waves through steel
TPC is given in Fig. 6. While some features similar to
longitudinal wave transmission can be found, the defect
resonances of an enlarged or missing ring are much less
pronounced or cannot be excited by this kind of motion at
all. The primary band gap spans a considerably larger fre-
quency range from 60− 140 kHz.
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Figure 6: Shear wave transmission through steel rings TPC
and with defect ring and missing ring.

3.2. Polymer TPC

In comparison, the tough polymer TPC also displays a
strong band gap for longitudinal waves (solid lines), which
is in very good agreement with the numerical results
(dashed line) in Fig. 7. The band gap for shear waves (dot-
ted lines) on the other hand does not coincide with it. Ad-
ditionally, the higher material losses in the printed polymer
strongly dampen the defect modes due to larger or missing
ring. Nonetheless, the effect of defect engineering is similar
to steel samples.
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Figure 7: Longitudinal (solid lines) and shear wave trans-
mission (dotted lines) through tough polymer TPC, with nu-
merical data (dashed lines) in good agreement.

For the tough and flexible polymers the center fre-
quency of the first longitudinal wave band gap is around
35 kHz and 27 kHz, respectively. This corresponds to a
wavelength of approximately 50 − 70 mm (exact speed of
sound is unknown for the 3D-printed polymers). Band gap
suppression relative to the solid reference reaches around
−70 dB in the polymer samples. However, transmission
outside the band gap is also suppressed by -20 dB or more
in the polymers. Curiously, the hollow polymer reference
tubes also display a band gap for longitudinal waves. Fig-
ure 8 illustrates this behavior that mimics a phononic band
gap. The tough, stiff polymer tube has a strong band gap
between approximately 71 − 89 kHz and the soft, flexible
polymer between 47−65 kHz. This corresponds to longitu-
dinal wavelengths of about 29 mm, about 2/5 of the length
of the tube. The steel tubes do not display this behavior.

As shown in Figure 9, the displacement plot from the
numerical simulation shows the tough polymer TPC yield-
ing a pattern similar to steel for the phononic band gap. The
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Figure 8: Longitudinal wave transmission through tough,
stiff (top) and soft, flexible polymer (bottom), with simple
tubes showing band gaps around 80 and 55 kHz, respec-
tively.
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Figure 9: Numerical displacement (colors corresponding
to positive, red, and negative displacement in x-direction,
blue) and deformation plot of tough polymer TPC and tube
samples for band gap regions E and F corresponding to
Fig. 8.

band gap behavior for the tube is related to a traveling radial
mode with a shorter wavelength than the longitudinal wave.
For the combination of radius, wall thickness, and length of
the tube, it leads to destructive interference of the traveling
radial shear wave at the frequencies indicated above. Excit-
ing with a linearly polarized shear wave does not couple to
this mode and does not lead to a similar band gap.

4. Conclusions
In this contribution, design and experimental results of de-
fects in tubular phononic crystals are demonstrated for three
different materials. The transmission through the tubular
phononic crystals without and with defects is compared to
reference solid cylinders and hollow tubes. A periodic ar-
rangement of only five local ring resonators added to the
exterior of a tube yields a well defined and strong phononic
band gap in metal and polymer samples. Changing or re-
moving one ring to introduce a defect results in strong de-
fect resonances appearing in the band gap of steel samples,
which illustrates the use for defect mode sensing applica-
tions. The material losses in polymer samples strongly sup-
press these resonances. A feature of hollow polymer tubes
is also documented, with the appearance of a band gap for
longitudinal wave transmission related to a traveling radial
shear wave.
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