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An origami sonic barrier composed of cylindrical inclusions attached onto an origami sheet is
proposed. The idea allows for tunable sound blocking properties for application in attenuating
complex traffic noise spectra. Folding of the underlying origami sheet transforms the periodicity of
the inclusions between different Bravais lattices, viz. between a square and a hexagonal lattice, and
such significant lattice re-configuration leads to drastic tuning of dispersion characteristics. The
wave tuning capabilities are corroborated via performing theoretical and numerical investigations
using a plane wave expansion method and an acoustic simulation package of COMSOL, while
experiments are performed on a one-seventh scaled-down model of origami sonic barrier to demon-
strate the lattice re-configuration between different Bravais lattices and the associated bandgap
adaptability. Good sound blocking performance in the frequency range of traffic noise spectra com-
bined with less efforts, required for actuating one-degree of freedom folding mechanism, makes
the origami sonic barrier a potential candidate for mitigating complex traffic noise. Published by

AIP Publishing. https://doi.org/10.1063/1.4991026

I. INTRODUCTION

With the increase in urban population, the number of
vehicles on the road has increased exponentially, and the
associated traffic noise pollution is also peaking. Noise pol-
lution is defined as harmful level of sound that disturbs the
natural rhythm of the human body, and traffic noise is con-
sidered one of the major sources of noise pollution in an
urban environment. Several studies have shown that high
intensity noise is the cause of many health issues such as
sleep apnea, stress, fatigue and hypertension.' Apart from
health issues, traffic noise also interferes with cognitive func-
tions including attention, concentration, memory, reading
ability, and sound discrimination—Ieading to a less produc-
tive work environment.

The main source of traffic noise, which is the vehicle
pass-by noise, comes from sources such as engine, intake
and exhaust manifolds, tire-road interaction, road surface
quality and other engine accessories.” It is further known
that the frequencies of the noise sources depend on the fol-
lowing two factors (a) type of vehicle: heavy-duty vehicles
such as freight trucks, buses and lorries produce low fre-
quency noise, while light vehicles such as automobiles and
motor cycles create high frequency sound and (b) speed
of vehicle: vehicles travelling at low speed (for example,
on highways during rush hour traffic) contributes to low
frequency traffic noise, while on the other hand, vehicles
travelling at high speed (for example, on highways during
off-peak traffic) lead to traffic noise dominated by high fre-
quency content. It has been quantified that these variations
under traffic conditions cause the dominant frequency of the
noise spectra to shift between 500 and 1200 (Hz).*® Hence,
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an effective sonic barrier needs to be able to adapt and atten-
uate the dynamically changing dominant traffic noise spectra
to reduce the harmful effects of noise pollution.

While the traditional barriers such as vertical walls that
act as barriers can attenuate the traffic noise across the entire
spectrum, they are heavy and block the flow of wind which
may lead to high loads and moments on the foundation upon
which it is built, thereby limiting its applications. Secondly,
the design of vertical walls to block the sound across a broad
range of frequencies is an overkill strategy, as the traffic con-
ditions that create noise across the entire spectrum seldom
occur. Finally, the incidence of oblique waves onto these
barriers leads to higher diffraction at the top edge and
increases the noise propagation across the barrier, compared
to barriers (developed in this work) that have a rough top
edge.”” The second kind of sound barriers is made of peri-
odic structures,'®>* and some on-road installations [Fig.
l(a)]29 have shown that the periodic barriers can be used to
block the sound wave propagation. Some of the benefits of
periodic sonic barriers include (a) a less amount of load
transfer to foundation on which it is built, (b) being optically
transparent and permeable to wind and (c) having an aesthet-
ically pleasing view.'”!" However, one of the major draw-
backs of these designs is that, with fixed periodicity, the
barriers can only block traffic noise spectra corresponding to
certain frequency range that is dictated by Bragg’s effect. In
order to elevate this problem, recent studies proposed peri-
odic barriers that possess multi-physical phenomena proper-
ties that improve the attenuation range'""'>'7'*% [Fig. 1(a)].
But the attenuation phenomena, such as absorption and reso-
nance, in the modern barriers require the use of a sophisti-
cated barrier material, and the construction process is
complicated.

Building upon the benefits of periodic barriers and to
elevate the inherent problem of fixed periodicity in their

Published by AIP Publishing.


https://doi.org/10.1063/1.4991026
https://doi.org/10.1063/1.4991026
https://doi.org/10.1063/1.4991026
mailto:mthota@umich.edu
mailto:mthota@umich.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4991026&domain=pdf&date_stamp=2017-10-17

154901-2

M. Thota and K. W. Wang

Folding angle = 0°

ONCEONONORONORONCNONG)
OOOOOOOO
ORCEYNONONONORONCNONG)

Folding angle = 55°

O0OOOOOOO0OO0
O00O0O0000000O
OOOOOOOOOO?_T
y

Lattice of
.~ cylindrical
inclusions

Origami

Folding angle = 70°

Cross-section
SRR

FIG. 1. (a) Periodic pipe noise barrier installed in Eindhoven by Van
Campen.29 (b) and (c) Ilustrations of different folding configurations of an ori-
gami sonic barrier (OSB) and their corresponding cross-section views. The pink
polygons in cross-section views identify different lattice patterns and show that
the lattice transforms from a (b) hexagon to a (c) square and to a (d) hexagon,
when the folding angle is shifted from (b) 0° to (c) 55° and to (d) 70°.

design, here, we propose an innovative design of a reconfig-
urable periodic barrier and utilize the effect of varying peri-
odicity to efficiently block the dynamically changing traffic
noise spectra. In our previous theoretical work,” we have
shown that the periodicity of a lattice of inclusions can be
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varied by folding the underlying origami architecture. Based
on this concept, here, we propose a new design of reconfigura-
ble origami sonic barrier (OSB) that constitutes periodically
arranged cylindrical inclusions attached on top of an origami
sheet. In this work, the origami folding kinematics are
designed such that the reconfiguration in the periodicity of
inclusions occurs between distinct symmetry properties (such
as square and hexagonal Bravais lattice patterns). Such fold-
ing induced reconfigurations are shown to drastically change
the spectral properties of bandgaps, and are exploited to block
the dynamically changing traffic noise spectra. Furthermore,
the origami folding, being a simple one-degree of freedom
action, requires only minimal local actuation to effectively
change the global shape. In this study, a scaled-down OSB is
built, and its tunable sound blocking performance is demon-
strated. Overall, the versatile and practical-to-implement ori-
gami design is exploited to build an ideal reconfigurable sonic
barrier for managing a complex traffic noise pattern.

In this article, we first describe the design of an origami
sonic barrier (Sec. II) followed by analytical and numerical
simulation results demonstrating tunable bandgap features
(Sec. IIT). We then explain the details of the design and fabri-
cation of an origami sonic barrier and present test results that
show adaptability in sound blocking features (Sec. IV). We
then discuss the correlation between results and conclude the
article with some final remarks (Sec. V).

Il. CONCEPT

To achieve lattice transformation, the origami sonic bar-
rier (OSB) is made up of rigid cylindrical inclusions attached
onto the vertices of a Miura-origami sheet [Figs. 1(b)-1(d)].
As shown in the illustrations, the folding induced kinematics
leads to transformation in the periodicity of inclusions
between different lattice patterns [refer to the cross-section
views of Figs. 1(b)-1(d)].

The periodic Miura-origami sheet can be studied via a
unit vertex (Fig. 2), where the following three parameters
completely define the geometry of an origami sheet; two
crease lengths (a,b) and one sector angle (y) between them.
To study the folding kinematics of the origami sheet, a dihe-
dral folding angle (0) that represents the angle made by
quadrilateral facets with the xy reference plane is considered.
When the folding angle is 0°, the origami sheet is completely
flat and parallel to the xy plane, while on the other hand,
when the folding angle is 90°, the origami sheet again collap-
ses into a flat sheet that is perpendicular to the xy plane. As a
result, the relative spatial position of the origami vertices

FIG. 2. Origami unit vertex labelled with important geometric parameters.



154901-3 M. Thota and K. W. Wang

changes with the folding angle, and their kinematic relations
are given by Eq. (1). Since the inclusions are attached on top
of origami vertices (represented by red ellipses in Fig. 2), the
periodic geometric distribution of inclusions also changes
with the folding angle.

H = asinfsinvy,

2bcos Osiny
VA sinzesinzy7
(1)
W =2a4/1 — sin®0sin’ y,

bcos)
S = A
/1 —sin Osin® y

To achieve large adaptation in the sound blocking perfor-
mance required for mitigating dynamically changing traffic
noise spectra that vary between 500 and 1200 (Hz), we
design the origami sheet such that the folding kinematics can
change the periodicity of inclusions between square and hex-
agonal lattice patterns. As will be shown later, such transfor-
mations between lattice patterns with distinct symmetry
properties can lead to a drastic adaptation in the spectral
properties of bandgaps. In this regard, to achieve desired lat-
tice patterns in the spatial distribution of inclusions attached
onto the vertices of the Miura-origami sheet, the following
relations [Eq. (2)] between origami geometric parameters
must be met.
To achieve a square lattice pattern

L=

a n
a__.n 2
b cosy(n®+1) @)

where 7 is an integer.
To achieve a hexagonal lattice pattern

a 2(2n—1)
cosy ((Zn 1)+ 3) .

b=

Solving the above equations for n=1 to 6, we generate
Fig. 3 that provides a parametric design space of the origami
sheet; these design parameters can achieve either a square,
hexagonal or both patterns in the lattice of inclusions
attached onto the vertices of Miura-origami sheet. In Fig. 3,
the black dashed curves provide the origami sheet design
parameters that can achieve a hexagonal lattice pattern,
while the red dash-dotted curves represent design parameters
that can achieve a square lattice pattern. It can also be seen
from Fig. 3 that for some design parameters (marked by a
thick green dash-dotted curve), it is possible to achieve both
square and hexagonal configurations; i.e., by folding the
Miura-origami designs on a thick green dash-dotted line, the
lattice of inclusions can transform between square and hex-
agonal patterns.

Among the possible designs available (thick green-dash
dotted line), as a proof of concept, we pick an origami sheet
design represented by a circular marker that can transform
between square and hexagonal lattice patterns; the circular
marker represents the design with a crease length ratio (a/b)
of 1 and a sector angle (y) of 60°. As will be shown later,
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FIG. 3. Achievable lattice configurations via Miura-Origami rigid folding
based on different crease designs. Combinations of y and a/b that can
achieve a hexagonal lattice (H) and a square lattice (S) are represented by
black dashed and red dashed-dotted curves respectively. Only the curves
based on n= 1 to 6 are plotted. There exists a subset of y and a/b combina-
tions (thick green dash-dotted curve), where it is possible to switch between
square (S) and hexagonal (H) lattice types.

this design with the following values for the crease lengths
a(=b) and the radius (R) of cylindrical inclusions, 0.56 (m)
and 0.1477 (m) respectively, will block the dominant traffic
noise spectra i.e., varying between 500 and 1200 (Hz). To
demonstrate the lattice transformation, we illustrate the spa-
tial distribution of inclusions in an OSB with the circular
marker design in Figs. 1(b)-1(d); for the chosen set of
parameters, the lattice of the inclusions is transformed from
a hexagon into a square, and then to a hexagon pattern, when
the folding angle is varied from 0° to 55° to 70° respectively.
In this work, the cylindrical inclusions are made of polyvinyl
chloride (PVC) material, and the OSB is placed in air that
acts as the host media in which sound propagation is
evaluated.

lll. ANALYTICAL AND NUMERICAL INVESTIGATIONS

A. Analytical investigation via a plane wave expansion
(PWE) method

In order to study the effect of lattice reconfiguration on
the bandgap features of an OSB, the first principle wave
equation [Eq. (3)] is solved via the PWE method. The OSB
is assumed to be large in the axis parallel to the inclusions
and we only solve for the acoustic wave propagation through
the plane perpendicular to the inclusion axis. The OSB being
periodic in the xy plane, its wave behavior can be evaluated
by solving the wave equations [Eq. (3)] inside a unit-cell
with appropriate boundary conditions [Fig. 4(a)]. This unit-
cell, as represented by a dashed rectangle in Fig. 4(a),
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consists of a basis that is formed by two inclusions marked
with centers at C; and C,, and is composed of two lattice
vectors a; and a,; tessellations of this unit-cell combined
with basis inclusions along a; and a, directions will re-create
the origami sonic barrier. The relationship between the unit-
cell parameters and the origami unit vertex parameters is

given in Eq. (4),
o’p 1
(Pcl ) or V.(;Vp), ¥

a; = Lx,
L W
a = 7%
- |a1| |a2| 4)
C =
1 2 l+ 2 25

- 3|a N
G, = (S_ |22|)a2

The materials properties of PVC inclusions and the air host
are given in Table I. Because of the high impedance mis-
match between the solid inclusions and the fluid host, most
of the wave energy incident onto the inclusions will be
reflected. With little energy transfer into the inclusions, we
can ignore any transverse vibrations and model the solid
material as an equivalent media that can only sustain longitu-
dinal wave propagation. Furthermore, the host is assumed to
be ideal and does not dissipate any wave energy passing
through it.

The general idea behind the PWE method?®?” is to
expand the materials properties (pj, =, Kiny = ;>) and the
pressure wavefield (p) in Eq. (3), in terms of Fourier series
expansion. Upon substitution of series expansion into the
first principle partial differential equation (PDE) [Eq. (3)], it
can be converted into an eigenvalue problem (EVP) with
two variables; viz. wavevector (k) and eigen frequency. The
wavevector is swept along the high-symmetry directions of
reduced 1st Brillouin zone [given in the inset of Fig. 4(a)],
and the eigen frequencies are evaluated to extract the disper-
sion diagrams as shown in Figs. 5(b) and 5(d); more details
about the PWE method can be found in Appendix A.

Dispersion diagrams of an OSB in two different configu-
rations given in Figs. 1(c) and 1(d) are plotted in Figs. 5(b)
and 5(d) respectively. Discontinuities in dispersion diagrams
across all high symmetry edges of the reduced 1st Brillouin
zone represent complete bandgaps,”® and are highlighted as a
region between horizontal dash-dotted (blue) lines in Figs.
5(b) and 5(d); in such spectral regions, sound propagation is

J. Appl. Phys. 122, 154901 (2017)

TABLE I. Materials properties of inclusions and the host.

Materials properties pPvVC Air
Density, (p), (kg/m?) 1.56 x 10° 13
Longitudinal speed of sound (c;) (m/s) 2395 340

blocked for all wave incidence directions. From these plots,
it can be clearly seen that the bandgap of an OSB at 55° and
70° folding configurations occur around 500 and 1000 (Hz)
respectively. The significant shift in the bandgap during fold-
ing, especially in the 500-1200 (Hz) range, could be very
useful for attenuating the dynamically changing traffic noise
spectra.

B. Numerical investigation via finite element analysis
(FEA)

The dispersion diagrams extracted via the PWE method
are for infinitely periodic structures, but in real situations,
finite sample effects have to be taken into account. For this
reason, numerical simulations are performed on a finite sam-
ple using commercial FEA software COMSOL.

For this study, the 2D cross-section of an OSB in two
different configurations, as given in Figs. 4(b) and 4(c), is
modelled and evaluated using the acoustic-structural inter-
face package of COMSOL. As before, the circular solid
inclusions and the fluid host are provided with materials
properties corresponding to PVC and air, as given in Table 1.
In this model, the locations of a point source and receivers
are also shown, where the source is placed at a distance of 2
(m) from the first row of OSB, and the sound pressure level
(SPL) is measured at receivers, which are placed at a dis-
tance of 4 (m) from the source. The two receivers are posi-
tioned such that, each of the source-receiver line makes an
angle of 0° and 45° with respect to the x-axis; measurements
from these two different receivers are required to calculate
the insertion loss (IL) of transmission along different wave
directions. In this model, the four outside boundaries of the
model are provided with the radiation boundary condition to
absorb any reflections.

A frequency domain analysis is performed across the
frequency range 10-1500 (Hz), and the insertion loss (IL),
which is extracted as the difference in SPL (in dB) without
and with a sonic barrier, is plotted in Figs. 5(a) and 5(c).
Each figure contains two IL curves, solid (purple) and dash-
dotted (green), representing 0° and 45° wave excitations,
respectively, and a higher value of IL in each of these curves

(a) (b) ‘\(_r/ecelver\s_ﬂ origami (c) « o
¥ sonic barrier

O OaQ OO 000000800000005000000000000

©00000080000000000000000000
O ®_Cj_‘1o N M 060000008000000000000000000
OCed | L - -

= yj 55° folding air . 70°folding

O O O O O source—"  configuration configuration

FIG. 4. (a) Description of a unit cell and a reduced 1st Brillouin zone used for the PWE method. (b) and (c) Models developed in COMSOL for evaluating the
insertion loss (IL) spectra of an origami sonic barrier (OSB) at two different folding configurations.
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FIG. 5. (a) and (c) are the insertion loss (IL) spectra evaluated via numerical simulations in COMSOL, and (b) and (d) are the dispersion diagrams generated
via the PWE method of an origami sonic barrier (OSB) at 55° and 70° folding angles, respectively. In (a) and (c), two different IL curves correspond to 0° and

45° wave incidence.

represents good sound blocking performance; in general, a
sound barrier with an IL of 10 (dB) is considered of good
quality,'® and a vertical dash-dotted (red) line is plotted in
Figs. 5(a) and 5(c) as a guide, indicating the threshold IL.
For qualitative reference, a 10 (dB) drop in IL would be
equivalent to cutting noise pressure levels by 90%, or to put
it in other words, the traffic noise that could otherwise be
heard as far as a mile away would now only be perceived
from a distance of 0.3 miles. It can be clearly seen that the
sound blocking phenomena of an OSB at 55° and 70° config-
urations occur in different spectral regions with the IL peak-
ing at 500 and 1000 (Hz), respectively; these regions are
marked by horizontal dash-dotted (black) lines in Figs.
5(a)-5(c), where the IL is greater than the threshold for both
wave incidence directions. These spectral regions with a
high IL match very well with the complete bandgaps pre-
dicted via the PWE method, and provide further evidence of
adaptability in the sound blocking performance of an OSB.

Overall, the above analytical and numerical investigation
results show that for traffic noise dominated by low frequency
content [around 500 (Hz)], the OSB can be configured to 55°
folding angle, while on the other hand, the OSB in 70° config-
uration can be used to block traffic noise dominated by high
frequency content [around 1000 (Hz)]—making the origami
sonic barrier effective in blocking the dynamically changing
traffic noise spectra. It should be noted that the above analyti-
cal and numerical results, in terms of dispersion plots and IL
spectra, are independent of the density ratio between the solid
inclusions and the fluid host if the density ratios are higher
than 100 (Ref. 26) (the density ratio of the system used in this
paper is around 1200).

IV. EXPERIMENTAL INVESTIGATION

A. Scaled-down model

To experimentally demonstrate the lattice reconfigura-
tion and adaptable sound blocking features, we have fabri-
cated and performed tests on a scaled-down model of OSB
in an anechoic chamber (Fig. 6). More precisely, a one-

seventh model is constructed with the following origami unit
vertex parameters; crease lengths (¢ =»5) of 0.08 (m) and a
sector angle (y) of 60°. Being a linear system, the result of
this proof-of-concept scaled-down model should be enough
to demonstrate the concept and understand the behavior of a
full scale sonic barrier.

B. Fabrication details

The following raw materials and process are used during
fabrication: facets of the origami sheet are made by water-jet
cutting of the aluminum sheet of 0.05 (in) thickness, and the
individual facets are arranged together to form an origami
sheet using an ultra-high molecular weight (UHMW) poly-
thene adhesive sheet of 0.005 (in) thickness; during the fold-
ing process, the UHMW polythene folds at the crease lines,
while the facets remain rigid. 1 /4 (in) PVC pipes with an
outer radius of 0.0211 (m) are used as cylindrical inclusions,
and 360° friction hinges are attached to the origami vertices
that hold the PVC pipes up-right and move them as per the
trajectory of origami vertices during the folding process.
Finally, a caster pipe cap assembly is used as a connector
between PVC pipes and friction hinges.

The OSB that is folded into different configurations is
shown in Fig. 6, where different views of the barrier are
given. In the iso-view [Figs. 6(a)-6(c)], different parts of the
construction are labelled, and a close-up view of the origami
sheet at 0°, 55° and 70° folding configurations is given; it
should be noted that the origami sheet is flat on the table at
0° folding angle [Fig. 6(a)], and as the folding angle
increases, the quadrilateral facets gradually raise making an
angle with the table [Figs. 6(b) and 6(c)]. Through the top
views [Figs. 6(d)-6(f)], it can be clearly seen that the peri-
odic spatial distribution of the inclusions in the xy plane
transforms from a hexagon, to a square and finally to a hexa-
gon Bravais lattice when the folding angle changes from 0°
to 55° to 70°, as predicted through kinematic relations given
in Eq. (1); in these figures, green polygons are drawn as a
guide to identify the lattice shapes. In this top view, we can
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also see the walls of the anechoic chamber, in which the
experiment is conducted.

In order to measure the insertion loss (IL) due to the trans-
mission of a 2D propagating wave, sufficient foam is added at
the top and the bottom of the pipes [as shown in the side view,
Fig. 7(a)], so that the oblique waves incident onto the sonic bar-
rier from the source are absorbed. Furthermore, to minimize the
dispersion of the incident wave in the z-direction, a horn (Piezo
source #KSN1141A) with a rectangular aspect ratio is chosen
as a source that would focus the sound energy predominantly in
the xy plane. Finally, to record the pressure of waves after pass-
ing through the sonic barrier, a microphone [Larson-Davis /4
(in) microphone #2520] is placed behind the sonic barrier
[shown in Fig. 7(a)]. While the horn and the microphone are
placed at the same level in the z-direction equi-distant from top
and bottom foams, they are placed at a distance of 18 (cm) in
front, and 2 (cm) behind the sonic barrier along the x-direction,
respectively, as given in the schematic in Fig. 7(b).

C. Test method

Random white noise is generated through the horn, and the
pressure is recorded using the microphone, where NI DAQ and
LabVIEW are used for both generation and acquisition of ana-
log signals at a sampling rate of 1 (MHz). The 0.1 (s) time
series signal from the microphone is extracted for calculating
FFT spectra, and the spectra is averaged over 20 (s) of data to

J. Appl. Phys. 122, 154901 (2017)

FIG. 6. Different folding configura-
tions of a scaled-down origami sonic
barrier (OSB). (a)—(c) and (d)—(f) are
isometric and top views of the origami
sonic barrier (OSB) at 0°, 55° and 70°
folding angles respectively.

improve the signal to noise ratio. For each OSB configuration,
the test is repeated two times with a horn-mic configuration (a)
parallel to the x-axis and passing through the center of the sam-
ple (viz. 0° excitation) and (b) at an angle of 45°, with respect
to the x-axis (viz. 45° excitation), as shown in the schematic of
Fig. 7(b) and during the test in Figs. 7(c) and 7(d); these differ-
ent experiments are required to test the barrier performance to
incident waves traveling in different directions. The experimen-
tal results of 0° and 45° wave excitations of OSB at 55° and
70° folding angle configurations are shown in Fig. 8(a) and
8(c), where the IL (in dB) curves are calculated as the ratio of
pressure spectra without and with the sonic barrier. Since the
horn has a smooth response in the 2-30 (kHz) range, the IL of
transmission is shown from 2.5 (kHz) and is cut-off at 10.5
(kHz). Moreover, since the frequency can be normalized as wx/
¢; (where “c;” is the speed of sound in air and “x” represents
the lattice constant parameter) while solving the wave equa-
tions,? this spectral range of 2.5-10.5 (kHz) in these validation
tests of 1:7 scaled-down model also corresponds to the fre-
quency range of 350—1500 (Hz) in the actual size sonic barrier,
which is where the traffic noise spectra are known to vary.

D. Results and discussion

In Figs. 8(a) and 8(c), the solid (purple) and dash-dotted
(green) curves represent the spectra corresponding to 0° and
45° excitations, respectively, and the vertical dash-dotted
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FIG. 7. Origami sonic barrier (OSB) at 55° folding configuration. (a) Side view displays the foam used for absorbing any oblique incident waves, and also
shown is the location of the microphone for 0° wave excitation. (b) This schematic of top view shows the geometric locations and orientation of a horn-mic
setup for 0° and 45° wave excitations. (c) and (d) show the orientation of the horn and the sound propagation direction with respect to the barrier, during the

test for different wave incidence tests.

(red) line is the threshold limit set for insertion loss [12
(dB)]. Furthermore, the horizontal dash-dotted (black) lines
are provided that act as a guide to identify the spectral
regions, where the IL of barrier is greater than the threshold
for both directions of excitation.

In Figs. 8(b) and 8(d), dispersion diagrams (generated
via PWE) of the scaled-down sonic barrier are plotted, where
the region between the horizontal dash-dotted (blue) lines
represents the region of complete bandgap. The materials
properties used for evaluating the band structure via the
PWE method (Appendix A) in the 2D cross-section plane are
given in Table I, and the outer radius of PVC inclusions are
assigned to be 0.0211 (m). Because of the large impedance
mismatch between PVC inclusions and the air host, most of
the wave energy incident on the inclusion-host interface is
reflected back into the air, and hence with little energy trans-
fer into the inclusions, we modelled hollow PVC pipes as a
solid PVC rod. Furthermore, the air is assumed to be ideal
with non-dispersive characteristics while evaluating the band
structure. As will be shown later, the PWE results match
well with the experimental data, validating the accuracy of
the above assumptions.

Upon comparing the experimental IL spectra [Fig. 8(a)
and 8(c)] to the dispersion diagrams [Figs. 8(b) and 8(d)], it
can be clearly observed that the complete bandgap predicted
via the PWE method aligns very well with the peaks of the
IL between the horizontal black dash-dotted lines.
Furthermore, comparing the IL of an OSB at different fold-
ing configurations [Figs. 8(a) and 8(c)], it can be observed
that the sound blocking performance occurs in different
spectral regions—i.e., the scaled-down OSB at 55° folding
angle can block low frequency waves [around 3.5 (kHz)],
while the same barrier at 70° folding angle can block the
high frequency wave propagation i.e., around 7 (kHz).

Based on the experiments of a scaled-down model and
the simulation results as presented in Sec. III of this article,
it can be concluded with confidence that the sound blocking
features of an actual size origami sonic barrier can be tuned
in the frequency range 500—1200 (Hz). The above statements
imply that the origami sonic barrier configured to 55° folding
angle with a square lattice can be used to block low fre-
quency dominated traffic noise (that occurs on highways dur-
ing rush-hour or on roads with heavy-vehicle traffic), while
on the other hand, the reconfigured sonic barrier to 70°
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FIG. 8. (a) and (c) are the experimentally calculated insertion loss (IL) spectra, and (b) and (d) are the dispersion diagrams generated via the PWE method of a
scaled-down origami sonic barrier (OSB) at 55° and 70° folding angles respectively. In (a) and (c), two different IL curves correspond to 0° and 45° wave

incidence.
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folding angle with a hexagonal lattice can block high fre-
quency dominated traffic noise (that occur on highways dur-
ing off-peak traffic and on roads with automobile traffic).
One other important feature of the origami sonic barrier is
that the reconfiguration mechanism that causes the wave adapt-
ability is a one-degree of freedom action and thus requires
low actuation effort to precisely reconfigure the barrier.
Furthermore, with an inherent rugged top edge profile, the
OSB can better-diffuse the diffracted wave at the top edge
(compared to a vertical wall barrier of same height), leading to
reduced transmission of an oblique incident wave across the
barrier. Additionally, the OSB with its corrugated facade, per-
pendicular to wave propagation, leads to better diffusivity of
the wave that is reflected into the road;'? such phenomena of
radiating the sound energy in many directions is an important
property that is required for reflective sound barriers for reduc-
ing the intensity of reflected sound on the road side. Hence, the
origami sonic barrier with the advantages of a periodic barrier,
coupled with better diffusion properties and funable wave
blocking characteristics at limited actuation, will be an effec-
tive innovation for attenuating complex traffic noise.

V. CONCLUSIONS

A concept of origami sonic barrier is proposed, which
exploits origami folding for lattice reconfiguration and
achieves adaptable sound blocking characteristics. Analytical
and numerical investigation results generated using the PWE
method and COMSOL software show that the dispersion char-
acteristics and the insertion loss of the origami sonic barriers
can be tuned in the desired frequency range of traffic noise
spectra. Further, experiments performed on a scaled-down
model demonstrate that the origami sonic barrier can be re-
configured between different Bravais lattices, and that a full-
scale origami sonic barrier can be tuned to attenuate the com-
plex noise pollution spectra, whose dominant frequency shifts
in the range of 500 to 1200 (Hz). The tunable wave character-
istics together with the benefits of a periodic barrier and a
practical actuation mechanism make the origami sonic barrier
a prime candidate for attenuating traffic noise.
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APPENDIX A: PLANE WAVE EXPANSION METHOD

The fundamental idea behind the PWE method is to

expand the periodically varying materials properties
(Piny = 7> Kiny = 542 in Eq. (3) as Fourier series, in terms of

unit cell parameters and with plane waves being used as
basis functions, as given in Eq. (Al); where 7 is the place
holder for K;,, and p;,, and t5 being their Fourier
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coefficient. The wave numbers of the plane waves in the
expansion are given by reciprocal lattice vectors, by and b,
with (m, n) being integers, spanning from —q to q.

(%) = Z TGe’E"?7
G

1 __
6= JJ‘C(X)e”G"‘a’A,
cell A (Al)
G = mb| + nb,,
_ 2 — 2
b= % & by = ——
|at]| a2y

Now, the pressure field in Eq. (3) can also be expanded using
Floquet-Bloch theorem, which states that the wave field in a
periodic structure is entirely periodic except for the phase
shift across the unit cell, as p(X) = . pge'®*e* ¥, where k
is the wavevector. The wavevector is typically swept along
the edges of the irreducible 1st Brillouin zone to evaluate
the bandgap structure; for the unit cell considered, the high
symmetry wavevector directions are represented by sides
of the rectangle, TXMNI" with I' = (0, 0), X = (ﬁ,O), M
= (ﬁ 7\;%\)’ N= (O,‘a:’;l), as shown in the inset of Fig. 4(a).

Furthermore, the Fourier coefficient g in Eq. (Al), for
circular inclusion, can be simplified as

1 total # of inc

?E:O :A— Z (A inc (Tinc - lest)) +AceliThost | »
cell inc=1
# of inc
B 1 total . e o
ol 2, (O O g )

(A2)

where J is the Bessel function of the 1st kind of order 1,
“inc” represents the equivalent inclusions and R is the radius
of the circular inclusion.

Upon substitution of materials properties and pressure field
expansions into Eq. (3), Eq. (3) is discretized into the eigen
value problem (EVP) [P’lQ — a)zﬂ pg = 0, with P and Q rep-
resenting (2g+ 1)* square matrices, P = Kinvg, &5 Qj
= (k +Gj).(k+G) Pinvg _g. - For the kind of periodic distri-
bution of circular inclusions éiven in Fig. 4(a), a value of ¢
equal to 9 [i.e., 361 number of plane waves for Fourier expan-
sions of Eq. (A1)] provided reliably good convergence of eigen
values at minimum computational cost.”” The EVP is solved
along different wavevectors spanning the edges of the irreduc-
ible 1st Brillouin zone, and a typical dispersion diagram which
represents the first few eigen frequencies along the high sym-
metry directions is extracted.
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