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Abstract

Recent studies have exemplified the potential for curved origami-inspired acoustic arrays to focus waves. Yet, reconfigur-
able structures that adopt curvatures are often difficult to translate to practice due to mechanical deformation of the
facets that inhibit straightforward folding. In addition, not all tessellations that curve upon folding are also flat-foldable,
which is a key advantage of portability inherent to many origami-inspired structures. This research introduces a new con-
cept of partially activated reconfigurable acoustic arrays as a means to mitigate these drawbacks. Here, tessellations are
studied where a subset of the facet surfaces are considered to radiate acoustic waves. The analytical results reveal focus-
ing behaviors in such arrays that are otherwise not manifest for the array when fully activated. The focused waves are
more intense in amplitude and space for partially activated arrays than fully activated counterparts. These trends are ver-
ified by experiment and are also found to be applicable to multiple reconfigurable array geometries. The results encour-
age broader study of the design space accessible in reconfigurable arrays to capitalize on all of the functionality afforded
by origami-inspired wave guiding structures.
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I. Introduction susceptible to challenges inherent to digital control
. . . o techniques (Harne and Lynd, 2016). Alharbi et al.
Origami-based structures are under close investigation (2018) examined origami-inspired reconfigurable dipole

throughout science and engieering because Of, the antennas composed of e-textiles for applications involv-
extreme portability and reconfigurability afforded in an ing wearable communication systems, while Liu et al.

easy-to-manufacture platform. The concept of origami (2015) and Yao et al. (2017) studied spiral-shaped
is introduced in numerous fields, including for soft

robots, metamaterials, and programmable structures
(Babaee et al., 2016; Bertoldi et al., 2017; Boatti et al.,
2017; Lv et al., 2014; Martinez et al., 2012; Overvelde
et al., 2016; Rus and Tolley, 2018; Silverberg et al., 2014).
Mechanical manipulators (Belke and Paik, 2017; Miyashita
et al., 2017) and biomedical devices (Johnson et al., 2017; tic transducers for sake of steering and modulating
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Frequency selective surfaces created from reconfigur-
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tation has been achieved for arrays composed of acous-
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(a) Folding pattern and geometric parameters of the flat-foldable tessellated array, (b) folded and unfolded configurations,

and the point locations in the acoustic field, and (c) exemplary illustrations of partial activation promoting better waves focusing by

minimizing destructive interference effects.

Focusing acoustic waves is central to numerous
applications including the ablation of solid tumors
(Illing et al., 2005; Kennedy, 2005), nondestructive test-
ing (Drinkwater and Wilcox, 2006), and industrial
(Harker et al., 2014) and biomedical imaging (Fink
et al., 2003). In high-intensity focused ultrasound prac-
tices, the acoustic waves converge at the focal point
where the tumor is ablated. Consequently, curved
transducers are employed (Kennedy, 2005). Yet, it is
difficult to access the tumor locations for cancers deep
in the body and thus challenging to ablate tumors inac-
cessible by conventional large probes. Recent studies
have proposed using origami-inspired transducers that
fold flat for transport through the body to the point of
care, whereafter the unfolded transducer focuses ultra-
sound at the tumor for treatment, followed by a rever-
sal of the process to exit the body (Zou et al., 2018).
Yet, the curved origami transducer surfaces proposed
for such vision are not flat-foldable (Zou and Harne,
2017; Zou et al., 2018). Although there are flat-foldable
origami structures able to realize curved forms (Dudte
et al., 2016), the tessellations are not easily held in posi-
tion in practice due to elastic deformation of the facet
surfaces (Schenk and Guest, 2011). On the other hand,
regular non-curved and flat-foldable tessellations such
as the regular Miura-ori (Schenk and Guest, 2013) are
easy to maintain in precise folded configurations due to
the in-plane kinematic reconfiguration. Unfortunately,
when outfit with acoustic transducers, acoustic arrays

established on regular Miura-ori patterns do not focus
acoustic waves (Harne and Lynd, 2016; Zou and
Harne, 2018).

Motivated by these shortcomings, the goal of this
research is to devise and study an acoustic array based
on the regular Miura-ori tessellation that focuses waves
according to the folded configuration. The proposed
technique to realize focused waves with a traditionally
non-focusing array structure is based on partial activa-
tion of the acoustic transducers positioned on a piece-
wise assembled folding structure. The crease pattern
and geometric parameters of the tessellated array stud-
ied here are shown in Figure 1(a). A waterbomb unit is
used at the center of the array to enable folding of two
arms each composed from four regular Miura-ori units.
The regular Miura-ori units are considered to vibrate
like baffled pistons and thus to radiate acoustic waves,
Figure 1(b). The hypotheses tested in this report are
that (1) the folded array from regular Miura-ori sur-
faces focuses waves and (2) the partial activation of the
array leads to more dramatic focusing. The first
hypothesis is supported on the intuition that the V-
shape realized by the folded array, Figure 1(b), may
lead to converging waves along the z axis. The second
hypothesis is exemplified in Figure 1(c). When all eight
Miura-ori units are activated to radiate waves, there
may be less constructive interference of waves along
the the z axis than when only 75% of the units are acti-
vated. Conversely, when only 50% of the units are
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activated, greater constructive interference may
occur along the z axis to focus waves. Consequently,
this research investigates the efficacy of partial activa-
tion of the flat-foldable and piecewise assembled array,
Figure 1(a), to focus waves while retaining the simpli-
city of array reconfiguration by exploiting the regular
Miura-ori tessellation.

This research undertakes analytical and experimen-
tal efforts to scrutinize the wave focusing opportunities
afforded by partially activated acoustic arrays. Section
2 presents the analytical model composed to study the
wave guiding characteristics of the arrays. Then, Sec. 3
details theoretical investigations undertaken to explore
the parametric influences of array design, folding
extent, and partial activation. An extension of the con-
cept to another acoustic array is also provided to exem-
plify the robustness of the proposed concept. Sec. 4
reports experimental efforts to validate the key discov-
eries of the analytical investigations. Finally, the new
findings are summarized with concluding remarks.

2. Analytical model
2.1. Model formulation

The structural and acoustic geometries of the partially
activated arrays collectively influence the wave focusing
capabilities. In order to predict the focusing behavior
of the acoustic array, Rayleigh’s integral is used in this
research to study the relationship among these para-
meters (Zou and Harne, 2018). Rayleigh’s integral
assumes the vibrating planar surface under study is
baffled so that acoustic pressure radiates away from the
vibrating surface only in one direction. This assumption
is satisfied in the subsequent experimental validation as
described in Sec. 4.1. Recent research has furthermore
characterized the relative contributions of reflected and
diffracted waves from adjacent vibrating baffled sur-
faces oriented at oblique angles (Zou and Harne, 2019),
which helps to illuminate that only for small angles
between the adjacent surfaces is Rayleigh’s integral
alone insufficient for prediction. This indicates that the
following analytical modeling formulation is suffi-
ciently accurate to predict wave focus capability when
the array is not significantly folded, such as nearly
folded flat.

The geometries of the regular Miura-ori units and
the central waterbomb unit are shown in Figure 1(a).
The topology of the regular Miura-ori unit is defined
for unfolded and folded configurations by four para-
meters: edge lengths a and b, edge angle vy, and folding
angle 6 (Schenk and Guest, 2013). The facets of the
Miura-ori units are assumed to vibrate like baffled pis-
tons. Rayleigh’s integral is employed to characterize
the acoustic field produced by the array. The acoustic
pressure p is defined at a field point in a spherical coor-
dinate system using the radial distance R, elevation

angle B, and azimuth angle ¢. The origin is at the
geometric center of the unfolded tessellated array,
Figure 1(b). For the tessellation studied here, the
Rayleigh’s integral (Williams, 1999) is computed from
the superposition of contributions from all facet areas
activated and vibrating. The total acoustic pressure at
the field point is therefore

N —jkR,
L po®Uy i, e
R =j———¢ ——dA 1
PR, B, . 1) = = E UA R } (1)

=1 n

Here, the p, is the density of the fluid medium, w is the
angular frequency and u is the amplitude of the normal
particle velocity of the vibrating facet, N is the number
of facets, 4, is the area of the n facet, k = w/cy is
wavenumber where ¢ is sound speed, R, is the distance
from the center of the n™ facet to the field point. In this
study, air is the fluid medium so that p,=1.21 kg/m?
and ¢ =343 m/s.

The equation (1) is only able to be resolved analyti-
cally for the far field, that is for field points many
acoustic wavelengths away from the array surface
(Williams, 1999). As a result, to determine nearfield
acoustic pressure to study the wave focusing ability of
the arrays, the technique developed by Ocheltree and
Frizzell (1989) is employed. The technique, often used
in studies of ultrasonic transducers (Ebbini and Cain,
1991; Jensen and Svendsen, 1992; Ross et al., 2005;
Wan et al., 1996), involves finely discretizing the sound-
radiating surfaces to such small modeled dimensions
that the nearfield points are in the acoustic far field of
each discretized facet surface. The resulting superposi-
tion of all discretized surface contributions then enables
the computation of the nearfield and far field waves
projected from the array. The discretized version of the
Rayleigh’s integral used here, inspired by this tech-
nique, is given in equation (2) where 4,,, is the m"” dis-
cretized surface element on the n” facet and M is the
number of discretized surfaces on a given facet.

N M
_ .Po®WUy
P(R.B, ¢, 1) —1791 tz Z

|:e—.1'kRmn
n=1m=1

Rmn Amn:| (2)
In the following research, this approach is iterated dur-
ing convergence study to identify a sufficient refinement
of each facet so that near field predictions converge.
Here, 512 elements are created over each facet surface
to lead to accurate and converged near field predictions
of the acoustic wave focusing phenomena. The sound
pressure level (SPL) is then found using

R.B. (,5)} 3)

SPL = ZOloglo[ s
Dref

The pms(R,B,d) is the root mean square value of
P(R, B, ¢), while p,.,r = 20 pPa is the reference acoustic
pressure in air. When examining partially activated
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Figure 2. Near field wave focusing from tessellated and ideal folded line acoustic arrays: (a, ¢, and e) SPL in the y — z planes for the
arrays folded to 37°, (b, d, and f) SPL for arrays folded to 46°. Frequency of array activation is |5 kHz. The white space denotes
regions not accessible to prediction by the modeling formulation. The thick black angled lines at the bottom of the shaded space
denote the nominal linear cross-section of the respective array. The black circles in (c—f) denote the focal points.

arrays, the sum over the facets in equation (2) accounts
only for the active facets considered to radiate waves.

2.2. Theoretical assessment of the partial activation
hypotheses

To provide a first test for the two hypotheses of this
research that (i) the piecewise assembled arrays of regu-
lar Miura-ori focus sound and that (ii) the partially
activated arrays lead to greater wave focusing, Figure
2(a) and (c) compare the sound pressure level (SPL) in
the y — z plane for tessellated arrays utilizing activation
constituting 100% and 50% of the surface when driven
at 15 kHz and folded to # = 37°. The unshaded areas
correspond to locations where Rayleigh’s integral can-
not be computed on the basis of the modeled baffled
sound radiating surfaces. The thick black angled lines
at the bottom of the shaded space denote the nominal
linear cross-section of the respective array. The arrays
have dimensions of @ = 7mm, b = 7mm, y = 70°,
¢ = 8mm, d = 5 mm. Compared with the fully acti-
vated tessellated array in Figure 2(a), the array in
Figure 2(c) that is activated on the 50% of the folded
Miura arms most distant from (y,z) = (0,0) shows dis-
tinct wave focusing around z = 0.6 m. Similar trends
are identified when the arrays are folded to # = 46° in
Figure 2(b) and (d). It is further seen in Figure 2(b) that
the fully activated array projects high levels of sound to
the near field without dramatic focusing effect at a

defined focal point. Focusing necessitates spatial locali-
zation of acoustic waves (O’Neil, 1949), indicating that
the results in Figure 2(a) to (d) exemplify that only the
partially activated array achieves a focusing capability.
While further studies reported in the Sec. 3 of this
report investigate spectral and geometric influences to
the focusing capability, these preliminary findings help
motivate the subsequent detailed investigation.

To assess the distinctions between the tessellated,
partially activated array and an ideal line array that is
likewise partially activated and folded in half, Figure
2(e) and (f) shows the results of the SPL in the near
field for a folded line array driven at 15 kHz and folded
to angles 37° and 46°, respectively. The SPL predictions
for the line array may be computed directly from
derived relations for the sound radiation from line-
shaped acoustic sources (Kinsler et al., 2000) account-
ing for the relative rotation between linear strips, or
may be computed through the analytical approach
adopted here. The width and length of the unfolded line
array are the same as those for the tessellated array:
13.1 mm wide and 112 mm long. As seen in Figure 2(¢)
and (f), the focal point for the partially activated line
array is further from the array center (y,z) = (0,0)
than for the tessellated array in Figure 2(c) and (d).
This is intuitive because the tessellation includes facets
partially facing toward z = 0. This means that the
resulting constructive interference occurs closer to
(v,z) = (0,0) for the tessellated array than for the
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Figure 3. Folding influence on wave focusing. SPL along the z axis at |15 kHz for arrays that are: (a) 100% activated,
(b) 75% activated, and (c) 50% activated. Corresponding results at 25 kHz for (d) 100%, (e) 75%, and (f) 50% activated arrays. In
each sub-figure, the folding angles considered are 27°, 32°, 37°, 42°, and 46°. The insets illustrate the activation percentage and

partially folded array.

nominal line array. In addition, the focal point SPL for
the partially activated tessellated array is greater than
the focal point SPL for the corresponding line array.
For the folding angles of 37° and 46°, the focal point
SPL is 93 and 96 dB for the tessellated array, whereas
the nominal folded line array provides 89 and 92 dB to
the focal points under the same fold extents. Such
advantage for focusing by the tessellated array may be
attributed to the facets that point toward the y axis
once folded, as observed in Figure 1(b). Further model
validation is provided in Sec. 4 to fully establish the
efficacy of the new modeling tool. Yet these first results
are sufficient to support the hypotheses of this research
and test the modeling predictions against known analy-
tical solutions for idealized sound radiating surfaces
like the line. The following sections then seek to shed
broad light on the parametric influences that culminate
in adaptive sound focusing capability from partially
activated and tessellated acoustic arrays.

3. Studies and discussions

In this section, the analytical model is employed to
characterize wave focusing from the piecewise

assembled and partially activated acoustic array. The
studies give attention to focusing capability, frequency
sensitivities, and extensibility of the principle.

3.1. Enhancement of wave focusing by folding
partially activated arrays

In Sec. 3.1 and 3.2, the array studied consists of two
arms having five regular Miura-ori units and one cen-
tral waterbomb unit. The dimensions of the array are
a=b=8mm,y = 70°¢ = 8mm,d = 5 mm.
Figure 3(a) to (c) respectively present results of the
SPL at 15 kHz along the z axis when the activation of
the array surface is over 100% of the Miura-ori units,
over 75%, and over 50%. In each sub-figure, the line
styles indicate different extents of folding of the array,
while the insets show the array when folded to 6 =25°.
In these examples, as the folding angle increases, the
peak value of the axial SPL uniformly increases while
the focal point location concurrently draws closer to
the array center at R = (0. Both trends are intuitive
because the more highly folded arrays may direct sound
to focal points nearer to the array center and will do so
at higher amplitudes of acoustic pressure due to
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Figure 4. (a, c) SPL at the focal point as a function of partial activation ratio and folding angle and (b, d) focal range as a function of
partial activation ratio and folding angle. The driving frequencies are 15 kHz in (a, b) and 20 kHz for (c, d).

reduced distance of travel on the basis of geometric
acoustics (O’Neil, 1949). The same trends are confirmed
for the driving frequency of 25 kHz, for the results
shown in Figure 3(d) to (f). Considering the findings of
Figure 3, the more highly folded and less activated
arrays lead to focal points that are more defined than
the less folded and fully activated counterparts.

Similar to the preliminary results in Figure 2, Figure
3(a) to (¢) confirm that the reduction of array activation
percentage leads to a focal point shift away from the
array center, thus to greater axial distance. A more spa-
tially confined focal range is also observed with reduc-
tion of the array activation. The focal range is the range
of axial distance over which the sound pressure level
(SPL) is no more than 6 dB less than peak SPL at the
focal point. One may relate this trend to the greater
similarity between the classical half-circle (or arc) radia-
tor of sound and the present tessellated array when only
50% of the surfaces are activated than when all 100%
of the surfaces are activated. On this basis, these results
suggest that despite lacking an inherent curvature pre-
ferred to focus waves, tessellated arrays that sufficiently
reproduce curvatures by the activated surfaces result in
more substantial focusing effects.

These trends are more comprehensively character-
ized in Figure 4. Figure 4(a) and (c) present the SPL at
the focal point as a function of the partial activation
ratio and the folding angle for frequencies 15 and
20 kHz, respectively. At both frequencies, increasing
activation ratio or folding angle results in greater peak
SPL. The explanations for these findings are apparent.
Greater activation of the surfaces leads to larger net
activated area and thus more absolute pressure radiated
to the focal point. Also, the more highly the array is
folded, the closer the wave-radiating surfaces are to the
z axis, which likewise may lead to greater focal point
SPL.

Figure 4(b) and (d) further characterize the results in
terms of the focal range. Here, the focal range is
defined as the axial distance range over which the SPL
is no more than 6 dB less than the focal point peak
SPL. The results in Figure 4(b) and (d) reveal that
increasing the array folding angle reduces the focal
range. Reduced focal range indicates a more substan-
tial focusing effect since a sharply defined focal point is
often sought in applications of ultrasound ablation of
tumors and targeted communications. For a given fold-
ing angle such as around 35° the reduction of
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Miura-ori unit, (b) 75% area, and (c) 100% area. Linestyles correspond to folding angle extent of the arrays.

activation ratio causes the focal range to change in a
nonlinear way. Specifically, for both 15 and 20 kHz in
Figure 4(b) and (d) with arrays folded to 35°, the focal
region is higher in value, then lesser in value, and then
higher in value again with the increase of activation
ratio. Between Figure 4(b) and (d), the specific partial
activation ratio that most reduces the focal range is not
the same. For 15 kHz in Figure 4(b), the smallest focal
range is found for 35° when the partial activation ratio
is around 0.60, where for 20 kHz in Figure 4(d) the
smallest focal range occurs for 0.55 activation ratio.
These results suggest that an optimal partial activation
percentage exists for the array under a given folding
extent and driving frequency of operation.

3.2. Influence of driving frequency on peak axial SPL

The trends uncovered in Sec. 3.1 indicate the piecewise
assembled and partially activated flat-foldable acoustic
arrays may focus sound at two specific frequencies.
Here, the frequency sensitivity of these trends is investi-
gated. The focal point SPL as a function of frequency is
presented in Figure 5. From Figure 5(a) to (c), the par-
tial activation percentage changes from 50% to 75%
and then to 100%. Figure 5(a) and (b) both suggest that
the increased folding of the arrays uniformly increase
the focal point SPL. Similarly, in both cases of partial
activation percentage 50% and 75%, the increase of fre-
quency increases the focal point SPL. This latter trend
agrees with the principle of Rayleigh’s integral equation
(1) that for increasing frequency with constant ampli-
tude of surface normal velocity, the acoustic pressure
amplitude increases. Comparatively, when the array is
fully activated in Figure 5(c), the SPL shows a strong
frequency dependence above 26 kHz for folding angles
42° and 46°. Because the wave radiating surfaces of the
Miura-ori units are not directly and identically pointed
to a common focal point, destructive interference may
occur when the wavelengths are on the order of the
facet dimensions such as at frequencies greater than

26 kHz for the fully activated tessellated array. The
results of Figure 5 indicate that the partially activated
arrays, especially the array activated over just 50% of
the Miura-ori units, are less susceptible to destructive
interference effects for focusing acoustic waves.

3.3. Extension of partial activation principle to
composite tessellated array

The studies in Secs. 3.1 and 3.2 conclude that piecewise
assembled and partially activated tessellated arrays
enable wave focusing by improving constructive inter-
ference effects within a defined focal region. According
to these findings, the percentage of the partially acti-
vated surfaces is central to assist in the focusing effect
of the piecewise assembled Miura-ori acoustic array.
To test the extensibility of the concept, here another
tessellation is considered for the efficacy of partial acti-
vation to aid in focusing effects.

Here, the square twist is considered as another tes-
sellation platform on which an acoustic array is estab-
lished. The crease pattern of the square twist is shown
in Figure 6(a). The tessellation consists of five squares
and four parallelograms. The dimensions considered
are: ¢ = 32.3 mm, a = 30°, as shown in Figure 6(a).
Figure 6(b) shows the folded and unfolded version of
the array. As before, the tessellation is considered to
have facets that vibrate like baffled pistons over the
activated surfaces. Figure 6(c) shows three folding
states that are examined. Fold 1 is the least folded
whereas fold 2 and 3 are progressively more folded.

Figure 6(d) and (e) respectively contrast the axial
SPL of the fully activated square twist and of the square
twist when only square facets are activated. In Figure
6(d) at 20 kHz, there are no observable focusing effects
for the fully activated array. In comparison, a clear
trend of focused waves occurs around an axial distance
of 0.01 m in Figure 6(e) for the partially activated
square twist array. The peak SPL in Figure 6(¢) is more
than 8 dB the peak amplitude of SPL in Figure 6(d),
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Figure 6. Overview of square twist array: (a) crease pattern, (b) illustration of the folded and unfolded array geometries with
respect to the central z axis for focusing, (c) three folding states of the square twist array, (d and f) SPL as a function of axial distance
and folding extent for the fully activated array, and (e and g) for the array when only square facets are activated. Driving frequencies

are 20 kHz for top row and 25 kHz for bottom row.

emphasizing the advantage of the partial activation
approach. These results are underscored in Figure 6(f)
and (g) for the case of 25 kHz: a focusing behavior is
observed when the array is partially activated Figure
6(f), whereas no focusing is induced for the fully acti-
vated array. All together, these findings demonstrate
the extensibility of the partial activation approach to

create wave focusing capabilities in acoustic arrays that
do not focus sound when fully activated.

4. Experimental validation

A tessellated array specimen is fabricated and experi-
ments are undertaken to test the feasibility of the partial
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Figure 7. Overiew of the specimen and experiment setup: (a) the assembly of the specimen, made of corrugated polypropylene,
loudspeakers and hinges. Four regular Miura-ori units are used on each side of the central waterbomb unit and (b) top view
schematic of the experiment setup, a microphone is used to measure the axial SPL.

activation approach to translate to a practical example.
Experimental and analytical results are gathered and
compared in this section.

4.1. Specimen design and fabrication

Similar to the configuration of the piecewise assembled
Miura-ori array evaluated in Sec. 3.1 and 3.2, here the
experimental specimen is assembled from one water-
bomb unit cell at the center that interfaces with two
arms of regular Miura-ori unit cells, Figure 7(a). Four
unit cells of regular Miura-ori are on each side of the
waterbomb tessellation. The facet dimensions are
a=>b=60mm, y=60° for regular Miura-ori unit,
and ¢ = 60 mm, d = 30 mm for waterbomb unit. All
the facets are made of corrugated polypropylene with
overall thickness of 5 mm and flute pitch of 5 mm. The
polypropylene sheets constituting the corrugated board
are 0.3 mm thick. Each Miura-ori unit cell consists of
four facets that are shaped by a laser cutter (Full
Spectrum Laser, Las Vegas, NV). A circular miniature
loudspeaker (Parts Express, Springboro, OH) is bonded
at the center where a hole is laser cut to secure the
speaker. The loudspeaker covers approximately 58% of
the area of each facet. Detailed studies of the differ-
ences between model predictions and experimental data
associated with the finite size of such active area com-
pared to a model assumption of whole-facet sound
radiation are given in (Zou and Harne, 2018). Six sub-
facets make up the waterbomb unit in the center to
interface the regular Miura-ori on both sides. Threaded
rods are inserted into the flutes to connect adjacent
facets. All of the miniature loudspeakers are driven in
parallel, while partial activation is realized by discon-
necting desired loudspeakers.

4.2. Experiment setup

Experiments are undertaken in a hemi-anechoic acous-
tic chamber, with the dimensions 7.78 m X 10.9 m
X 4.66 m. The specimen is affixed to fiberglass wedges
to serve as a baffled backing. The folded angle of the

array is measured directly. A microphone (PCB
Piezotronics, Depew, NY, 130E20) is used to measure
the axial acoustic pressure of the array, as shown in
Figure 7(b). A displacement sensor (WDS-1500-P60-
SR-U, SN 51712) is used to directly measure the axial
location of the microphone. A tonal signal is sent to an
audio amplifier that drives the array. Data are post-
processed in MATLAB.

4.3. Comparison between experimental and
analytical results

Figure 8(a) presents the analytical results of axial
acoustic pressure for the fully activated array when the
amplitude of the normal surface velocity is 0.01 m/s.
The normal surface velocity is empirically determined
according to a fit of acoustic pressure amplitude with
the analytical model, although normalized SPL values
could likewise be used to eliminate the need for abso-
lute value fitting (Jensen and Svendsen, 1992; Jimbo
et al., 2016). Compared with the tessellated array sam-
ples considered in Sec. 3, here the experimental demon-
strator is several times larger due to ease of fabrication
and evaluation. As a result, the frequencies considered
are scaled down proportionally with the longer acoustic
wavelengths. For 1 kHz and folding angle is 37°, the
axial acoustic pressure first increases along the axis,
reaches a peak around R = 0.3 m and then decreases
with increase in axial distance. While when the folding
angle increases to 46°, Figure 8(a) shows that the SPL
peak occurs near R = 0.25 m, with 2 dB greater SPL.
A similar trend occurs at 3 kHz for the analytical
results in Figure 8(a), while the focal range is more
substantially reduced for the increased frequency of
actuation. Figure 8(b) presents the corresponding
experimental results. There is excellent qualitative
agreement and good quantitative agreement for the
case of 1 kHz and the folding angles 37° and 46° by
comparing the measurements in Figure 8(b) to analyti-
cal predictions in Figure 8(a). The similar trends in
change of focusing effects are likewise observed. There
is less quantitative agreement between experiment and
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Figure 8. Comparison between experimental and analytical results of SPL as a function of axial distance: (a) shows the influence of
folding angle on focusing behavior of the array when driven by two different frequencies, (b) experimental axial SPL, (c) analytical
results of SPL as a function of axial distance when activation ratios are 100%, 75%, and 50%, and (d) experimental results of SPL as a
function of axial distance when activation ratios are 100%, 75%, and 50%.

analysis for 3 kHz in Figure 8(a) and (b) due to the
challenge of measuring shorter wavelengths more prone
to diffraction against the facet surfaces (Zou and
Harne, 2019), although the trends are present where a
narrower focal range occurs for the more highly folded
array. These findings verify that the more folded piece-
wise assembled array is more effective to focus sound
in practice.

To examine the effectiveness of the partial activation
approach to assist in focusing behavior, Figure 8(c) and
(d) respectively compare analytical and experimental
results of the array at 3 kHz when the activated surface
contributions are changed. For Figure 8(c), by reducing
the activation from 100% to 75% and to 50%, the focal
point becomes more well defined and narrower in the
6 dB range around the peak. The similar quantitative
and qualitative trends are observed in the experiments
in Figure 8(d). Here, it is found that the fully activated
array provides almost no focusing whereas the progres-
sive reduction of activated array to 50% increases the
focusing effect and tightens the focal range. These
results explicitly confirm the hypotheses of this research
through experimental practice. Given the verified exten-
sibility of the partial activation approach to other
acoustic array formulations, the potential is high for

partially activated acoustic arrays to broaden the tool-
set of design for reconfigurable wave guiding structures.

5. Conclusions

This report explores a new concept of partially activat-
ing reconfigurable tessellated acoustic arrays in order
to provide wave focusing capability to otherwise non-
focusing fully activated arrays. The analytical results
show that a piecewise assembled array from Miura-ori
and a waterbomb unit exemplify such capability
although the advantages are limited in the frequency
range. For this specific tessellated array, the focal point
is both narrowed and enhanced in peak SPL by the
reduction of the activated surface. Experiments on a
similar tessellated array confirmed the qualitative and
quantitative trends to support the new partial activa-
tion concept. Moreover, the approach was extended to
a square twist-based acoustic array. In this case, the
fully activated array showed no focusing behavior
whereas a substantial focus was found for the array
when only the square facets were activated. These con-
cepts encourage designers to employ a broader range of
parameters in the development of reconfigurable arrays
for wave guiding than only the geometry and folding



Zhao et al.

2539

extent of the tessellated structures. Looking ahead,
opportunities may exist to improve upon the mainte-
nance of shape so as to harness the full potential of the
partial activation concept. By exploiting additional
design and implementation factors, researchers may
uncover new wave guiding functionality in reconfigur-
able structures.
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