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Abstract
Methods of guiding acoustic energy arbitrarily through space have long relied on digital controls
to meet performance needs. Yet, more recent attention to adaptive structures with unique spatial
configurations has motivated mechanical signal processing (MSP) concepts that may not be
subjected to the same functional and performance limitations as digital acoustic beamforming
counterparts. The periodicity of repeatable structural reconfiguration enabled by origami-inspired
tessellated architectures turns attention to foldable platforms as frameworks for MSP
development. This research harnesses principles of MSP to study a tessellated, star-shaped
acoustic transducer constituent that provides on-demand control of acoustic energy guiding via
folding-induced shape reconfiguration. An analytical framework is established to probe the roles
of mechanical and acoustic geometry on the far field directivity and near field focusing of sound
energy. Following validation by experiments and verification by simulations, parametric studies
are undertaken to uncover relations between constituent topology and acoustic energy delivery to
arbitrary points in the free field. The adaptations enabled by folding of the star-shaped transducer
reveal capability for restricting sound energy to angular regions in the far field while also
introducing means to modulate sound energy by three orders-of-magnitude to locations near to
the transducer surface. In addition, the modeling philosophy devised here provides a valuable
approach to solve general sound radiation problems for foldable, tessellated acoustic transducer
constituents of arbitrary geometry.

Keywords: adaptive structure, acoustics, origami, acoustic beamfolding, sound radiation,
ultrasonic waves

(Some figures may appear in colour only in the online journal)

1. Introduction

Radiated sound energy can be adaptively guided by multiple
acoustic transducers distributed in spatial arrangements and
driven with signals having different phase delays and
amplitudes [1]. In the far field, i.e. many acoustic wavelengths
away from the transducer surface, directivity describes the
efficiency that transducers possess to deliver acoustic power
into specific angular locations, and it is associated with
interference effects pertaining to the transducer geometry and
spatial distribution [2]. In contrast, the directivity is not fully

developed within a few acoustic wavelengths from the
transducer surface [3]. On the other hand, in this near field
region, considerable focusing of sound energy is possible via
a different constructive interference phenomena than that
occurring in the far field, which overcomes the traditional
range dependence of acoustic pressure amplitude that
decreases with increasing distance from the sound source.

Such guided and concentrated acoustic energies realized
by driving arrays of acoustic transducers are used for diverse
scientific purposes and applications, including but not limited
to sound source localization [4, 5], long-range communication
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[6, 7], and medical diagnostics and treatment [8–11]. Beam-
forming is the real-time signal processing technique often
leveraged to achieve the required guidance of acoustic energy,
and it is classified into two types based on the origins of the
phase and amplitude differences provided to transducers
within the array. In digital signal processing (DSP), the
amplitude ‘shading’ and phase delays are numerically com-
puted and sent to appropriate transducers for the sought-after
constructive and instructive interferences [12]. Although the
performance of DSP practices has been broadly improved in
recent decades [13–15], this approach for acoustic wave
beamforming has several inherent drawbacks. The drawbacks
include computational expense to operate in real-time with
adaptive performance, questions of stability for real-time
control, and limited portability due to the size and bulk of
array implementations respecting frequency bands of interest
[16–18].

Contrasting DSP, in mechanical signal processing (MSP)
[19] the spatial re-distribution of transducers leads to the
change of their distances and orientations to the field point.
These small configuration changes result in phase and
amplitude differences from the many acoustic waves super-
posing at the field point, despite the use of the same drive
signal provided to each transducer of the array. Consequently,
MSP methods can bypass the computation and stability
challenges of the digital counterparts, while the lack of
associated computational infrastructures enhances portability.
Yet, in the face of unlimited possibilities to reconfigure
transducers, a question is introduced as to whether there are
efficient and effective ways to facilitate the energy-guiding
process by array and transducer shape change.

Indeed, the emergence of origami-inspired engineering
designs provides a feasible solution to this problem. Origami,
the ancient art of paper folding, has attracted abundant
attention for its exceptional versatility and adaptable perfor-
mance when harnessed in the design of structural and material
systems [20]. A particularly desirable attribute of origami
structure is the foldable topology that can be fluently and
repeatedly transformed between two and three dimensions
and potentially fold into a volume-less form via flat-fold-
ability [20–22]. In addition, the material properties of ori-
gami-based structures can be adjusted to large extent by
folding [23–25]. Equipped with such adaptive characteristics,
origami has inspired numerous novel applications in reso-
nance tuned RF antennas [26, 27], recoverable and repro-
grammable structures [23, 28, 29], bistable and multistable
mechanical systems [24, 30, 31], and energy absorption
devices [32–34].

Building upon this inspiring framework of engineering
design, the authors have recently introduced a concept of
acoustic beamfolding, wherein the tessellated surfaces of the
Miura-ori origami fold pattern serve as the substrate for
acoustic transducers [35, 36]. Acoustic beamfolding therefore
is a class of MSP that guides sound energy via the topological
reconfiguration of the foldable Miura-ori-inspired arrays. Yet,
the attention on the Miura-ori unit cell as the constituent of
tessellated arrays limits the shape adaptability elsewhere
evident in the literature since the Miura-ori kinematically

folds identically as a constituent and array within a two-
dimensional plane [21]. Comparatively, the vastness of ori-
gami-based tessellations being researched [37] reveals a
breadth of multi-dimensional shape change that may be rea-
lized, thus suggesting much greater potential for sound energy
guiding may be realized by the consideration of other tes-
sellated architectures than merely the Miura-ori. Moreover,
the authors previously considered only the opportunities
borne out in the sonic frequency range where consideration is
often placed on the directiveness of acoustic energy delivery
to the far field. Contrasting this attention, when deploying
ultrasonic waves, such as for medical diagnostics and treat-
ment, a common need is to focus acoustic energy at strategic
points in space, often in the near field of the transducers and
arrays. In this perspective, the analysis put forward in the
previous works [35, 36] is applicable only for the prediction
of sound pressure radiation to points in the acoustic far field.
Therefore, a modeling methodology able to characterize both
near and far field acoustic energy delivery from tessellated
acoustic transducers is needed to begin uncovering opportu-
nities for a more generalized guiding of acoustic energy via
foldable, tessellated transducers.

As a consequence of these motivations, this research
undertakes a comprehensive advancement to the recent state-
of-the-art conception of acoustic beamfolding. In a first step,
attention is given to an origami constituent here referred to as
the Star [38]. The inward-pointing conformations of the Star
constituent due to folding, as shown in figure 1, intuitively
introduce opportunities for enhancements to both near and far
field acoustic energy delivery, similar to the design of fixed
satellite dishes [39]. From figure 1, it is observed that the Star
constituent consists of 16 triangular facets, is rotationally
symmetric, and may be assembled into numerous array con-
figurations, all of which are features that advance beyond the
traditional Miura-ori unit cell [21]. The unfolded square shape
of the Star transforms into three-dimensions by folding,
although the tessellation is not flat foldable. Along with the
focus on this new constituent comes the opportunity to
establish new analytical procedures that facilitate prediction
of near field sound energy delivery, which was not previously
undertaken [35, 36].

Thus, this research gives new attention to the Star tes-
sellation as a foldable acoustic transducer. The following
section presents the analytical framework established to
characterize near and far field acoustic energy radiation from
the driven transducer surfaces. Experimental validation and
numerical verifications then demonstrate the accuracy and
efficiency of the analytical approach to study the new acoustic
tessellation. Then, studies are reported that explore the
adaptation of near and far field sound energy generated by the
Star. Finally, a summary of this research is provided along
with key conclusions.

2. Analytical model formulation

This section describes the development of the analytical fra-
mework needed to examine the near and far field acoustic
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Figure 1. Overview of star-shaped tessellated acoustic transducer. (a) The main diagonal of sub-figures features three folding extents
(slightly, intermediately, and highly folded from top left to bottom right) to exemplify the topological changes. The minor diagonal describes
three different topologies of Star constituent (η<1, η=1, and η>1 from top right to bottom) when folded intermediately. (b) The Star
specimen equipped with surface-bonded, piezoelectric PVDF transducers and electrode connections. The white cardstock below the
specimen is used for securing the specimen to the acoustic foam, which collectively emulate no-radiation/baffled conditions for the
specimen.
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energy radiation from the driven, tessellated facets of the Star
constituent. The derivation of the analytical model is based on
several assumptions. First, the facets of Star tessellations are
rigid, driven transducers such that elastic deformations caused
by structural vibration are negligible. Next, the creases
between facets are ideal hinges for kinematic folding. Then,
the acoustic environment in which the sound radiators are
placed is the free field which means there are no echoes and
acoustic reflections arriving at the field point for a given
frequency under consideration apart from the acoustic waves
directly transported from the Star. It is also assumed that the
Star is baffled in an infinite plane that permits no propagation
of acoustic waves. Finally, the acoustic wave propagation is
lossless. All assumptions are effectively satisfied in the
experimental undertakings of this research.

2.1. Far field characterization: directive sound

The analytical derivation is composed of geometrical and
acoustical modeling, which are intricately coupled by Ray-
leigh’s integral where geometry and acoustics intersect to
characterize acoustic wave propagation.

The unfolded Star is shown in figure 2(a). The unfolded,
tessellated topology is fully determined by the two variables
of edge length d and the length ratio η, where the latter is
defined as c/a. All other geometric parameters of the con-
stituent are dependent on these two variables and the relations
are described in equation (1). As it pertains to the three-
dimensional folded states, the folding angle θ, which is the
dihedral angle between facet 1.3 and x−y plane in
figure 2(b), is included to specify the influences of kinematic
folding.

h
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( )a d a
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, 1

h h
h

=
+ +
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The 16 triangular facets are divided into four groups and
numbered in figure 2(a). It is observed that there are only two
unique triangular facets among them, while the remaining
facets are translated and rotated variants of the two unique
shapes. Thus, the unique facets labeled 1.1 and 1.2 in
figure 2(a) are considered for the sake of model formulation.
The dashed red profile is the topology of unfolded Miura-ori
unit cell, and it is seen that facets 1.1 and 1.2 overlap areas of
both Star and Miura-ori tessellations. Points 1, 2, 3, and 4 are
the shared vertices, as indicated in figure 2(a). The spatial
locations of these four vertices in the Miura-ori coordinate
system (x′, y′, z′) are expressed using the extents of the folded
unit cell of Miura-ori (S, L, H, and V ) whose relations are
provided in [21] when η=1. For the general cases with dif-
ferent η values, the locations are modified based on linear
proportionality. For instance, the relative location of point 4 to
point 3 in x′, y′, and z′ axes is 0, L, and −H, respectively, for
η=1. For the general case, these values are 0, ηL, and −ηH.
Yet, using only the Miura-ori coordinate system, the symmetry
of Star topology is not taken advantage of since the Miura-ori
system does not possess the rotational symmetry of the Star.
Thus, (x′, y′, z′) are here transformed into the Star system (x, y,
z) as shown in figure 2(c). Achieving the transformation
requires two steps. First, a translation of the current origin is
taken to point 4. Second, a rotation of the translated coordinate
system is made about the x axis such that the rotation matrix is
given in equation (2),
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where κ is the rotation angle about the x axis, and counter-
clockwise direction is positive.

Figure 2. (a) Topology of unfolded Star constituent (solid green lines) and the illustration of its geometrical relations with the unit cell of
Miura-ori (dashed red lines). (b) Geometrical notation of folded Miura-ori constituent used to model the three-dimensional geometry of
folded Star constituent. (c) Analytical model notation to predict the sound pressure radiated from the Star transducer to the field point p(R,
β, f).

4

Smart Mater. Struct. 26 (2017) 055021 C Zou and R L Harne



The coordinates of points 1, 2, 3, and 4 in the Miura-ori
system are

( ) ( )L H a0, , , 3

( ) ( )S V b, , 0 , 3

+( ) ( )S V L H c, , , 3

h h+ + -( ( ) ( ) ) ( )S V L H d, 1 , 1 . 3

Once translated to the Star coordinate system, the point
locations respectively are
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Using the rotation matrix presented in equation (2), the
corresponding coordinates in the Star system are
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In equation (5), only the rotation angle κ is unknown. From
figure 2(c), it is observed that the distances from point 1 to x
and y axes should be equal due to symmetry of Star, so that
the condition of equation (6) must hold.

h k h k- + + = -( ) ( )V L H Scos sin . 6

From equation (6), κ is determined and then substituted into
equation (5) to obtain the spatial locations of all points that
entirely define facets 1.1 and 1.2, along with their respective
edges.

Rayleigh’s integral is a used to predict the sound pressure
radiated into a semi-infinite space above an unmoving baffle
from a two-dimensional acoustic source placed in the plane of
the baffle [2]. Here each facet is regarded as a uniformly
vibrating, baffled piston under a single angular frequency ω of
harmonic excitation. Thus, due to the coupling of adjacent
fluid particles at the vibrating facets’ surface, the radiated
pressure to the field point is determined by Rayleigh’s int-
egral:
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The field point is defined by distance R from the effective
source center, elevation angle β and azimuth angle f away
from the origin. The density of the fluid medium is
ρ0=1.104 kg m−3 given the current attention to airborne
propagation of acoustic waves; A is the surface area of the
vibrating facets; u0 is the amplitude of the normal velocity
uniformly distributed over A; k=ω/c0 is the acoustic
wavenumber with the sound speed c0=343 m s−1; r is the
distance from the differential element dA to the field point.

The Rayleigh’s integral of equation (7) can be rewritten [36]
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where y b f= k sin cos ,1 y b f= k sin sin2 and
y b= k cos .3 The integration area A must be obtained to
evaluate the integral. Consequently, the area extents of facet
1.1 and 1.2 are respectively defined by equations (9) and (10).
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The subscripts on y denote I initial and F final limits of
integration to be used in equation (11). For example, facet 1.3
and 1.4 are symmetrical to facet 1.1 and 1.2 about the y axis
in the Star coordinate system, respectively. As a result, for
facets 1.3 and 1.4, the following definitions hold
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The expressions of the other 3 facet groups that are similar to
equations (9)–(12) are obtained with comparable ease.

Then the total sound pressure is the summation over all
the 16 facets
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In the far field, the sound pressure level (SPL) is often used to
characterize the effective delivery of the acoustic energy to
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different angular locations in space. The SPL is computed by

b f
=
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p R t

p
SPL 20 log

, , ,
, 1410

rms
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where the subscript rms is the root mean square value of p,
and pref is the reference pressure 20 μPa.

2.2. Near field characterization: focusing sound

In section 2.1, the acoustic modeling is derived under far field
assumptions. In other words, rays of acoustic waves ema-
nating from the transducer surfaces are presumed to be par-
allel by the time they arrive at the point in the field where
acoustic energy is delivered. Such a modeling approach loses
strict applicability in the near field where interference effects
are far more nuanced. To characterize the sound energy
propagated from the Star constituent transducer into near field
regions, this research builds upon the philosophy elaborated
in [40] where a vibrating rectangular panel is discretized into
sub-areas for sake of predicting near field acoustic radiation
from the whole panel. By the discretization of the whole
surface into sub-areas, the characteristic lengths of the sub-
areas become smaller. In this way, the global near field of the
whole transducer is effectively reconstructed by the super-
position of local far fields corresponding to each small sub-
area. Then, acoustic wave radiation is computed from Ray-
leigh’s integral solved for each sub-area in the far field, while
the summation of all sub-area contributions yields a full field
response that includes near field wave propagation for the
transducer.

Thus, in the following research, the geometry informa-
tion derived in section 2.1 is utilized and each facet, for
instance the dark red triangle in figure 3, is discretized into
smaller triangular sub-facets, such as the smaller green tri-
angle emphasized in figure 3. With appropriate refinement of
the sub-facet discretization, the near field point of the whole
Star transducer falls within the far field for each sub-facet.

Then the coordinates of the nodes for sub-facets, as marked
by yellow circles in figure 3, are employed to conduct the
Rayleigh’s integral computations one by one. At last, the total
sound pressure response is summed over all the sub-facets.
Consequently, the superposed near field sound pressure is
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where Ri is the distance from the field point to the center of
the ith sub-area, N is the number of the discretized sub-facets.
For all results presented in this research, convergence analysis
is conducted for the discretization approach to guarantee the
efficacy of the theoretical predictions.

3. Experimental validation and numerical verification

To examine the effectiveness of the analytical framework to
accurately predict sound energy delivery, this section reports
the outcomes of experimental validation and numerical ver-
ification efforts.

3.1. Experimental specimen description

Numerous, proof-of-concept experimental specimens are
fabricated. One such specimen is shown in figure 1(b). The
proof-of-concept Star specimen is assembled from three parts:
plastic substrate, piezoelectric materials, and electrode con-
nections. The basic frame of the Star structure is made of
polypropylene sheet (Grafix Plastics S16MMPP2024) with
thickness 406 μm. The topology of the Star is scored on the
plastic sheet using a laser cutter (Full Spectrum Laser
H-20×12). The score process decreases the stiffness of the
creases significantly, which helps to meet the second
assumption in the analytical model formulation regarding
purely kinematic folding. For the specimen shown in
figure 1(b), the edge length d and length ratio η are 62.5 mm
and 1, respectively.

Piezoelectric PVDF film (Measurement Specialties) of
thickness 0.11 mm with silver ink electrodes is used to drive
the substrate as a transducer to radiate acoustic waves. The
PVDF sheet is cut into shapes fitting the profiles of Star facets
but with slightly reduced size to prevent electrical shorting
between adjacent PVDF. Then, the PVDF films are bonded to
the surface of the Star by a thin double-sided tape when the
substrate is unfolded. The segmentation of the films is made
to ensure that the PVDF is not stretched in the process of
folding the Star constituent.

Small copper tape pieces with electrically conductive
adhesive are attached to the top and bottom electrodes of each
PVDF film. Due to the uniform driving of all PVDF films
within the Star constituent, the top electrodes are connected
together while the bottom electrodes are likewise connected
together, so as to drive the PVDF films in parallel. The
resulting, two external leads are subsequently connected to
the amplified excitation signal.

Figure 3. The discretization of the facets into sub-facets for the Star
transducer constituent.
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3.2. Experimental setup

Far field directivity measurements are taken inside an anec-
hoic chamber. The Star transducer is pinned onto cardstock
for sake of maintaining prescribed folded configurations,
while the cardstock is then positioned on a bed of acoustic
foam. This implementation enables a quasi-baffled state of the
specimen since the mounting surface of acoustic foam does
not radiate sound. The driving frequencies in the experiments
are so high that the structural vibrations of the substrate under
the PVDF excitation permit high efficiency acoustic wave
propagation, thus avoiding concerns regarding low radiation
efficiency of low-order vibration modes of the facets [41].

To measure the acoustic pressure at a field point that is a
constant radial distance away from the transducer, a micro-
phone (PCB Piezotronics 130E20) traverses along a hemi-
spherical track of radius 1.168 m and over the elevation angle
range b Î  [ ]0 , 70 , at the azimuth angle f=0°. The center
of the track is coincident with the center of the radiator. This
radial distance sufficiently satisfies the three far field condi-
tions listed in [42] for this specimen and driving frequencies
considered in the following cases.

For the experiments, the single frequency exciting signal
is created in MATLAB Data Acquisition Toolbox and then
sent to the audio power amplifier (AudioSource AMP100).
The amplified signal is delivered to an audio output trans-
former (RadioShack 2731380) and the output voltage is
directly used to drive the PVDF films on the Star transducer.
Measured sound pressure data are sent to MATLAB for post-
processing through signal conditioner (PCB Piezotronics
482C02) and National Instruments data acquisition system
(NI 6341). The sampling frequency is 65 536 Hz while the
data is digitally filtered with a fourth-order Butterworth filter
ranging from 3 to 20 kHz.

3.3. Comparison of experimental and analytical results

The predicted far field SPL by the new analytical formulation
is compared with that measured experimentally. In figure 4,
each plot presents analytical and experimental results, and the
top and bottom row refer to 9 and 13 kHz driving frequencies,
respectively. Considering 9 kHz for the unfolded state, a deep
node, which refers to significant SPL decrease, appears
around the elevation angle β=40°, and this feature can be
observed analytically and experimentally in figure 4(a). In the
experiments, the depth of the node is approximately 20 dB,
which means a 100 times power difference exists between the
sound energy delivered to broadside (β=0°) and that
delivered to the angular location β=40°. With the increase
of folding, as viewed from figures 4(a)–(c), the depth of the
node at 9 kHz greatly decreases indicating a less directive
propagation of the acoustic energy, while the angular location
of the diminished node maintains near to the same elevation
angle. These trends are seen in both analytical and exper-
imental results.

At 13 kHz, figure 4(d) shows that two nodes are measured
in the experiments for θ=0°, which is the same number of
nodes uncovered by the analytical predictions. The increase of

the number of nodes indicates a more directive propagation of
sound energy, which is in consistent with the theory of the
directivity of multiple transducers [2]. The increased folding is
shown to exert large influences on the angular position of the
two nodes, while also reducing the depth and significance of
each node, similarly observed for the 9 kHz driving frequency.
For the 13 kHz waves, considering figures 4(d)–(f) reveals that
the node furthest away from broadside moves toward the
endfire location (β=90°) when the Star constituent is folded
more and more. This is not observed experimentally since the
node moves beyond the angular measurement range of
b Î  [ ]0 , 70 while the analysis still suggests the node occurs
closer to about β=83°.

In the comparisons of analysis and experiment, there are
discrepancies that can be explained. The directivity
phenomenon results from constructive and destructive inter-
ference among waves propagating from the distributed sur-
faces of transducers. In analysis, the interferences are ideally
realized, but the same situation is rarely borne out in
experiments of directive responses [43, 44]. Due to the use of
small phase differences in order to achieve these directive
responses at high frequencies, refined manufacturing cap-
abilities are preferred. For 9 kHz and 13 kHz, the wavelengths
are 38.1 mm and 26.4 mm, respectively, which means that the
phase differences can vary 9.47° and 13.64° for every 1 mm
variation of the spatial distributions of the transducers. Such
accuracy is challenging to realize without exceptional fabri-
cation capabilities. Yet, despite such challenges, the exper-
imental results clearly demonstrate the qualitative trends
shown through the analysis, such as the number, angular
location, and depth of the nodes. Yet, more importantly, the
influences of folding on the aforementioned trends observed
in the analysis are evident in the data, providing needed
experimental validation to the theoretical framework cre-
ated here.

3.4. Numerical verification method

The boundary element method (BEM) is an important tool for
the study of acoustic radiation problems [45]. When dealing
with acoustic radiation into a free field, only the boundary of
the radiator needs to be meshed with prescribed velocity or
pressure boundary conditions (BCs), while the BCs at infinite
radial distances from the source are satisfied in the boundary
integral equation formulations [46]. One fundamental
assumption in BEM is the linearity of the sound field. In the
characterization of the Star transducer undertaken here, the
SPLs all fall within a linear regime to meet such an
assumption. For useful results to be obtained by the BEM
approach, at least six linear element edges are required to span
the space of the acoustic wavelength under consideration
[47]. In the following cases, this basic rule is satisfied. In this
work, the openBEM code architecture is utilized in MATLAB
[48, 49]. Since the BEM exactly solves the integral equations
without recourse to assumptions of the far field, the results
obtained by BEM are considered a benchmark for the ver-
ification of analytical predictions.
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3.5. Comparison of numerical and analytical results

Figure 5 presents the comparison of BEM and analytical
results for acoustic energy delivery to the far field, to examine
the accuracy of the analytical framework. In each case shown
throughout figure 5, d and η of the tessellated architecture are
62.5 mm and 1, respectively, which are the same as those
measures used in the fabrication of the experimental specimen
shown in figure 1(b). The surface normal velocity of the
transducer facets is 10 mm s−1. In addition, the distance R is
1.168 m. The ranges of elevation β and azimuth f angles
computed are both [0°, 90°]. For the ease of direct compar-
ison, the analysis (left side) and BEM results (right side) are
included in one plot for each case. The angular orientation of
the azimuthal angle f is thus mirrored between the analytical
and BEM data.

Considering the unfolded state driven by 8 kHz in
figure 5(a), a deep node exists for each azimuth angle, and the
elevation angle of the node is plainly influenced by change in
azimuth angle f. For example, when f=0°, the elevation
angle β of the node is around 45°, while the elevation angle
changes to about 90° as the azimuth increases to f=45°.
Then with the further increase of azimuth angle to 90°, the
elevation angle returns to the initial position due to the
symmetry of the Star transducer. Such features are observed
in both analysis and BEM simulation. As the driving fre-
quency is doubled to 16 kHz as shown in figure 5(d), the
transducer becomes more directive and the breadth of each

lobe get narrower. There is clear quantitative agreement
between the analysis and BEM regarding each of these trends.

Viewing figure 5 from (a)–(c), it can be seen that the SPL
of the node gradually increases from 30 to 50 dB when the
transducer, excited at 8 kHz, is folded from 0° to 20° to 40°,
respectively. This means that the acoustic power difference
from the broadside location β=0° to the node can be con-
trolled by folding angle. This attribute is predicted well in
analysis when compared to the benchmark BEM results.
Similar agreement exists for results shown in figures 5(d)–(f)
in regards to the far field SPL at 16 kHz.

For the unfolded state in figures 5(a) and (d), the SPL
predicted by the analysis agrees quite well with the BEM
simulation results. Yet, discrepancies in the amplitude of the
SPL appear between those two approaches when the folding
angle θ increases, such as comparing figures 5(a)–(c) at 8 kHz or
figures 5(d)–(f) at 16 kHz. These deviations are caused by two
aspects. First, the normal directions of folded facets are not
parallel like they are when in the unfolded θ=0° configuration.
This means that reflections can occur, such that the free field
assumption is not strictly valid. Secondly, the paths from the
transducers to field points can be blocked by other facets when
folded, such that acoustic shadows can influence directivity [35].
While BEM takes into account such acoustic phenomena, the
analysis must adopt more ideal assumptions for Rayleigh’s int-
egral solution that neglect these factors. Nevertheless, as shown
by the overall good quantitative and qualitative agreement
between the analytical predictions and benchmark BEM

Figure 4. Sound pressure level (SPL) of the Star constituent as a function of the elevation angle β of the field point. Each plot includes the
analysis (dashed blue curves) and experiment (solid red curves) results. The driving frequencies are 9 kHz (top row) and 13 kHz (bottom
row), respectively. Folding angle θ=0° (a), (d), 20° (b), (e), and 40° (c), (f).
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simulations, the analysis is still a viable tool to investigate the far
field characteristics of the foldable, tessellated Star transducers.

4. Studies and discussions

Following validation by experiments and verification by
BEM in section 3, the efficacy of the far field theoretical
modeling established in section 2.1 is confirmed. For the near
field modeling philosophy described in section 2.2, the
acoustic pressure at any arbitrarily located field point is
computed as the summation of the far field predictions
obtained from sub-facets of the discretized transducer surface.
Consequently, the validation by experiments and verification
by BEM of the underlying far field prediction strategy provide
simultaneous support for the near field predictions obtained
by the same model, so long as suitable discretization is pro-
vided so that results converge for the specific frequency of
interest. Such discretization demands are met in the near field
predictions that follow. Thus, for the investigations presented
in this section, the model strategies introduced in section 2 are
deployed for new insights on opportunities for near field

focusing and far field directivity able to be realized by the Star
acoustic transducer.

4.1. Influence of tessellation geometry on directive acoustic
energy delivery

The most significant characteristic of tessellated origami
structures harnessed in this research is the topology change
induced by folding. The edge length d and length ratio η

entirely determine the geometry of the Star architecture, while
the folding angle θ reconfigures the spatial locations of each
facet. Based on the non-dimensionality of far field acoustic
wave propagation from transducers when considered along-
side the acoustic wavenumber k, the only unique geometric
feature to consider for the Star constituent is the dimension-
less η. Thus, for the following cases studied, d is 62.5 mm
while the driving frequency is 16 kHz. This leads to a non-
dimensional kd>18 which is well above unity such that
strong directionality of acoustic waves in the far field is
anticipated [2].

Figure 6 presents analytical predictions of the roles of the
length ratio η on the far field directivity of the Star

Figure 5. Sound pressure level (SPL) of the Star constituent as a function of the elevation angle β and azimuth angle f of the field point. The
spans in x, y, and z axes pertain to SPL and the radial distance from the origin indicates the magnitude of the SPL. Each plot includes the
analysis and BEM results. Driving frequency 8 kHz (a)–(c) and 16 kHz (d)–(f). Folding angle θ=0° (a), (d), 20° (b), (e), and 40° (c), (f).
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constituent. From figure 6(a), considering η=0.1 which
identifies shorter inner than outer edge lengths, it is found that
there are two, unique nodes of acoustic pressure (low SPL)
around β=±45° when the Star is slightly folded and their
elevation angles are increased towards β=±90°, respec-
tively. The depth of the node nearest to β=±90° gradually
decreases and then disappears with the increase of folding
angle, for all cases of the length ratio η considered in figure 6.
Yet, only for length ratios around or less than unity,
figures 6(a) and (b), is it found that the major lobe centered on
broadside β=0° considerably broadens for increase in the
fold angle θ.

Contrasting this trend, for η=10 figure 6(c) reveals that
the locations in elevation angle of the two nodes near
β=±45°, adjacent to the broadside major lobe, are weakly
dependent on the transducer folding. This significantly differs
from the influence of folding the Star transducer when the

length ratio η is around or less than unity. Thus, the far field
sound pressure remains strongly directive for the Star con-
stituent when the geometry consists of large inner edge
lengths respecting the outer edge lengths, thus η=10. On the
other hand, for adaptive directionality of the sound energy,
smaller values of the length ratio permit folding-induced
change to such characteristics. As a result, the length ratio
provides a clear adaptive control of the dependence of the
directive response of the tessellated transducers by virtue of
the shape change via folding.

Such adaptation is explained intuitively based on the
significant topological differences represented by η=0.1 and
η=10. Namely, with the increase of length ratio, a greater
proportion of the transducer facets radiate acoustic waves to
the far field at broadside considering a given folding angle θ.
When the length ratio is large enough, the influence of folding
angle on broadside SPL can become negligible so that such

Figure 6. Far field sound pressure level (SPL) of the tessellated acoustic Star transducers as a function of elevation angle β and folding angle
θ. Analytical predictions of sound pressure level for length ratio η=0.1 (a), 1 (b), and 10 (c). The inset images of the folding Star
transducers in (a) and (c) are not reproduced exactly to scale for sake of visual clarity.
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influence weakens. Thus, this key non-dimensional parameter
of the Star geometry, the length ratio η, permits clear control
over folding-induced acoustic energy guiding to the far field.

4.2. Broadside SPL sensitivity induced by axial distance

The adaptive directivity of Star transducers in the far field is
shown by the results presented in figure 6. Yet, numerous
applications require high sonic or ultrasonic intensities at
points in space [8, 9], which necessitates an alternative
attention given to energy focusing in the strict use of the term.
Although specific contexts of acoustic energy focusing
require nonlinearities to be accommodated in the theoretical
prediction of the resulting acoustic fields, such as for imple-
mentation of acoustic radiation force [50] or high-intensity
focused ultrasound for thermo-ablative treatment of tumors
[51], a vast number of focused acoustic fields are adequately
characterized by a linear analysis [8], such as for the large
number of medical imaging and diagnostics applications.

Using the analytical framework outlined in section 2.2,
figure 7 presents the influences of the axial distance R on the
broadside SPL under three different folding angles θ. In the
horizontal axis, the radial distance from the specimen R is
normalized by the near field-to-far field transition distance of
planar square radiators d2/4λ [40], where d is the edge length
of the source and λ is the wavelength corresponding to the
driving frequency. In this case, d is 62.5 mm and η is 1. At
50 kHz, the acoustic wavelength λ is 6.86 mm. Thus, for
points in the horizontal axis of R/(d2/4λ)�1, the acoustic
wave radiation is well within the near field of the Star con-
stituent. For the near field computations, the tessellated
transducer surface is discretized into 256 sub-areas to satisfy
the local far field conditions. Further discretization is seen to
increase computation time but not change the semi-analytical
predictions to a meaningful extent. Thus, for the 50 kHz
frequency considered here, the discretization to N=256 sub-
areas is considered to be sufficient for convergence of results.

The unfolded tessellated transducer, dashed curve in
figure 7, reveals a large fluctuation of broadside SPL in the
near field, with SPL variation between 80 and 100 dB. Such
fluctuations are comparable to those observed for other
ultrasonic transducers in the near field [8]. After the transition
point, around R/(d2/4λ)≈1, the fluctuations diminish such
that the SPL changes converges towards the established 1/R
proportionality.

For the Star transducer folded to a partial extent θ=20°,
green solid curve, the amplitudes and locations of the near field

SPL fluctuations are greatly tailored from the unfolded trans-
ducer characteristics. Indeed, folding more significantly to
θ=40°, blue dotted curve, reveals further manipulation of the
ultrasonic near field focus. For instance, at a normalized axial
distance around 0.344, the SPL may be modulated by over
30 dB by the real-time folding of the Star constituent between
θ=20° to θ= 40°. In other words, sound energy delivery to a
point near to the transducer can be modulated by three orders-
of-magnitude simply by the mechanical folding of the Star.

4.3. Pumping broadside sound energy in the near field by
folding

The near field sound energy focusing capability of Star
transducers driven at ultrasonic frequencies is initially
revealed by the results shown in figure 7, but the attention to
discrete folding angles θ does not comprehensively uncover
the acoustic energy pumping empowered by the more com-
mon continuous folding of the transducer constituent. In
figure 8, the SPL is presented as a function of folding angle θ
in order to investigate the role of real-time folding on a point
in the near field. Here, d and η are 62.5 mm and 1, respec-
tively, while the axial distance R is 0.02 m. Thus, for the three
ultrasonic frequencies considered in figure 8, 40, 60, and
80 kHz, the non-dimensional radial distances R/(d2/4λ) are
respectively 0.175, 0.117, and 0.088. The Star transducer is
also divided into N=256 sub-facets here, which was like-
wise the discretization required for the predictions to conv-
erge for the frequencies 40, 60, and 80 kHz. For each
frequency examined in figure 8, the near field SPL is strongly
dependent on the folding. For instance, at 60 and 80 kHz, the
SPL is modulated by 6–7 dB by virtue of folding from an
angular range of θ=0° to around θ=30°.

Figure 7. Sound pressure level (SPL) of the tessellated acoustic Star
transducers at broadside as a function of normalized axial distance
under three folding states (θ=0°, 20°, and 40°).

Figure 8. Sound pressure level of the tessellated acoustic transducer
at broadside as a function of folding angle for three ultrasonic
frequencies, 40, 60, and 80 kHz.
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To support the near field analysis results shown in
figure 8, experiments are undertaken for the case of 80 kHz
excitation. The experiment setup is the same with that descri-
bed in section 3.2 except that the sampling frequency is
increased to 500 kHz. Figure 9(a) shows the level of room
noise in comparison to the near field measurement of the
80 kHz tone, to indicate the significant ultrasonic signal
delivered by the proof-of-concept Star transducer to the near
field microphone. To emulate the analytical variation of folding
angle as examined in figure 8, the experiments include folding
of the Star between about θ=10° to θ=40°, although the
manipulation back and forth between these two configurations
is only approximated throughout the undertaking. As shown in
figure 9(b), the experiments reveal almost 9 dB of adaptation to
the broadside, near field SPL delivered by the Star transducer
by virtue of the real-time folding. This modulation extent is
similar to the variation of the SPL predicted by the semi-ana-
lytical method in figure 7. Such experimental evidence bears
out the potential for acoustic beamfolding to empower oppor-
tunity for MSP concepts, such as for straightforward and on-
demand guiding of ultrasonic acoustic waves via origami-
inspired folding principles.

5. Conclusions

This research shows that a method of MSP termed acoustic
beamfolding has the potential to enable considerable control
of acoustic fields at locations near and far from the foldable
transducer surface. These ideas bypass the computation and
stability challenges of conventional DSP approaches used to
achieve similar functions while moreover introducing new
opportunity for compact, portable transducers via the flat-
foldability of certain origami-inspired tessellations. In this
investigation, the transducer constituent leverages a star-
shaped, origami architecture that provides opportunities for

both directive acoustic waves and sound energy focusing via
its folded configurations. These studies reveal that ultrasonic
acoustic energy delivery in air is a prime outlet for the
advancements empowered by acoustic beamfolding, while
this report introduces a theoretical approach in order to enable
the investigation of the opportunities. The modeling strategies
detailed here are general tools to predict sound pressure
radiation and reception from different tessellated transducers.
In other words, by identifying the surface topology of the
tessellated surface in three-dimensions, the analytical
approach provides means to predict the radiated sound fields
at locations near and far from the transducer surfaces, with
respect to the acoustic wavelength. Consequently, ongoing
studies may leverage the analytical tools established here to
examine a wide variety of tessellated acoustic transducers that
may find application in various biomedical, communication,
and scientific measurement contexts, to name a few.
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