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Abstract. In this paper, we propose an origami-based auxetic tunable Helmholtz
resonator. By controlling the volume of the cavity, a real-time tunability of the
resonance frequency can be achieved. The design is inspired by the waterbomb
origami base, which expands when stretched and contracts when compressed. Such
a foldable structure offers a wide range of volume variation, which corresponds to
a larger frequency shift in the bandwidth of interest. Based on the design of the
origami resonator, multi-physical models are established to understand and predict the
parameters’ effect on the device’s behavior. After fabrication, experimental tests are
conducted on physical prototypes to validate the models and illustrate the effectiveness
of the concept.
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1. Introduction

In the old ages, the Greeks and Romans used several arranged cavities in their theater
walls to improve the acoustics. Later, the same principle was applied in churches and
mosques. In the 1st century BC, they were called “Vitruvian vases”, named after the
engineer, architect and the author of “de Architectura”, which is considered to be the
oldest book on acoustics in buildings [1]. However, the resonant cavity theory was
introduced for the first time, by Hermann von Helmholtz (1860) then Lord Rayleigh
(1870). Moreover, even though these resonators bear the name of Helmholtz, it is
Rayleigh’s work, presented in his book: “On the theory of resonators” [2], which is
best known and studied. If the analogy of the Vitruvian vases with the Helmholtz
resonators is made, it is understood that according to the dimensions and the geometrical
characteristics of the cavity and/or the neck, the role of the resonator can be very
different: amplification or attenuation [1]. There are two distinctive methods to achieve
noise reduction in acoustic applications, passive noise control, and active noise control.
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The latter is achieved by introducing a canceling wave (180° out of phase “antinoise”
wave) through an appropriate array of secondary sources [3]. In contrast, passive
noise control is achieved by relying on certain materials and structures that have the
ability to absorb acoustic energy, such as porous materials and Helmholtz resonators.
Although porous materials have a broadband effect, their amplitude is limited, and their
effectiveness in low frequencies is directly correlated with the thickness of the material.
On the other hand, Helmholtz resonators are very effective in low frequencies, but only
in a very narrow bandwidth. As a result, the main advantage of active techniques
over passive techniques is the implicit adaptability of the control system to changing
excitations [4].

Helmholtz resonators are usually utilized for the control of steady, harmonic sound
fields with tonal, and narrowband spectrums. Thanks to their interesting vibro-
acoustic properties, they have demonstrated widespread usefulness in reverberant
environments such as churches [5], mufflers in pipes, and ducts [6], as well as
numerous other applications. Their noise reduction ability made them the subject of
numerous studies from researchers and engineers. These studies include the theory of
generalized Helmholtz resonator [7], properties and modeling of cylindrical Helmholtz
resonators [8, 9, 10], effects of Helmholtz resonator’s neck [11, 12], and hybrid acoustic
systems based on Helmholtz resonator [13, 14, 15]. The main advantages of Helmholtz
resonators are their simplicity and efficiency at low frequencies. Nevertheless, their
relatively narrow bandwidth represents a significant limitation. Considering that, these
resonators need to be precisely tuned to achieve significant noise attenuation, any
fluctuation in the incident frequency or the environment conditions instigate a tuning
for such devices, as some mistuned resonators can sometimes induce noise rather than
reducing it.

Adaptive-passive devices are intelligent systems that can adapt their passive properties
to maintain their high performance under changing working conditions. Having the
ability to adjust the geometrical properties of Helmholtz resonators, such as the length
of the neck or the volume, will allow for accurate, and real-time tuning of the devices
in response to the variations of the excitation frequency. Therefore, tunable Helmholtz
resonators can be very beneficial. There are many examples in the literature regarding
tunable Helmholtz resonators. De Bedout et al. [16] introduced a self-tuning Helmholtz
resonator for adaptive-passive noise control, with a varying cavity volume. The volume
variation was achieved by adding two rigid walls inside the cylindrical cavity of the
resonator: a fixed wall, which was glued to the cylindrical sidewall and the top plate,
and a movable wall, which is glued to the bottom plate only; as a result, it can rotate
freely. Both walls are linked to each other at the center of the cavity; hence, a rotational
movement of the movable wall can be easily achieved. Moreover, the bottom plate is
attached to a DC motor, so by rotating the bottom plate, the movable wall rotates also,
changing in the process the volume of the resonator cavity. Yu et al. [17] introduced
a tunable acoustic metamaterial with an array of resonators actuated by Dielectric
Elastomer (DE). The array contains four DE resonators connected in series to a rigid
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duct, each one with a slightly different pre-stretch ratio. The array provides a relatively
wide attenuation bandwidth (compared to the use of a single DE resonator), which can
be shifted using an applied voltage. Lastly, Abbad et al. [18, 13] presented an adaptive
Helmholtz resonator based on DE, embedded in a melamine foam. The proposed concept
consists in replacing the top wall of a conventional cylindrical Helmholtz resonator with
a dielectric membrane. The stiffness of the membrane, which depends primarily (in
the passive state) on the pre-stretch ratio, is controlled via an applied voltage. Also,
as the change in the membrane stiffness causes a frequency shift, a tunable Helmholtz
resonator using an applied voltage can be achieved. Compared to traditional passive
devices, adaptive-passive noise control devices guarantee high performances in the low-
frequency range despite their narrow bandwidth. Moreover, compared to active noise
control, they do not require complex control algorithms, and they need minimal power
consumption.

In this paper, an origami-based auxetic tunable Helmholtz resonator is proposed. The
design, briefly introduced before in [19], is based on the waterbomb origami base. Such a
foldable structure offers a wide range of volume variation, which corresponds to a larger
frequency shift in the bandwidth of interest. There are many examples of origami-
based acoustic devices in the literature, such as ultrasound transmitters [20, 21|, noise
reduction devices [22], wave guides [23, 24, 25], vibration isolation structures [26], etc.
Furthermore, while almost all the mentioned works use numerical simulations to model
the acoustic devices’ behavior, a good number of them use analytical models as well.
Furthermore, tunability, which is inherited from origami-based systems and thus allows
for a real-time adjustment of properties, has been a long sought-after ability. Therefore,
tunable origami-based devices are not restricted to acoustic devices only; there are other
examples, including electromagnetic devices, such as tunable metamaterials [27, 28] and
self-foldable reflector antennas [29, 30].

In the transport industry, noise and vibration control is a major requirement in order
to enable high performance, as well as to ensure customer satisfaction. Against varying
tonal excitations, the use of origami Helmholtz resonators can be very beneficial, thanks
to their real-time tunability. The targeted, practical applications for such devices are
the aeronautic field as well as ducts and ventilation systems.

This paper investigates the acoustic behavior of an innovative tunable Helmholtz
resonators, and it does so within the framework of different sections. Section 2 addresses
the proposed origami concept and the design of the resonator. Section 3 discusses the
two different models for describing the acoustic behavior of origami-based Helmholtz
resonators: a P-TMM analytical model based on the concept of an equivalent volume,
and a finite element model. Section 4 presents the results and discusses the acoustics
performances of the origami-based Helmholtz resonators. Lastly, section 5 concludes
the paper and addresses the future work as well as the applications of such acoustic
devices.
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2. Concept

The analytical model for calculating the natural frequency of a cavity resonator with a
circular neck was first developed by Hermann von Helmholtz [31]:
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where the variables are described in Tab. 1.

However, the Eqn. (1) does not entirely agree with the experiment. The measured
frequency is lower than the predicted value. This was first observed by Lord
Rayleigh [32], who proposed an effective neck length, d/, = d,, + 0, in which a correction
was added to the physical length of the neck to account for the effect of the extremities.
Several refinements have been made by a number of authors, who also take into account
different resonator geometries, including the effect of the extremities: please refer to
Ingard et al. [33], Alster et al. [34], Panton et al. [35] and Chanaud et al. [9]. As a
results, for a sound wave length A\ >> R, the effective increase of the neck length
at the cavity is approximated by 83% ~ 0.85R,,, and the effective increase of the neck
length at the open end by 0.61R,,, which means that: d/, = d,, + 1.46R,,. Thus, Eqn. (1)

will be as such:

Co A

I =a\av

(2)

Based on this analytical model, the resonant frequency is controlled by the dimensions
of the Helmholtz resonator, whether those of the neck, the cavity, or both. Nonetheless,
this paper only discusses the variation of the cavity parameters for two reasons:

(i) the neck is relatively much smaller than the cavity, which makes varying its
geometrical properties that much more complicated;

(ii) unlike the cavity where the only important property is its size (this is only the
case for Helmholtz resonators with cylindrical rigid necks), the shape of the neck
in addition to its size has a high influence on the acoustic properties of the
resonator, thus trying to study the behavior of a Helmholtz resonator by altering
the geometrical properties of its neck is a far more complex process at this stage.

Moreover, according to Fig. 1, which is made using the variables of Tab. 1, it is more
efficient to act on the radius of the cavity rather than the length. That said, acting simul-
taneously on the radius and the length, by employing an auxetic structure, is the most
effective approach. Therefore, the proposed design (see Appendix A) is based on the
waterbomb origami base, which exhibits an auxetic behavior (negative Poisson’s ratio).
The waterbomb base has been the focus of several works [36, 37, 38]. It has also been
used for the creation of many interesting devices, including an auto-deployable origami
stent graft [39], a crawling worm robot [40], and deformable origami wheels [41]. One
of the reasons for using the waterbomb base lies in the fact that it can be used to
create tubular auxetics. In other words, they display a counter-intuitive behavior, as
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under uniaxial compression (tension), these mechanisms contract (expand) transversely.
There are many examples of tubular auxetics in the literature. For instance, Karnessis
et al. [42] studied the mechanical behavior of auxetic tubes based on inverted hexagonal
honeycombs, while Chen et al. [43] investigated the effects of pattern parameters on
tubular auxetics for microcatheters.

Dimension's variation (%)

Figure 1. Comparison between the influence of the radius R, and the length of a
cylindrical cavity d. of Helmholtz resonator on its theoretical natural frequency.

Table 1. List of variables.

Variables Definition Value Unit
Co Speed of sound in air 343 m.st
R, Radius of the neck 6 mm
d, Depth of the neck 20 mm
R, Radius of the cavity 30 mm
d. Depth of the cavity 70 mm
A Cross-section of the neck 7R?2  mm?
1% Volume of the cavity nR*d. mm?

The full 3D design (i.e., the folded shape) of the origami-based Helmholtz resonator
is shown in Fig. 2. The proposed origami design offers many advantages, which include
high tunability, low weight, and a minimal number of parts to reduce acoustic leakage.
Furthermore, it ensures an entirely closed cavity (fully functional Helmholtz resonator),
and a minimal geometrical variation for maximum tunability, thanks to its auxetic
property.
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Figure 2. 3D design of the proposed origami Helmholtz resonator.

3. Modeling

3.1. Equivalent volume model

In this work, the P-TMM is used as a simplified model for the design and investigation of
the acoustic behavior of the origami-based acoustic devices. The system is an origami-
based Helmholtz resonator, which, for the purpose of this model, can be replaced for
each state of folding by a conventional Helmholtz resonator with a cuboid cavity that
holds the same volume as the original. As the shape of the cavity in this model is
different from the real one, it is expected that some physical phenomena could not be
described by this model, which is presented in Appendix B. Such a model was used
by Doutres et al. [44], to model the behavior of a hybrid acoustic system, composed of
conventional Helmholtz resonators embedded in a homogeneous porous material (foam)
in a periodic fashion, which makes for a full spectrum noise control system, foam for high
and medium frequencies, and Helmholtz resonator for low frequencies. A finite element
model will be presented later to illustrate the efficiency of the P-TMM approach, as an
efficient tool for the design of adaptive Helmholtz resonators.

3.2. Finite element Model

A numerical model capable of describing the acoustic behavior of Helmholtz resonators
with arbitrarily complex shapes, including origami designs, was developed. The
numerical model can be used to validate the equivalent volume model discussed above
in the case of a 1D acoustic excitation. The former reproduces the transmission tube
tests (see Fig. 3). The acoustic fields inside the tube and the resonators cavities are
described by Helmholtz equation, and the details of the used model can be found in
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Tab. 2.
Table 2. Details of the finite element model.
Software Comsol Multiphysics 5.3A
Type element Free tetrahedral
Maximum element size co/(6X T frnae)
Mesh convergence 10437 element
Solver MUltifrontal Massively Parallel Solver (MUMPS)

T f ax is the highest used frequency.

To simulate the normal incidence excitation, a unit pressure is applied from one
side of the tube, while the other side is considered to be acoustically rigid. Using the
resulted virtual measurements of the acoustic pressure at two different locations, which
serve as microphone locations, the normal acoustic absorption was deduced according
to the one load, two microphone technique [45].

The modeled acoustic devices are origami-based Helmholtz resonators with circular
neck aperture. The walls of the resonators are modeled as impermeable, rigid, and
motionless. Moreover, The Johnson-Champoux-Allard equivalent fluid rigid model is
used to account for viscous and thermal dissipations caused by the resonator’s neck.
The effective properties of the air layer of the neck were determined by a cylindrical
pore model [46]. The values of the parameters of the model are provided in Tab. 3.

The numerical simulations will be compared to the natural frequency model, equivalent
volume model (P-TMM model), and experimental tests conducted in a 100 mm
cylindrical acoustic transmission tube. The simulations are carried out for Helmholtz
resonators in the AB and BA positions. Furthermore, since both the acoustic

Table 3. Parameters of the Johnson-Champoux-Allard equivalent fluid model used
for the neck.

Variables Definition Expression [47] Value Unit

[0) Porosity — 1 —

o Airflow resistivity % 4 Nsm™
Qoo Tortuosity _ 1 —

A Viscous characteristic length R, 6 mm

N Thermal characteristic length R, 6 mm

P0 Density — 1.2 kgm™3
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Figure 3. One load, two microphone technique, where (a) the origami-based
Helmholtz resonator (unfolded state) is placed inside the transmission tube in AB
position, and (b) the origami-based Helmholtz resonator (folded state) is placed inside
the transmission tube in BA position.

transmission tube and the neck of the resonator are cylindrical, and the origami-based
cavity of the resonator is also symmetrical, by considering symmetry only an 8" of
the acoustic device can be modeled for plane wave excitation. This will decrease the
computation time significantly, compared to the full model.

4. Results and discussion

To better understand the behavior of such devices, different prototypes with different
properties and purposes were fabricated. As a result, it was possible to isolate the
different properties and evaluate them separately. Two types of origami-based Helmholtz
resonators were fabricated: 3D printed rigid origami-based Helmholtz resonators, each
with a different folding state (folded, semi-folded and unfolded), and a tunable origami-
based resonator, as shown in Fig. 4 (more details about the fabrication can be found
in Appendix C). The study, characterization, and modeling of these origami-based
structures can help to better understand and quantify their acoustic properties, in
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Figure 4. Different types of the fabricated origami-based Helmholtz resonators: a)
3D printed rigid origami-based resonators, unfolded, semi-folded, and folded form left
to right, respectively, and b) tunable origami-based resonator.

particular, as well as improve the process of designing high-performance origami-based
acoustic devices, in general.

4.1. Rigid origami-based Helmholtz resonator

In this section, experimental testing on origami-based rigid Helmholtz resonators is
conducted. Three rigid resonators with different states of folding (unfolded, semi-folded,
and folded) were 3D printed. The size and the folding states of the origami-based
Helmholtz resonator were arbitrarily selected. Using an acoustic transmission tube, a
one-load two-microphone technique [45] was used to evaluate the acoustic absorption of
three resonators. The latter were inserted in a forward position (in the the AB position
as shown in Fig. 3) without leaving any space between the back of the resonators and
the end wall of the tube. No foam was added with the resonators; instead, supports were
printed to keep the resonators well centered inside the transmission tube, especially for
the semi-folded and the folded resonators.

The measured behaviors of the three rigid origami-based resonators are similar to those
of a conventional Helmholtz resonator with a cylindrical neck and cavity, a very high
acoustic absorption in the low-frequency range (50-500 Hz) with a narrow (very selective)
bandwidth, as shown in Fig. 5 and Tab. 4. As all tests were performed in the same 100
mm-diameter tube, it is not surprising to see the folded resonator achieve the lowest
absorption rate. The folded origami-based resonator has a smaller diameter; therefore,
it occupies less of the testing tube’s cross-section, which leads to some acoustic leakage
compared to the remaining two resonators. However, we assume that the imperfect
absorption of the unfolded resonator (93%) is due to improper fabrication (3D printing
defects) rather than anything else. The relationship between the different absorption
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Figure 5. Comparison between the a) experimental results of the acoustic performance
(acoustic absorption) of 3D printed rigid origami Helmholtz resonators and the FE
model, the equivalent volume (EV) model, and the natural frequency (NF) model, for
three different states of folding: b) folded (340 Hz), ¢) half-folded (212 Hz), and d)
unfolded (140 Hz).

peaks is also consistent with that of conventional Helmholtz resonators: the value of the
resonance frequency given by Eqn. 2, referred to as NF (for Natural Frequency) in Fig. 5,
is perfectly in accordance with the measurements. These results are also compared to
those obtained with the FE model (see Sec. 3.2). The latter uses a Johnson-Champoux-
Allard model to simulate the thermo-viscous losses produced by the neck. The model
also considers all the walls of the cavity and the neck to be acoustically rigid without
having any mechanical properties.

Furthermore, these results are also in a good agreement with the analytical model
referred to as EV (for Equivalent Volume, see Sec. 3.1) model, which, in addition to the
NF, both were used to design the system. As a result, since the analytical models do
not take into account the shape of the cavity, it is safe to assume that the shape of the
cavity (origami shape) has no influence on the resonators acoustic performance, at least
with regard to the resonance frequency.

To summarize, the NF model is able to estimate the resonance frequency of the origami-
based Helmholtz resonator. Additionally, the EV model, which is validated by the FE
model, is a fast analytical tool for the design of origami-based Helmholtz resonators,
as it is able to provide the frequency evolution of the acoustic performances around
the resonance frequency. Lastly, all the developed models are not able to predict the
increase in the absorption rate («) measured in the higher frequency range (see Fig. 5),
which may be due to structural behavior or losses in the vicinity of the origami walls,
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as they are known to have an impact on the performances of the resonator [48, 49].

Table 4. Experimental absorption of the rigid origami-based Helmholtz resonators
and for different states of folding.

| State of folding | Unfolded | Semi-folded | Folded
Freq. at the peak (Hz) 140 212 340
Absorp. At the peak (%) 93 100 86
Average absorption (%) 93

4.2. Tunable origami-based resonators

In the previous section, it has been shown that rigid origami-based Helmholtz resonators
act as conventional Helmholtz resonators (for the case of cylindrical necks only). The aim
of this section is to investigate the influence of foldability on the acoustic performances
to provide tunability, which is the main purpose of using origami design. To that end,
a tunable origami-based resonator was fabricated. For the purpose of obtaining such
characteristics, the folding lines of the origami cavity need to be almost as rigid as the
cavity facets. This gives the resonator acoustic properties comparable to those of a rigid
resonator but also makes it harder to fold. However, due to the shape of the folding
lines (V-shaped), when forces are applied on the origami cavity, they tend to attract a
high concentration of stress, resulting in their deformation; thus, the folding/unfolding
is achieved.

Once the tunable resonator was fabricated, a series of acoustic characterization tests
were conducted using an acoustic transmission tube. Similar to the rigid resonators,
here also a one-load two-microphone technique [45] was utilized to evaluate the acoustic
absorption of the resonator. However, in this case, the resonator was inserted in a
backward position (in the BA position as shown in Fig. 6) with a 10 mm space between
the resonator and the end wall of the tube. This configuration generates a better
performance in terms of the acoustic absorption rate. The resonator is folded into
different diameters and tested each time. Rings with diameters ranging from 70 to
50 mm are utilized to adjust the middle section of the origami cavity to the desired
folding state. The experimental results are as expected, high acoustic absorption peaks
in the low-frequency range (50-500 Hz) with a narrow (very selective) bandwidth. It is
observed that the bigger the cavity volume is, the lower is the corresponding resonance
frequency (as shown in Fig. 7). Acoustic properties exhibited by the tunable origami-
based resonator are very consistent with those of a rigid origami-based resonator, which
makes them also consistent with a conventional Helmholtz resonator as well. It is worth
noting, however, even though the absorption rate of the tunable resonator is high, with
an average above the 80% for the five tested folding states, it is still slightly lower
than the rate of a rigid Helmholtz resonator (origami or otherwise). Nonetheless, it is
believed that the absorption rate of the tunable resonator can be improved using better
fabrication materials and high-performance manufacturing machines. The tunable
resonator is able to generate a frequency shift of 81 Hz in the low end of the low-
frequency domain, starting from 138 Hz (diameter of 70 mm) to 219 Hz (diameter of
50 mm). More details are available in Tab. 5. This shows that the tunable origami-
based resonator has an impressive ratio of frequency shift to geometrical variation, which
averages for more than 4 Hz for each 1 mm variation in the diameter of the origami
cavity.

For the tunable origami-based Helmholtz resonator, comparing the experimental results
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Figure 6. Experimental setup of the one load, two microphone technique, where

the origami-based Helmholtz resonator is placed inside the transmission tube in BA
position. The transmission tube contains a sound source (loudspeakers) at one end,
while two microphones, referred to as “M1”, “M2” are used to act as probes, and
measure the acoustic pressure.

to the analytical model of the natural frequency to better confirm its acoustic behavior
is not possible, as the tested configuration, BA position (backward insertion of the
resonator and a 10 mm space between the latter and the end wall of the tube), cannot
be taken into account by a fairly simple model. However, the equivalent volume model
(see Sec. 3.1) and FE model (see Sec. 3.2) used above for the rigid resonators can be
used here, with the appropriate boundary conditions, and the results are presented in
Fig. 7. The good agreement displayed between the experimental results and the models
illustrates that the tunable origami-based resonator has an acoustic behavior similar to
that of a rigid origami-based as well as a conventional Helmholtz resonator.

Finally, the results highlighted here validate the capabilities of the proposed origami
design for a tunable Helmholtz resonator. It is able to achieve using the same origami-
based device a wide frequency shift of 81 Hz (138-219 Hz) with a relatively low
geometrical variation, corresponding to a 20 mm variation in diameter.

Table 5. Experimental absorption of the tunable origami-based Helmholtz resonator
for folding different diameters.

Diameter of the origami HR (mm) H 70 ‘ 65 ‘ 60 ‘ 55 ‘ 50 ‘

Freq. at the peak (Hz) 138 | 150 | 167 | 188 | 219
Absorp. At the peak (%) 81 | 80 | 83 | 76 | 81
Total bandwidth (Hz) 81(59%)"

Average absorption (%) 80.2

*Relative bandwidth compared to its low frequency (138 Hz)
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Figure 7. Comparison between the a) experimental results of the acoustic performance
(acoustic absorption) of a tunable origami-based Helmholtz resonator and the FE
model, and the equivalent volume (EV) model, for different values of the cavity
diameter: b) 70 (138 Hz), c¢) 65 (150 Hz), d) 60 (167 Hz), e) 55 (188 Hz), and f)
50mm (219 Hz).

5. Conclusion

Helmholtz resonators are simple yet effective low-frequency sound control devices.
As a result, they attracted the attention of many engineers and scientists as a
promising concept for vibro-acoustic applications. In this work, due to the need for
adaptive-passive noise control, an origami-based auxetic tunable Helmholtz resonator
was proposed, modeled, fabricated, and experimentally evaluated. The origami-based
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resonators were modeled using the P-TMM analytical model, based on the equivalent
volume concept, as well as, an FE model. Two different Helmholtz resonators were
evaluated here, rigid, and tunable origami-based resonators. The latter were able to
display fascinating acoustic properties.

During the experimental validation, it was possible to show, that both the rigid and
tunable origami-based Helmholtz resonators behave as tradition Helmholtz resonators
with cylindrical necks. Moreover, using the tunable origami-based resonator, the
capabilities and effectiveness of the auxetic origami design were illustrated. The
resonator was able to perform a high frequency shift in the low frequencies of 81 Hz,
from 138 to 219 Hz. The frequency shift, which has an average absorption of 80%, was
achieved with a diameter variation of only 20 mm, form 70 mm to 50 mm. This proves
that using the origami design, it is possible to obtain a Helmholtz resonator with very
high tunability, and for minimal geometrical variation.

It is worth mentioning that the relatively large absorption observed for high frequencies
in the experimental tests is not considered in this work. The absorption is due to
structural vibrations of the structure and losses in the constrictions of the origami,
and is not Helmholtz resonator related (not caused by the oscillation of the mass of
air in the neck); hence, the clear disagreement between the models (analytical and
numerical models) and the tests in this region. For these models to take into account
such absorption, they should be enriched to include the origami structure’s mechanical
behavior and thermal and viscous losses in the vicinity of the origami walls. Such
work is still undergoing, and more investigating is needed. Additionally, the effect of
adding tunability (flexibility), by using origami designs, and their impact on the acoustic
properties are still under study and will be included in future works. However, the tools
provided here have shown to be very efficient for the design of the resonator in the
frequency range of the Helmholtz resonance.

For future applications, it will be interesting to study and investigate the combination
of several tunable origami-based Helmholtz resonators with different yet fairly close
frequencies, for a broad bandwidth sound control. Moreover, future efforts are also
dedicated to the study and analysis of the adapted actuation system as well as the
control of such devices. These actuation systems will probably be made from smart
materials such as shape memory alloys [50] or polymers [51].

Finally, investigations on the materials to be used for the manufacturing of the origami
are required, as the structural behavior is expected to play an important role in the
dynamics of the system, and combining Helmholtz resonances with structural resonances
could be a promising way to enhance the performances of the acoustic device [13].
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Nomenclature

fr Natural frequency of Helmholtz resonator.

Co Speed of sound in the fluid (usually air)

A Sound wave length.

R, Radius of neck of the resonator.

d, Length of the neck of the resonator.

d, Effective length of the neck of the resonator.

A Cross-section of the neck of the resonator.

) Both exterior and interior ends correction.

R, Radius of the cavity of the resonator.

d. Length of the cavity of the resonator.

V Volume of the cavity of the resonator.

[0) Porosity

o Airflow resistivity

Qo Tortuosity

A Viscous characteristic length

N Thermal characteristic length

Po Density

T"  Transfer matrix of an n element

Y"  Admittance matrix of an n element

n Surface ratio of of an n element

0o Air density

Co Speed of sound

ko Wavenumber

Zy Characteristic impedance of air

M,  Mass per unit area of the resonator array

Z 4 Acoustic input impedance

n Dynamic fluid viscosity

R, Surface resistance

S; Ratio of the cross-section area of the neck A
to the cross-section area of the“internal” elementary cell

Se Ratio of the cross-section area of the neck A
to the cross-section area of the“external” elementary cell

TL, Normal incidence sound transmission coefficient

T Sound transmission coefficient

P, Transmitted acoustic power

P, Incident acoustic power

« Sound absorption coefficient

Sound reflection coefficient
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Appendix A design

The proposed origami design is based on the well-known origami base, waterbomb
(Fig. 8), which exhibits an auxetic behavior. This property allows for a higher volume
change, which results in a wider frequency shift in the application of interest. The
proposed full origami design of the Helmholtz resonator is divided into three different

parts:

(i) a top-end part (Fig. 9.A) which allows the fixation of the neck thereafter. This
concept is adapted from Lee et al. [41], and it provides a rigid opening (i.e., with
constant geometrical properties) even during the folding and unfolding of the device;

(ii) a middle part (Fig. 9.B), which represents the cavity with the auxetic property;

(iii) and a bottom-end part (Fig. 9.C), which was inspired by the mechanism of the
umbrella, as it is required for a Helmholtz resonator to have a closed cavity.
Therefore, by using such a design, the cavity can remain perfectly closed during
folding and unfolding.

\ /7
Vaﬁey_Fo_Ids N\ /7
Mountain Folds / S
N\

(A) (B)

Figure 8. Waterbomb origami base, the blue lines for the mountain folds and the red
ones for the valley folds: (A) flat and (B) folded configurations.
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C

Figure 9. 2D design of the origami-based helmholtz resonator made using the Oripa
software [52]: (A) top end part, (B) cylindrical part, and (C) bottom end part.
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Appendix B Equivalent volume model

In this work, a Transfer Matrix Method (TMM) is used to describe the behavior of
tunable Helmholtz resonators. The former is a fast analytical calculation method for the
prediction of acoustic performances, in particular for the estimation of the absorption
coefficient and the transmission loss of a multilayer composed of several laterally infinite
homogeneous layers assembled in series to form a stack. The method is valid under the
assumption of a plane wave. This method is expressed by a matrix relation between two
acoustic state variables. More or less complex structures, such as single or double walls
are usually modeled by the transfer matrix (TMM) method [53]. Recently, Verdiére et
al. [54, 55] proposed an extension of the TMM called the Parallel-TMM approach (P-
TMM). Consequently, it is possible to take into account both materials in parallel and
in series. This method, therefore, makes it possible to model resonant inclusions [44],
such as Helmholtz resonators.

P-TMM model

The acoustic system is defined as a 2D arrangement of an origami cell (OC), which for
the purpose of this model is considered to be a cuboid cell, as shown in Fig. 10. Also, the
OC is considered to be submerged in a fluid (in this case air). The P-TMM [54, 55, 46, 56]
is used to model its 1D acoustical behavior. Furthermore, the OC is considered as a
pile of two different layers stacked is series, with thicknesses of [; and [,. The first layer
contains a parallel assembly of the Helmholtz resonator and an air layer (see Fig. 10),
while the second layer contains only air. The transfer matrix of the OC illustrated in
Fig. 10 is given by

oC oC
Tll T12

oC ocC
T21 T22

TOC _ — Tlayer,l % Tlayer,Q' (3)

Moreover, the transfer matrices of the second layer, the air layer is equal to

plaverz _ [T Tia| _ | cos(kola) — jZpsin(kols) ()
T221 T222 jSZTl(k'olQ)/Zo COS(/{ZOZQ) ’
where j2 = —1, po the air density, ¢y the speed of sound, ky = w/cy the wavenumber,

and Zy = pocy the characteristic impedance of air. The transfer matrix of the first layer
combines two submatrices, which are modeled using a parallel assembly as proposed by
Verdiere et al [54]. To use P-TMM a number of conditions must be met: (1) only
plane waves propagate upstream and downstream of the periodic construction; (2) only
normal incidence plane waves propagate in the construction; (3) no pressure diffusion
exists between adjacent parallel elements, (4) the wavelength is much larger than the
OC, and (5) each element can be represented by a 2 x 2 transfer matrix. Conditions
(2) to (5) are satisfied here, as we consider (i) low frequencies (i.e., frequencies much
lower than ), (ii) equivalent fluid models for predicting their acoustic behavior and

L
lastly, (iii) a surface impedance model to represent the HR. However, assumption (1)
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seems physically unrealistic around the HR resonance frequency in the vicinity of the
HR neck. According to [54], the transfer matrix of layer 1 can be formulated as follows

- N ’ N,

(a) . (b) 1
air layer
— —
V1 /)
b +
<—L> \ I 19 b
origami inclusion
Figure 10. Scheme of the OC with the air layers and the origami-based Helmholtz
resonator: (a) illustration of the origami cell and its volume equivalent (b) cuboid cell.
(adapted from [44]).
Tlayer,l — -1 Z THYVZ% —1 (5)
DoraYay [ 2oraYa dora Y = 2 om Y Do Yot = o Y|

with Y” the components of the admittance matrix for each element; here n = air for
the air layer and n = HR for the resonator element. 7, is the surface ratio of each
element. Knowing the surface of the origami cell Spc and the surface of the resonator
S;, thus rgr = r = S;/Soc and r4;, = 1 —rgr. The admittance matrix for each element
is given by

1

= n
U4t

n n
Yii Y
n n
Yor Yo

T3 TyTi, — 13171
1 -y

Y = (6)

The transfer matrix of the air layer T" is given by Eqn. 4 and the one of the resonator

THR is given in the following section.

Helmholtz resonator model

As described by [46] and [57], the transfer matrix of the resonator T needed for
parallel assemblies with resonant inclusion (represented by Eqn. 5), is written as a
product of inertial and acoustic components [57].

The transfer matrix of a Helmholtz resonator positioned so that its neck is facing the
acoustic source (this position is called AB) is written as

1 JwM;
)

with M, the mass per unit area of the resonator array and Z, the acoustic input

1 0

THRAB _
1/Z4 1

impedance. According to [46], the input total impedance of the resonator array under
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normal incidence plane waves, which corresponds to Fig. 10.d, is given by

1 2d,, .
Za= —(Zueert Zoo(B)) = S—([(R_+4)R +jw(eit+ee+dn)po] — jsiZocot (kode)), (8)

where d,, d., and R, are the neck’s depth, the cavity depth and the neck’s radius,
respectively. Additionally, 7 is the dynamic fluid viscosity, R is the surface resistance:
R, = (2np0)1/ 2/2, and s; and s, are the ratios of the cross-section area of the neck A to
the cross-section area of the“internal” and “external” elementary cell, respectively.
The thickness of the walls of the studied resonator is relatively thin; therefore, for the
purpose of this model, it is considered negligible. As a result, both cross-section areas,
internal and external, have the same value, and it is equal to: s; = s, = Sn/D?, where
D; is presented in Fig. 10.d. In accordance with the large-wavelength assumption (i.e.,
A > Diand A > d.), Zyo(B') the normal surface impedance of the air layer at the
B’ point is: Zyo(B') = —js;Zycot(kod.). Moreover, An added length effect (i.e., &;) is
attributed to the resonator’s neck depth, to account for the modes of higher-order in the
resonator cavity. As mentioned above, the resonator is characterized by the volume of
its cavity. Another correction, which is also expressed by an added length effect (i.e., &)
to the neck’s depth, is used to account for the mass loading associated with the sound
radiation of the neck and to the distortion of the acoustic flow at the resonator surface.
In the case of a rigid circular neck opening in contact with two air media on both ends,
the two length corrections can be approximated for s, < 0.16 as proposed by [46]

g = e, = 0.48VA(1 — 1.14,/5,). (9)

The resistive part in Eqn. 8 (i.e., (2d,/R, + 4)Rs) accounts for the viscous effects
occurring within the resonator’s neck due to the viscous boundary layer and around its
edges at the panel surface due to the distortion of the acoustic flow.

Acoustic properties of OC

Using the transfer matrix of Eqn. 3, several acoustic characteristics of the OC can be
determined. Furthermore, Eqns. 3, 5, and 7 represent an acoustic wave impinging on
the neck side of the HR (i.e., position AB). Therefore, to obtain the transfer matrix of
an OC placed in the opposite direction (i.e., position BA), Eqn. 3 must be inverted to
account for the change in the sign of the velocity [58],

OC,AB OC,AB
T22 T12 ]

OC.BA _ 1
70C.AB  OC.AB
21 11

= Get(TO0AT) (10

The normal incidence sound transmission coefficient T'L,, is a function of the sound
transmission coefficient 7: T'L,, = 10loglo(%). The transmission factor 7 is the ratio
of the power P, transmitted through the acoustic system and the incident power P;:
T = %. In the case of an anechoic-backed OC, T'L,, can be obtained by [59]

2
. 11
IT9C +TSC ) Zo + ZoTSC + Tgc) (1)

TLn = —2010910(
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The sound absorption coefficient « is a function of the reflection coefficient R*: o =
1 — |R?|?. The latter is the ratio of the pressures created by the ingoing and outgoing
waves at the surface of the acoustic system. The normal incidence reflection coefficient
of an OC backed by a rigid back wall, R® can be determined by

TR — ZyTg°
©TOC + Z,TSC

R® (12)
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Appendix C fabrication

Two types of origami-based Helmholtz resonators were fabricated:

(1)

(i)

Rigid 3D printed origami-based resonators: to perform preliminary tests, as well
as to better understand the influence of the origami-shaped cavity on the acoustic
performances of the device; three rigid origami-based Helmholtz resonators were
3D printed, each with a different folding state: folded, semi-folded and unfolded.
The three prototypes were printed from PLA, using an Ultimaker 21 3D printer.

Tunable origami-based resonators: to study the effect of tunability on the
acoustic properties of origami-based Helmholtz resonators, a tunable resonator was
fabricated. The fabrication starts with a patterned, thick sheet of paper. The
pattern is obtained either by laser machining or by printing on plain paper, which
is then glued to the thick sheet. The sheet is then manually folded and dipped in
a flexible glue from Henkel AG Company§. Finally, the neck of the resonator is
3D printed and glued into its appropriate location. The glue is used to add more
stiffness to the cavity of the device, and to ensure that it is correctly closed. As
for the thick sheet of paper, it is used as a skeleton to provide the device with
its origami shape; also, the thick sheet absorbs the glue better, resulting in an
interestingly stiff device.

I https://ultimaker.com/en/resources/manuals/ultimaker-3d-printers/ultimaker-2
§ https://www.henkel.com/company
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