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Abstract

Conventional windows encounter significant challenges in simultaneously achieving noise reduction
and ventilation. Recent advent in origami technology offers new possibilities and smart solutions to
solve this bottlenecking problem. In this paper, we propose a novel modular-origami-based
reconfigurable silencing window that achieves balanced noise mitigation and air ventilation while
ensuring flexible tunability. Specifically, the balance between the two competing functions originates
from the unique ‘tile—void’ structure of the modular origami, and the tunability is a result of the single-
degree-of-freedom folding mechanism. Based on a comprehensive understanding of the correlations
between the design variables (including origami geometry, internal partition forms, and folding angles)
and the acoustic characteristics of the window, on-demand sound attenuation for a specific target
frequency band can be achieved via optimization. Broadband noise reduction can be obtained through
cascading multiple origami layers, whose design can be conceived by an intuitive spectral
superposition principle. Finally, we demonstrate through numerical simulations that for different
working scenarios, balanced sound attenuation and air ventilation can be achieved by simply folding
the origami window. This conceptual design, alongside the reported findings, provides new ideas for
the design of modular acoustic devices and contributes to addressing the noise reduction and

ventilation needs for urban buildings as well as industrial installations.
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1. Introduction

With accelerated urbanization and increased urban population, the adverse effects of traffic noise,
construction noise, and community noise generated by human activities become increasingly
problematic. A series of studies have shown that prolonged exposure to high levels of noise not only
leads to sleep disorders [1], learning disabilities [2—4], causes negative emotions [5,6], and reduces
work performance [7-10], but also triggers diseases such as hypertension and cardiopathy [11-13],
which impair human health. The control of urban noise is a challenging topic which requires
comprehensive efforts. Several studies have pointed out that traffic noise (e.g. road traffic, [14—16]
railway traffic [17], air traffic [18,19] and port activities [20—23]) have become a major source of noise
that affect human life quality. The most effective way to reduce noise is through source mitigation.
Some vehicles incorporate low-noise emission design [24—30]; some roads adopt, for example, asphalt
surfaces to reduce noise from vehicle movements [31]; and rail-damping technologies are used to
reduce vibration noise when trains pass by [32]. However, it is difficult to completely eliminate traffic
noise at the source. Installing noise barriers to block the sound transmission is a common engineering
practice, but generally only on major expressways and high-speed railroads due to the high cost
incurred. Windows that can muffle sound is the last line of defense against noise.

People spend most of their time indoors [33,34]. A quiet indoor environment produces better
acoustic comfort, improves sleeping quality, and promotes physiological and psychological well-being
[6,35]. Noise mainly transmits into the room through windows. Although closed window can block
noise transmission effectively, an open window allowing for natural ventilation is preferred by many
people as long as the associated noise ingress is reasonably controlled. This, however, poses great
challenges as natural ventilation and noise insulation compete with each other which can hardly be
conciliated without due and meticulous consideration. In addition, environmental noise is usually
broadband in nature [36,37], containing variable frequency contents [38—40] and tidal characteristics
[41]. This imposes additional requirements on the performance and calls for the tunability of the
window. Meanwhile, the main function of a window may also vary at different times of the day. For

example, the traffic noise is significant during the daytime, and the primary duty of the window is
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noise reduction; while at night, the traffic noise is substantially reduced, and enhancing air circulation
might become an important requirement to maintain a comfortable sleep [35].

Air ventilation and noise reduction are two functions that are competing with each other in
conventional windows. Opening the window allows for natural ventilation, but the noise will enter the
room without hindrance. Incorporating mechanical ventilation to design noise-insulation windows may
ease the problem. By using fans or other mechanical means to circulate air [42,43], mechanical
ventilation requires a smaller opening area with higher air exchange rate, but it often introduces new
noise sources and consumes more energy. Staggered structures or plenum windows [44—49] provide
an alternative way to design naturally-ventilated soundproof windows. A staggered structure is
composed of double or multiple glazing separated by a certain distance; the inner and outer layers of
the glass have inward and outward openings, respectively, with their positions being staggered. Such
a design forces sound waves to go through a Z-shaped channel before entering the room. In the low-
to-mid frequency range, noise transmission is reduced by the cavity resonance effect; while at higher
frequencies, the silencing effect is determined by the geometry relationship and the damping materials
applied along the sound channel [50]. To improve noise insulation, sound-absorbing materials such as
foam and micro-perforated panels [45,50-55] have been included in the channel between the double
glazing, and acoustic barriers [45,50] can be added to shield the inner and outer openings of the window.
In addition, active noise cancellation (ANC) technology [56,57] has been applied to staggered
windows to specifically tackle low-frequency noise and extend the working frequency range of the
staggered windows [58—62]. Although ANC can achieve more than10 dB noise reduction in the
targeted frequency, the increasing complexity and the bulkiness of the system hinder its applicability
in window structures. Meanwhile, the durability and reliability of the ANC system is also seen as a
major problem under more severe working conditions [63].

As a passive means, introducing acoustic resonators into windows has been attracting persistent
attention. By embedding soundproof ventilation units, usually composed of rectangular or
parallelepiped cavities, doors and windows that are capable of ventilating air and reducing noise have
been designed [64,65]. Airflow-transparent soundproof windows comprising a three-dimensional array
of resonators have been proposed [66,67], which combine the acoustic diffraction theory and the

acoustic metamaterial theory. More than 20 dB noise reduction can be achieved in the frequency range
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of 400-5000 Hz with 20 mm circular air openings [66], which can be narrowed down to 700-2200 Hz
with 50 mm air openings [66], and 600-1600 Hz with 60 mm square openings [67]. The application of
acoustic metamaterials and acoustic metasurfaces has also led to more diverse designs of silencing
windows. Moreover, several studies have demonstrated that porous materials and acoustic
metamaterials can entail silencing and ventilation simultaneously [68—75]. However, the resonator
designed to suppress noise requires small ventilation channels, thus limiting the opening ratio and
compromising air exchange rate. A series of soundproof windows that can effectively reduce noise in
a wide frequency range [33,76—79] have been devised, whilst providing a sufficient opening ratio.
Some windows have also been improved to allow for visual connections to the outside world [78,79].
However, the existing passive designs and solutions also lack the flexibility to handle noise with
variable frequency or adjust the ventilation performance on demand. This, therefore, calls for novel
window design solutions to achieve effective ventilation, broadband and adjustable noise reduction.
The development of origami science has provided a wealth of inspiration to engineering designs,
and the tunability originating from folding has received extensive attention in many scientific fields
including acoustics. For example, Thota et al. [80-82] used the Miura-origami sheet as a platform to
adjust the topological properties of a lattice formed by circular tubes attached to the origami sheet,
which is exploited to develop tunable sound barriers that can attenuate traffic noise with a complex
frequency spectrum. Cambonie and Gourdon [83] proposed an innovative origami solution for an
enhanced quarter-wavelength resonator. By adjusting the folding angle of the origami spiral inserted
into a resonator, the absorption characteristics of a longer-wavelength resonator can be obtained in a
shorter dimension. Zhu et al. [84] designed an origami-based reconfigurable acoustic metamaterial for
controllable sound wave manipulation. By adjusting the shape of the constituent origami units, various
acoustic manipulation functionalities, including acoustic focusing, beam splitting, sound localization,
and unidirectional transmission, can also be achieved. In our previous research [85], a novel modular-
origami-inspired muffler with unique acoustic adjustability and programmability has been designed
and prototyped. Through a single-degree-of-freedom folding reconfiguration, the working bandwidth
of the muftler can be effectively tailored; further, by combining multiple origami layers and through
optimization, multi-layer origami mufflers can also be designed to cope with a specific target frequency

band. Based on this concept, Fusaro et al. [77] have designed a broadband reconfigurable silencing
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window, which integrates the basic resonating principle, auxetic mechanism, and layering technique
to achieve noise and air control. In addition to the above work, origami has also inspired the
development of other reconfigurable devices for achieving enhanced acoustic tunability and
programmability, such as tunable Helmholtz resonators [86], adaptive acoustic tanks for reflection
mitigation [87], origami sound absorbers [88], foldable sound barriers [89], reconfigurable acoustic
waveguides [90,91] and origami partitions for open-plan spaces [92], etc.

The above success motivates us to extend the previously proposed concept of a single-channel
origami muffler to an origami silencing window and, by capitalizing on the advantage of the structural
features and foldability of the origami, to achieve a tunable and balanced functionality in terms of
ventilation and noise reduction. Specifically, based on a modular origami, we expect to realize effective
noise reduction by constructing, optimizing, and cascading resonance cavities, and to achieve excellent
tunability of ventilation and noise attenuation performance through changing the shape and the size of
the ducts in a foldable manner. To meet this goal, the following studies are conducted. First, by
extending the modular-origami structure in the plane and by introducing different partitions into the
chambers, origami windows with three partition forms are designed (Section 2). The size and the shape
of the ventilation ducts can be effectively tuned via a single-degree-of-freedom folding mechanism.
Second, through a comprehensive parameter study of the origami geometries, partition forms, and
folding angles, the acoustic characteristics of the silencing window are revealed, based on which,
discrete numerical optimizations are carried out to determine the optimal layout entailing maximum
average transmission loss for a given target frequency band (Section 3). The results indicate that the
single-layer origami window performs poorly in achieving broadband sound suppression. To overcome
this limitation, the feasibility and effectiveness of cascading multiple geometrically compatible
modular-origami layers are examined in Section 4. Based on an intuitive spectral superposition
principle, the layout of the constituent layers can be determined, and the constructed dual-layer window
achieves broader bandwidth in noise reduction. Finally, the ventilation characteristics of the window
are evaluated (Section 5). It shows that folding endows the origami window with extraordinary
tunability in response to different working conditions, therefore achieving the balance between noise

reduction and air ventilation that has long been desired.
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2. Design of the origami silencing window

Inspiration for this study comes from modular origami, which first fold multiple paper stripes into
modules and then connect them into a 3D interlocked assembly [93,94]. Transformable modular
origami structures are of particular interest to researchers due to their high reconfigurability and
extensibility [94,95]. Figure 1(a) shows the photo of a typical modular origami structure, a cube
assembly, which can be transformed among different configurations. Treating the cube assembly as a
2D shape, it can then be described as a 2D tiling pattern consisting of four interconnected ‘tiles’
surrounding a ‘void’ (Fig. 1(b)). By folding the modular origami via a single-DOF mechanism (i.e.,
changing the folding angle @), the shape of the ‘void’ can transform from a square to a rhombus, and
finally to a closed state (Fig. 1(a)). Correspondingly, the area of the void ( S,,,4 ) decreases significantly,
which is the basis for subsequent realization of ventilation regulation; and the area ratio between the
‘tiles” and the ‘void’ (¥ = Sy / Syig ) increases, which makes it possible to tune the sound attenuation.
Note that a single modular-origami unit can be periodically tessellated into a 2D origami surface (Fig.
1(d)), which forms the basis of the origami window design.

Fundamentally, an analogy between the modular origami and a silencer design can be drawn, i.e.,
the ‘void’ corresponds to the acoustic duct, and the square ‘tiles’ correspond to the acoustic chambers
(Fig. 1(b)) [85]. If we directly tesselate the single modular-origami unit to form a silencing window,
some ducts are not connected with any chambers, thus causing sound leakage (Fig. 1(d)). To tackle
this problem, the connectivity between the ducts and the chambers of the origami window is redesigned
by connecting each duct to only one chamber. Figure 1(e) depicts the 2D design sketch and 3D model
of the silencing window. As illustrated by two basic units, each unit consists of a rhombus duct and a
square chamber. The 2D geometry of the origami window can be described by the side length a and
the folding angle @ of the basic unit, alongside the number of units in each row and column. Note
that although the window shown in Fig. 1(e) possesses 7x7 units, it can still be reconfigured,
transiting between the fully-open state (€ =90") to the fully closed state (6 =0") with a single DOF.

On the basis of the basic unit composed of chamber and duct, partitions can be further added into
the chambers to increase the design freedom and enhance the low-frequency silencing effect [96].

Figure 2 illustrates three partition forms, which are referred to as PF1, PF2, and PF3, respectively; the
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Figure 1. Design of the modular-origami window. (a) Folding of a paper modular origami prototype, from
the state with a square void to a state with a rhombus void, and to the closed state. (b) Correspondence
between the modular origami and the origami silencer. (c) Variation of the void area and the area ratio
with folding. (d) Direct expansion of the modular origami into a plane, in which some ducts are not
connected with any chambers. () 2D and 3D design of the origami window (PF0), in which the two basic
units are demonstrated in the enlarged view. Note that additional closed chambers (denoted by shades of
gray) are added at the left and bottom boundaries to ensure periodicity.

case without internal partition is referred to as PFO0. Specifically, in a 2D view, PF1(Fig. 2(a)) is a line
segment drawn from the center of the square chamber to the obtuse vertex of the rhombus duct, and
its length 1s half of the diagonal of the square (i.e., xﬁa /2); PF2 (Fig. 2(b)) is an ‘L’-sharped polyline
that follows the shared edge of the square and then bend to the square center, and the lengths of both
segments are a/2. PF3 (Fig. (2¢)) is a spiral-like polyline that starts from the acute vertex of the
rhombus duct, then turn into the interior of the chamber, and again turns twice around the square center;
the lengths of the four segments are 2a/3, 2a/3, a/3,and a/3,respectively. In a similar way to
Fig. 1(e), three types of 7x7 origami window can be constructed by periodically tessellating the
units with partition forms PF1, PF2, and PF3, shown in Fig. 2(e)-(f). Note that the insertion of the
partition can effectively change the equivalent length of the waveguide and thus adjust the sound-
suppression frequency characteristics of the origami window.

In addition to the 2D dimension, the thickness of the chamber w and the lengths of the duct

beyond the anechoic layer are defined. If the origami window contains a single anechoic layer, the
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(a) PF1 (b) : PF2 (©) : PF3

Figure 2 Partition configurations and the corresponding origami silencing window designs. (a) and (d)
PF1, in which a line partition is included; (b) and (e) PF2, in which an ‘L’-shaped partition is included,
(c) and (f) PF3, in which a spiral-like partition is included. The dark and light green squares denote the
two basic units. Additional closed chambers are added at the left and bottom boundaries (hatched squares)
to ensure periodicity.

length of the front duct is denoted by |, (taking the incident sound field as the front), and the length
of the back duct is denoted by |, (Fig. 3(a)). Furthermore, if the constituent modular origami cells of
the anechoic layers share the same external dimension (i.e., a and @), it is possible to construct a
multi-layer origami silencing window by combining multiple layers with identical/different partition
forms together. Taking a double-layer silencing window (Fig. 3(b)) as an example, the two layers share
the same side length a, the thickness of the two layers is denoted by W, (i =1,2), the length of the
front duct is |, the length of the middle duct between the two layers is |,, and the length of the back
ductis ;.

It is well known that the ducts beyond the anechoic layer could significantly affect the noise
reduction effect. Considering that the focus of this research is the effects of the origami layer, including
the size and the partition forms, on the noise reduction, the duct lengths are taken as constants. For the
single-layer window, |, =5mm and |, =125mm; for the double-layer model, |, =1,=5mm, and

[, =110 mm.
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3 Modeling and optimization of the origami silencing window

Based on the previously discussed design, this section studies the effects of the geometric parameters
and the partition configurations on the resultant silencing performance. Both single-layer and double-

layer origami windows are considered.

3.1 Simulation setting

Due to the complex geometry of the origami window, Finite Element Method (FEM) models (Fig. 3)
are built using the commercial simulation software COMSOL Multiphysics 5.4. A hemispherical
background pressure field is used as the incident domain and plane wave with unity pressure amplitude
propagating towards the silencing window is defined to simulate the external noise. The left plane of
the window is treated as the incident surface, and sound waves transmit through the origami window
before radiating into the semi-infinite space on the right. The acoustic domain is discretized into free-
tetrahedral elements, with a maximum mesh size of 0.045m defined according to the minimum acoustic
wavelength of interest. With harmonic excitation, the governing Helmholtz equation in terms of the
acoustic pressure p writes:

VZp+kip=0, (1)

where k is the wave number. All the walls and partitions in the model are assumed to be acoustically

rigid such that the acoustic waves are completely reflected at the boundaries without any energy loss.

Background Background
pressure field pressure field

Ve Ve Ve

(a) Incident domain  Anechoic layer Exit domain (b) Incident domain Layer#l #2 Exit domain

Figure 3. Simulation setup of the origami silencing windows. (a) The window with a single origami
anechoic layer; (b) the window with two origami anechoic layers.
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The transmission loss (TL) is used to evaluate the difference between the power of the incident

wave (W,, ) at the incident surface and that of the emitted wave at the exit hemispherical surface (W, )

TL=10 Ioglo (\Nin /Wout)' 2)

A threshold level of 10dB (TL >10dB ), corresponding to an attenuation of the sound power by 90%,

is used to define the effective noise reduction band.

3.2 Noise reduction performance of the single-layer silencing window

To understand the effects of the design parameters and the shape of the partitions, a comprehensive
parametric analysis is carried out, in which the geometric parameters (the side length a, the chamber
thickness w, and the folding angle @) and the four partition forms (PFO0, PF1, PF2, and PF3) of the
single-layer silencing window are focused. Figure 4 displays the TL curves corresponding to different
window configurations. Specifically, each row corresponds to the same partition form; the first column
shares the same chamber thickness (w=40mm) and folding angle (8 =15"), with the chamber side
length a varying from 70, 75, 80, 85 to 90 mm; the second column has the same side length
(a=80 mm) and folding angle (& =15"), but with different thicknesses (w varies among 20, 30, 40,
50 and 60 mm); the third column has the same geometries (w=40mm, a =80 mm ) but with different
folding angles (& changing from 15°, 30", 45", 60" to 90°).

Overall, Fig. 4 shows that for all partition forms, the incorporated single layer of chambers
generate distinct TL peaks to reduce the transmitted noise within a certain frequency band, and the four
variables (i.e., the partition form, the chamber thickness w, the chamber side length a, and the
folding angle @) impose great influences on TL. For a given partition form (i.e., in the same row of
Fig. 4), the peak frequency of the TL curve shifts towards lower frequency with greater chamber side
length a, but it is less sensitive to the chamber thickness w and the folding angle @ . This
phenomenon is understandable because the TL peak is caused by the Helmholtz resonance, whose
resonance frequency is closely related to the characteristic length of the resonator. At the TL peak,
impedance mismatch associated with the Helmholtz resonance prevents sound transmission to the
downstream. For example, with PFO, by increasing a from 70mm to 90mm, the peak frequency
of the TL curve decreases from 1070Hz to 830Hz; however, by changing W and &, the peak

frequency is slightly affected. On the other hand, the breadth of the TL=10 dB band is closely related
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to the thickness W and the folding angle @ . With PF0, the effective bandwidth experiences a
significant increase from 190 Hz when w=20 mm to 870 Hz when w=60 mm; by folding the

window from 90" to 15", the bandwidth also expands by 8.29 times from 70 Hz to 580 Hz.
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Figure 4. TL curves of the single-layer origami silencing window with different parameters and partition
forms. (a)~(c) PFO0, (d)~(f) PF1, (i)~(k) PF2, ()~(n) PF 3. (a), (d), (i), and (1) =15, w=40 mm; (b),
(e), (j), and (m) =15, a=80mm; (c), (), (k), and (n) a=80 mm, w=40 mm. The TL=10dB lines
are indicated to show the effective bandwidth.
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Cross-comparison among the four rows reveals that the internal partition has significant effects on
both the peak frequency and the effective bandwidth of the TL curves. With internal partitions, the
equivalent length of the chamber is increased, which, as a result, shifts the TL peaks toward low
frequency. However, this is accompanied by the narrowing of the effective bandwidth. For example,
the peak frequency of the PFO window corresponding to a =80 mm, w=40 mm, 6 =15" is 940 Hz
(Fig. 4(a)), while that of the PF 2 window of the same geometries is 600 Hz (Fig. 4(i)). It should be
noted that with PF3 (Fig. 4 (k), (1), and (1)), the TL curve possesses two peaks, due to the excitation of
higher-order modes.

Figure 4 not only elucidates the effects of the design parameters on the TL performance but also
indicates the tuning potentials of the origami window by geometry tailoring. For example, both the
peak frequency and the bandwidth can be tuned by adjusting the side length and the thickness of the
chambers; if the size of the chambers is fixed, the frequency can then be regulated by inserting
partitions. Moreover, as a unique merit of the origami-inspired design, the effective bandwidth of the
origami window can also be effectively tuned via folding. A small folding angle always gives rise to

broad 10dB TL bandwidth, while the TL peaks are slightly affected.

3.3 Optimization of the single-layer silencing window
We then discuss how to design a single-layer origami silencing window for a given target frequency
band. To this end, a comprehensive numerical analysis based on FEM in COMSOL (with the same
setup shown in Fig. 3(a)) is carried out to elucidate the sound attenuation characteristics of the window
with different partition forms and different geometric parameters. From a practical application point
of view, the geometric parameters a and W are constrained by 40 mm<a<100 mm and
20mm<a<80 mm to prevent oversized or undersized design. Considering that a small folding
angle gives rise to broader bandwidth of noise reduction (Figs. 4(c), (), (k), and (n)), the folding angle
is fixed to € =15". According to the typical frequency distribution characteristics of traffic noise [39],
the frequency band [300, 1500] (Hz) is focused here.

Figure 5 displays the effects of partition forms and chamber geometries on the sound attenuation
performance. Four partition forms are considered, using discrete values of a and Ww, i.e.,

ae[40, 45, 50,..., 95, 100](mm) and we[20, 25, 30,..., 75, 80](mm) . The acoustic bands with
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TL>10dB and the TL peak curves are represented by shaded areas and dashed curves, respectively. For

all four partition forms, increasing the chamber side length a will always shift the TL peak toward

lower frequency, and enlarging the chamber thickness W will broaden the effective bandwidth as well
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Figure 5. Acoustic characterization of the single-layer origami silencing window with different

geometries and partition forms when 6=15". (a) PFO0, (b) PF1, (c) PF2, (d) PF3. The shades denote the
10db TL stopbands, and the dashed curves denote the TL peaks.
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as mildly lift the TL peak frequency. Particularly, two separate 10dB TL bands are achievable in some
window designs. For the PF3 designs with a relatively large a and w, two distant TL peaks are
observed.

Figure 5 also provides us with the necessary data for optimal design. In fact, by adjusting the four
design parameters, the TL performance can be tuned over a wide range. For example, the TL peak can
vary between 310Hz (PF3, a=100mm, w=50mm) and 1500 Hz (PFO, a =60mm, w=80mm), and
the individual bandwidth can vary from 50 Hz (PF3, a=95mm,w=20mm) to 950 Hz (PFO,
a =85mm, w=80mm). Hence, based on Fig. 5, we can quantitatively evaluate the sound attenuation
performance for a target frequency band and then determine the optimal design via discrete
optimization. In detail, the average TL of a specific window design X is employed as the objective

function of optimization, which is defined as [85,96-98]:

1
£ -1

u

F (9 - TL@N -

RGO =%§;wi L, 3)
! i=1

where f,, f, represent the upper and lower bounds of the target frequency band, respectively;
1=12,..,N denotes the discrete frequency points used in the numerical simulation. Without loss of
generality, all frequencies are assumed to have the same weighting W, =1. Hence, the optimization

problem can be formulated as

max F(x) for x={x,X%,...}, 4)

where X; is the design candidate used in simulations as shown in Fig. 5.

As an example, with a narrow target frequency band [800, 1000] Hz, the contours of average TL
for the four different partition forms are displayed in Figs. 6(a)~6(d). Through discrete optimization,
the optimal design corresponding to each partition form can be determined. For PFO, a=85mm,
w=75mm ; for PF1: a=65mm,w=80 mm , for PF2: a=60 mm,w=80 mm, and for PF3:
a =40 mm,w =380 mm. With the same target frequency band, the optimal designs corresponding to
different partition forms differ significantly, while their performance is relatively close and good (Fig.
6(e)). We can then choose the appropriate window design according to the actual needs and geometric
constraints. Particularly, the optimal design of PF2 ( a=60 mm,w=80 mm ) delivers the best

performance, with an average TL of 29.23dB.
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Figure 6. Optimization results for the target band [800, 1000] Hz when the folding angle =15". The
distributions of the average TL with respect to the geometric parameters @ and W for (a) PFO0, (b) PF1,
(c) PF2, (d) PF3 are displayed, in which the solid dot denote the optimal design corresponding to the
maximum average TL. (e) The TL curves and the 10dB TL bands (i.e., warranting more than 90%
reduction of the energy of noise) of the optimal designs for different partition forms, in which the target
band is shaded.

Note that the given range of geometric parameters cannot guarantee favorable average TL

performance for all given target bands. For example, if we focus on low-frequency noise reduction,
say, setting [300, 500] Hz as the target frequency band, although the optimal designs corresponding to
the four partition forms can still be obtained via discrete optimization (Figs. 7(a)~7(d)), their
performance deteriorates seriously, except for PF3. It shows from Fig. 7(e) that with the optimal design
corresponding to PF0 and PF1, only a small portion of the target band satisfies TL>10dB, and the TL
peaks are far away from the target band. With the optimal design corresponding to PF2, although the
peak locates at the boundary of the target band (i.e., 500 Hz), there is still an interval in which the TL
values are lower than 10dB. The only acceptable one is the optimal design corresponding to PF3 (i.e.,

a=80 mm,w=100 mm ), whose TL>10dB band covers the major portion of the target, and the

average TL reaches 17.63dB.
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Moreover, if we aim at broadband sound attenuation, e.g., setting [300, 1500] Hz as the target
band, the obtained optimal designs cannot meet the requirements of full-band noise reduction (Fig. 8).

Figure 8(e) indicates that with the four optimal designs corresponding to the four partition forms (Fig.
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Figure 7. Optimization results for the target band [300, 500] Hz when the folding angle 6=15. The
distributions of the average TL with respect to the geometric parameters @ and W for (a) PFO0, (b) PF1,
(c) PF2, and (d) PF3 are displayed, in which the solid dot denotes the optimal design corresponding to the
maximum average TL. (e) The TL curves and the 10dB TL bands of the optimal designs for different

partition forms, in which the target band is shaded.
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Figure 8. Optimization results for the target band [300, 1500] Hz when the folding angle =15". The
distributions of the average TL with respect to the geometric parameters @ and W for (a) PFO, (b) PF1,
(c) PF2, (d) PF3 are displayed, in which the solid dot denote the optimal design corresponding to the
maximum average TL. (e) The TL curves and the 10dB TL bands of the optimal designs for different
partition forms.

8(a)~8(d)), the 10dB bands cannot cover the full band. The target band coverage ratios of the four
optimal designs corresponding to PF0, PF1, PF2, and PF3 are 72.73%, 71.90%, 73.55%, and 71.07%,
respectively. This, therefore, requires us to seek ways to further broaden the effective band and improve

the coverage of the target band.

4 Multi-layer origami silencing window

Stacking multiple layer chambers would allow to achieve broadband sound attenuation [85]. This
motivates us to make use of the origami’s extensibility and explore the possibility of broadening the
effective noise reduction band by cascading two geometrically compatible origami layers. Thus,
instead of ‘globally’ re-designing a new multi-layer window, the previous parameter sweeping results
on single layers (Fig. 5) will be used to guide the design toward a specific sound attenuation
requirement.

Specifically, two origami layers are kinematically compatible if they share the same edge length
a of the modular origami. The thickness of the two layers (W, and W, ) and the partition forms are
designable parameters. Considering the usual wall thickness, the overall thickness of the silencing
window is constrained to 240 mm, i.e., | +w +1,+w, +1, <240 mm . Since |, =l,=5mm and
|, =110 mm (Fig. 3(b)), we have

w, +w, <120 mm. (5)

Setting the whole band [300, 1500] Hz as the target, we first examine whether the effective bands
(TL>10 dB) of two origami layers can cover the target band when superposed. The four partition
forms can be combined in six different ways. For each combination, the effects of the edge length a
(shared by both layers, 40<a <100 (mm)) and the thickness of the two layers W, and W,
(20<w,,w, <80 (mm)) on the target-band coverage are examined. Figure 9 indicates that for all
combinations, 100% coverage of the target band is not achievable in the whole parameter range.

However, except for PF1+PF2, more than 80% coverage is possible for the other five combination
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cases, and more than 95% coverage is only achievable in the PFO+PF3 combination. Hence, the
PFO0+PF3 combination is examined in detail. Figure 9(d) reveals that >80% coverage is achievable if

the edge length is 60<a<100 (mm). When a=60 mm, >80% coverage of the target band is
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Figure 9. The coverage of the frequency band [300, 1500] Hz for different combinations of layers. (a)
PFO+PF1, (b) PF1+PF2, (c) PFO+PF2, (d) PFO+PF3, (e) PF1+PF3, (f) PF2+PF3. The geometric constraint
is denoted by the dashed lines in the 2D array plot. The number above the horizontal bar plot indicates
the percentage of the area with more than 80% coverage of the target band in the w, —w, plane.
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reached in the grey area, which occupies 38% of the area in the W, —W, plane. When a is increased
to 75mm, >95% coverage is possible, but the feasible region (denoted by the black area) is beyond the
constraint line W, +W, =120 mm (denoted by the dashed line). When a=80mm , the arca
corresponds to >95% coverage is further expanded, but none of them satisfies the constraint Eq. (5).
When a =85 mm, parameters that meet more than 95% coverage and geometric constraint Eq. (5) are
found.

Although a direct superposition of the effective bands from two single origami layers is not
exactly the same as the effective band obtained by the double-layer window as a whole, Fig. 9 still
provides intuitive and useful information for determining the geometric parameters of the two origami
layers. By selecting parameters that fall in or are close to the >95% coverage region, we can hopefully
achieve a good noise reduction for the target band [300, 1500] Hz. As a result, two groups of parameters
are taken to examine the effect: point C, ( @a=80, w, =60, w,=60 (mm)) and point C,
(a=85 w, =75 W, =45 (mm)) in the PFO+PF3 combination. Their positions are denoted by white
dots in Fig. 9(d); C, locates outside but very close to the >95% region, while C, is inside the >95%
region. Both points C, and C, satisfy the geometric constraint Eq. (5).

Figure 10 displays the TL of the two-layer origami silencing window with design parameters at
point C, and C, inthe PFO+PF3 combination. For reference purposes, the TL curves corresponding
to the two constituent single-layer windows are also provided. It shows that with the double-layer
window, the coverage of the TL >10 dB band is increased from 73.55% of a single-layer window
(Fig. 8(e)) to 82.64% at point C, and 80.17% at point C,, while the expected full coverage is still
not achieved. By cascading the two layers, the TL peaks of the constituent layers are well exploited.
However, at some frequency intervals, the double-layer window performs worse than a single-layer
due to the destructive effect of the evanescent wave coupling [99]. For example, the single-layer
window (PF3:a=85mm, w, =45mm) yields >10 dB noise reduction at 500Hz, but the TL of the
double-layer window with parameters C, isonly 8.97 dB. Moreover, we note that although point C,
locates outside the >95% region while point C, locates inside the >95% region, the actual coverage
of the two-layer window with parameters C, is superior to that with parameters C, . This, therefore,

raises the demand for studying the interference between the two origami layers in our future research.
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If the target band is narrowed to [500, 1200] Hz, which is typically the dominant frequency
interval of the traffic noise [81], we can also re-design the two-layer window based on similar
procedures used above. For this target band, all the six combinations of partition forms can give rise

to >80% coverage. Particularly, we find that the PF1+PF3 combination exhibit good performance,
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Figure 10. TL curves and 10-dB TL bands of the double-layer silencer windows. (a) Parameters C;:
a=80, w, =60, w, =60 (mm), (b) parameters C,: a==85, w, =75, w, =45 (mm). For reference, the TL
curves and bands corresponding to the constituent single layers are also plotted.

manifested by a large area of more than 80% coverage and the achievability of 100% coverage (Fig.
11(a)). Hence, the parameters that are close to or fall in the >95% (or 100%) coverage region are
preferred. As an example, point C, (a=60, w, =60, w, =60 (mm)) in the PF1+PF3 combination is
studied to exemplify the effect of the double-layer window. Figure 11(b) reveals that the 10-dB TL
band fully covers the target band because the constituent single-layer windows achieve good
complementarity. The double-layer window not only maintains a high TL value around the TL peaks
of the constituent single-layer window but also enables a significant improvement in the regions where
the constituent single-layer windows perform poorly, such as around 700 Hz and 1100 Hz.

Note that the TL band broadening achieved by stacking two origami layers is the result at a folding
angle of 15°. Since the two origami layers share the same edge length a, the double-layer window

can still maintain a single degree of freedom for folding. Increasing the folding angle @, the effective
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band will be narrowed due to the enlarged duct area. However, effective noise reduction can still be
achieved in a low-frequency band near 500 Hz and a high-frequency band around 900~1000 Hz.

The above two examples well demonstrate the advantages acquired by incorporating two origami
layers in the design of the silencing window, i.e., improved sound attenuation at a specified frequency
band and broadband sound suppression. It is the unique extensibility of modular origami that allows
different origami layers to be stacked without affecting the overall foldability. Therefore, if aiming at
different actual requirements, rather than re-designing the whole window, noise suppression in
different user-prescribed frequency bands can be achieved by simply replacing the constituent origami
layers. This is also a demonstration of the programmability that origami offers [84,85]. Note that under
the constraint of the wall thickness, full-band ([300, 1500] Hz) attenuation is not perfectly realized in
Fig. 10. However, by further increasing the design freedom, e.g., incorporating new forms of partition

inside the chambers, we are hopeful to achieve better wide-band noise reduction performance.
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Figure 11. Performance of double-layer origami silencing window for the target band [500, 1200] Hz.
(a) The coverage of the target frequency band [500, 1200] Hz for the PF1+PF3 combination. (b)TL curves
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and 10-dB TL bands of the double-layer silencer window with parameters at point C, . For reference, the
TL curves and bands corresponding to the constituent single layers are also plotted. (¢) TL curves and 10-
dB TL bands of the double-layer origami silencing window when the folding angle @ is
15, 30", 45, 60", and 90 .

5 Tunable ventilation performance

Building upon the above-mentioned adjustable noise reduction, we continue to analyze the adjustable
ventilation performance brought by the origami foldability with an attempt to achieve a balance
between the originally contradictory noise reduction and air ventilation. To evaluate the ventilation
effect and the indoor air quality, the Local Mean Age of air (LMA) at a particular location P of a
ventilated domain, defined as the average time that is needed for the molecules of air to reach that
location since they enter the room [100,101], is examined. LMA is evaluated through Computational
Fluid Dynamic (CFD) simulations.

In this research, a single dormitory (2.43mx2.72mx=2.67m) at the Fudan University is studied
using the commercial simulation software ANSYS 19.0. Figure 12 displays the CFD model of the
room to be ventilated. The room is discretized into free-tetrahedral elements, with the maximum
distance between nodes of 0.236 m and the minimum distance of 2.36x10™> m. For comparison
purposes, two cases are studied. In the first case, the origami silencing window shown in Figure 11
(PF1+PF3combination, a=60 mm and w=60 mm for both layers) is used. In the second case, a
conventional sliding window is considered. The parameter X is taken from (0.297,0.287, 0.257,0.21,
0.148, 0.077) m so that the sliding window share the same opening area with the origami window at
folding angles of (90, 75, 60, 45, 30, 15) degree. The air blows towards the window and exits through
the open door. During the calculations, the airflow is considered as steady, incompressible and

turbulent. The k-¢ turbulence model [102] is adopted to simulate the main flow turbulence far from the
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Figure 12. The CFD models of the ventilated room with different windows. (a) The room with the origami
silencing window. (b) The room with a conventional sliding window, where the opening is denoted by
blue, and its dimension is controlled by the parameter x.

smooth walls, and standard wall function is applied. The SIMPLE algorithm with a second order
scheme for the convective terms is used for coupling the pressure and velocity [102]. In the inlet area,
an air velocity of 1 m/s, an air temperature of 300K, and an air density of 1.225 kg/m® are specified.

Figure 13(a) displays the distributions of the LMA in the vertical section of the room when the
origami window is folded to 15°, 30", 45", 60°, 75", and 90°. It reveals that with the increase of
the folding angle @, LMA reduces substantially over the whole room. To quantify the Age of Air
(AoA) level of the overall room, in addition to the LAM distributions, we further evaluate the average

AoA within the whole domain, defined as [100]:
_[ 7,dxdydz
7 — Vol ’ (6)
Vol

where 7, isthe LMA at any point P within the domain. For the origami window, the evolution of
the average AOA 7 and the average TL over the target band [500, 1200] Hz with respect to the folding
angle @ are plotted in Fig. 13(b) and Fig. 13(c), respectively (dash-dot curves). Benefiting from the
foldability of the origami silencing window, the noise reduction and air ventilation are well balanced,
and they can be effectively and conveniently adjusted according to requirements. For example, during
the daytime, especially during rush hours, traffic noise become significant [41]. To effectively reduce
the noise, we can fold the origami window to 15~ 30" so that the incoming traffic noise of 500~1200

Hz can be effectively suppressed, resulting in an average TL of more than 10dB, that is, a more than

90% reduction of noise. The insulation of noise will not impede the air ventilation. Despite the small
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ventilation area, the origami window can still ensure a certain amount of air ventilation, with the
average AoA within the room maintained between 200 s and 450 s. At night, especially during late
night sleeping hours, traffic noise becomes weaker [41]. To improve the sleep quality [35], we can fold
the origami window to 75~ 90" to enhance the ventilation performance of the room, with the average
AoA of the room reduced to below 130 s. Due to the presence of resonant chambers, the origami
window could still maintain a noise reduction of more than 7dB despite the increased ventilation area.

Compared with the conventional sliding window (dotted curves in Fig. 13(b) and 13(c)), when
the opening area is relatively large (i.e., with large folding angle &), the ventilation performances of
the two windows are similar. With reduced folding angle @, the ventilation performances of both
windows are weakened, and the average AoA of the origami window is larger than that of the sliding
window. This is because when the folding angle is small, the duct of the origami window has a small
cross-section area, which would generate a large airflow resistance [78,103]. On the other hand, in
terms of the silencing performance, the average TL of the origami windows significantly outperforms
the conventional sliding window. Even with a relatively small ventilation area, the sliding window
cannot insulate noise effectively (TL<8dB), while the origami window can achieve effective noise
reduction with a high TL level. The above examples and the comparison between the origami window
and the conventional sliding window fully showcase the unique benefits of the modular origami
window design, including the extraordinary adjustability, functional balance between noise reduction

and air ventilation, and ultimately enhanced human comfort.
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Figure 13. Performance of air ventilation and noise reduction. (a) LMA distribution in the vertical section
of the room; (b) Evolution of the ventilation area and the average AoA with respect to the folding angle.
(c) Evolution of the ventilation area and the average TL with respect to the folding angle.

6. Summary and Conclusions

To solve the dilemma between the natural ventilation and noise mitigation, a novel reconfigurable
silencing window based on modular origami structures is proposed in this study. The opening area of
the origami window was tuned by a single-degree-of-freedom folding mechanism. Comprehensive
FE simulations were conducted to determine the acoustic characteristics of the proposed window, as
well as the design flexibility and tuning ability arising from the modular origami concept. CFD
simulations were also conducted to evaluate the air exchange rate of the proposed origami window at
different folding angles, and the holistic performance with both acoustic and ventilation
considerations was compared to that of a conventional sliding window. Specifically, the design
merits are demonstrated in three aspects: (1) Based on a single-DOF folding mechanism, the area of
the ducts and the area ratio between the chambers and the ducts would change significantly, which
therefore allows the effective tuning of the sound attenuation bandwidth and the ventilation effect.
(2) The geometry and the internal partitions of the chambers are designable in a large space, which
significantly enriches the frequency characteristics of the TL profile of a single origami layer. (3)
Aiming at noise reduction in the target frequency band, discrete numerical optimization could
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determine the optimal design corresponding to the maximum average TL; for the demand of
broadband noise reduction, multiple layers can be selected and stacked according to the effective
band characteristics of a single layer. The novel origami-inspired design, in addition to achieving a
balanced ventilation and noise reduction, overcomes many existing problems in silencing windows
by exploiting the foldability and extensibility of the modular origami, e.g., acoustics and ventilation

tunability, design flexibility, and adaptability to different working scenarios.
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Figure 14. Proof-of-concept design and prototype of the origami silencing window. (a) CAD sign of the
constituent modules, in which the first layer is of PF1, and the second layer is of PF3; (b) CAD design of
a dual-layer 7x7 origami silencing window; (c) proof-of-concept prototype of a dual-layer 3x3 origami
silencing window. The hinge for connecting and folding is shown in an enlarged view.

It is worth mentioning that there still exist several problems awaiting solutions in terms of
practical applications. For example, mechanisms are needed to connect the irregularly shaped origami
window to the wall, to deal with the changes in the gaps between the window and the wall after folding
reconfiguration, and to achieve automatic folding. At this stage, experimental verification of the
proposed window design has not been carried out yet, which will be our future endeavor. This research
aims at demonstrating the design principles, feasibility and flexibility first, and the prototype in Fig.
14 can be considered as a proof-of-concept. The geometry and partition form of the design is consistent
with those in Fig. 11. Basically, a 7x7 dual-layer window can be constructed based on two constituent
modules (Fig. 11(a) and 11(b)), with the first layer of PF1 and the second layer of PF3. Mounting holes
are reserved for hinges, which are used for connecting and folding. Figure 11(c) shows the photo of a
3x3 dual-layer window prototype.

Overall, this research synthesizes the folding kinematics of modular origami and acoustic

resonances to yield a novel origami silencing window for the balance and tunability of noise reduction
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and air ventilation. The extraordinary designability, reconfigurability, optimizability, and extensibility
of the origami solution uncovered in this research will provide a new avenue for the design and

development of planar acoustic devices.
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