
Shaping elastic wavefront through
zigzag-folded metasurfaces

Zhenkun Lin and Serife Tol*

Department of Mechanical Engineering, University of Michigan, Ann-Arbor, MI, United States

We present a reconfigurable elastic metasurface design composed of an array of
zigzag-folded sheets with parallel corrugations to control the wavefront of the
refracted A0 Lamb mode wave. The performance of this origami-inspired
metasurface can be tuned by tailoring the thickness and folding angles of the
sheets. Zigzag-folded sheets exhibit dynamic properties depending on their
thicknesses and folding angles, yielding different phase profiles required for
wavefront control via the metasurface. The transmission characteristics and
phase modulation capability of the metasurface units are studied through
numerical models and utilized to inform the metasurface design reconfiguring
for different wave functions, such as wave focusing and deflecting at different
frequencies. The design frameworks and the applicability of the reconfigurable
metasurface are validated using a full-scale experimental setup. Overall, the
proposed metasurface can accomplish distinct wavefront controls at adjustable
geometrical parameters, developing new potentials for designing intelligent
systems adaptable to different environments.
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1 Introduction

Controlling and manipulating acoustic/elastic waves via phase-modulated metasurfaces
has gained increased research interest over the past decade. A metasurface consists of an
array of subwavelength-scaled phase modulators that introduce abrupt phase shifts in the
wave propagation path and tailor the wavefront based on generalized Snell’s law (GSL) [1].
Hence, it can provide a compact and lightweight approach to controlling acoustic/elastic
waves, which makes them ideal for diverse applications such as lensing [2, 3], energy
harvesting systems [4, 5], imaging [6], holography [7, 8] and cloaking [9, 10].

In general, anomalous wave control is achieved by tailoring the phase gradients via the
structural design of themetasurface unit cells [5, 11–18]. Examples of these designs include torus-
like tapers [14], perforated substrates [16], rectangular zigzag structures [15, 19–21], pillar
attachments [6, 18, 22], and slender beams [5, 23], which have demonstrated capability in elastic
wavefront shaping, such as wave focusing and wave deflection. However, once fabricated, most
existingmetasurface designs have a fixed geometric configuration, restricting their effectiveness to
specific spatial dimensions for generating the desired wave functions. To overcome this
limitation, researchers have utilized different techniques including piezoelectric shunts
[24–29], screws-thread bars resonators [30, 31] and magnetically tuned sub-units [32], to
enable a tunable or reconfigurable design of the metasurface.

Notably, recent advancements have integrated origami art into the architected material
designs due to its inherent merits of being deployable and reconfigurable. As a basic origami
pattern, origami-inspired zigzag sheets/rods have been widely used in civil engineering and
aerospace applications due to high reconfigurability, the ease of design, and the potential to
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maintain lateral dimension at different deployed states, i.e., zero-
Poisson’s ratio [33–37]. Extensive research has demonstrated that
zigzag corrugated structures can achieve extraordinary mechanical
properties, such as high stiffness [38, 39], significant strength to
weight ratio [40], and low sensitivity to buckling [41]. Aside from
peculiar mechanical properties, researchers have also leveraged the
dynamic properties of origami-inspired zigzag structures to achieve
unconventional control over wave propagation. For instance, Han
[42] proposed a zigzag foldable polyline rod to achieve a tunable
band gap by folding the structure. Nanda and Karami [43]
investigated the band structure characteristics of the origami-
inspired zigzag folded sheets and found modes coupling
phenomenon in the folded state. Later, Xu [44] further studied
the mode coupling phenomenon in the zigzag folded beams under
different material constants and geometrical sizes and proposed an
elastic metasurface to achieve tunable reflected wavefront control by
individually tuning each zigzag beam [45]. While promising, the
current studies on origami-inspired wave control focus on analyzing
their band structures and vibration isolation capability. Yet, the
phase modulation and wavefront control capability of these
structures are less explored. In addition, existing origami-inspired
zigzag metasurfaces require individual adjustment of the unit cells to
achieve different wavefront control while achieving reconfigurable
performance through simple one-step adjustment, e.g., folding the
entire metasurface, is less explored.

To advance the state of the art, this study proposes an origami-
inspired metasurface to control the wavefront of the refracted A0 Lamb
mode wave, which exhibits flexural vibration in the plate [46, 47]. We
exploit the folding mechanism and design a metasurface composed of
an array of zigzag-based folded sheets with parallel corrugations to
control the wavefront of the refracted A0 Lamb mode wave. The phase
velocity of the metasurface units can be tailored by changing the
thickness of the facets and folding angles, resulting in different
phase gradients towards desired wavefronts in the refracted region.
To this end, we design reconfigurable metasurfaces and achieve distinct
wave control at different frequencies and folding angles. Both numerical
and experimental methods are adopted to test the performance of the
proposed metasurface, proving that the performance of the origami-
inspiredmetasurface can be adjusted by only tuning the folding angle of
the entire structure.

The outline of this paper is as follows: Section 2 introduces the
conceptual design of the metasurface. In Section 3, the wave
propagation characteristics of metasurface units under different
folding angles are explored. Based on the phase modulation
performance, we design wave-focusing and wave-deflecting
metasurfaces to achieve reconfigurable wavefront control
depending on the folding angles in Section 4. Furthermore, the
focusing metasurface performance under different folding angles
and operating frequencies are experimentally validated in Section 5.
Section 6 summarizes the key points in this study.

2 The design concept of the
metasurface

We investigate wavefront shaping of low-frequency elastic waves
via a reconfigurable metasurface inspired by origami folding. The
proposed metasurface consists of 41 zigzag-folded sheets separated

with a 2 mm gap and periodically placed in the middle of two acrylic
plates, which are used to control transmitted A0 mode Lamb wave as
shown in Figure 1A. The substrate acrylic beam has a thickness of
hs = 2 mm, a width of �b � 10 mm, a density of ρs = 1190 kg/m3, and a
Young’s modulus of Es = 3.2 GPa. The one-dimensional waveguide
of the metasurface is shown in Figure 1B. Each metasurface unit is
composed of sixteen Veroclear (a type of photopolymer) facets with
material properties ρv = 1170 kg/m3, Ev = 2.545 GPa. These
metasurface units are composed of eight unit cells, each featuring
two facets and a folding edge, resulting in a folding angle denoted as
α, as depicted in the inset of Figure 1B. Each facet has a length of ℓ =
10 mm and a width of b = 8 mm. By tailoring the thickness of each
metasurface unit, the zigzag metasurface can achieve different phase
gradients for desired wave propagation control. In addition, two flat
sheets with a thickness of 2 mm are attached to both ends of the
metasurface to assemble all metasurface units. As detailed in Section
3 and Section 4, the metasurface units are first analyzed for their
dispersion and wave propagation characteristics. Then, this
information is utilized for the design of the metasurface tailoring
its units to create the desired phase profile for the desired wavefront.
Both computational and experimental tools are used in the analysis
and verification of the metasurface performance.

3 Analysis of the folded metasurface
unit

To reveal the wave control mechanism of the zigzag-folded
metasurface, we calculate the dispersion relations of a single unit cell

FIGURE 1
Schematic of (A) origami-inspired zigzag-folded metasurface
placed in the middle of two plates and (B) the metasurface unit. The
perfectly matched layers (PMLs) are implemented to simulate the
infinite domains. The inset in (B) shows the unit cells with
different folding angles.
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through numerical simulations in COMSOLMultiphysics. Then, the
transmission ratios and phase shifts of the metasurface units are
resolved by considering an infinitely long acrylic waveguide as
shown in Figure 1B. In this study, the metasurface units are
modeled using shell elements with structured mesh and assigned
thickness, while 3D plate models with tetrahedral mesh are
established to capture the dynamic response of the substrate. A
high quality mesh was ensured by using quadratic element and
setting the minimum mesh size to λ/90. The Solid-Thin Structure
Connection is applied at the interfaces of the substrate beam and
metasurface unit. The continuous periodic boundary condition
(PBC) is applied at lateral sides of the one-dimensional
waveguide, and the perfectly matched layers (PMLs) are
implemented at the ends to avoid the boundary reflections as
shown in Figure 1.

3.1 Dispersion relations

Dispersion relations carry essential information on the wave
propagation characteristics by expressing the wavenumber as a
function of frequency. As a first step, we evaluate the dispersion
relations of the unit cell with two facets and a specific thickness of t =
2 mm under different folding angles, using COMSOL Multiphysics.
The Floquet-periodic boundary condition (Floquet BC) is applied

on the edges of the unit cell, as shown in the inset of Figure 2A
[48–50]. The dispersion curve of the first branch flexural-dominated
vibrating mode of the unit cell is shown in Figures 2A, B,
demonstrating a slight change for small folding angles (θ < 45°)
and an increasing cut-off frequency with larger folding angles (α >
45°). At a given frequency, by exploiting the variations in phase
velocity, the metasurface unit can introduce different phase
gradients into the propagating A0 mode wave. Furthermore, the
dispersion relations under three specific folding angles of α = 0°, 30°,
and 70° are shown in Figure 2C. By changing the folding angle of the
metasurface, a new band gap opens, forbidding the wave
propagating under folded states.

3.2 Wave propagation characteristics of
metasurface unit

We investigate the wave propagation characteristics of the one-
dimensional waveguide assembling eight unit modules between two
acrylic beams, as shown in Figure 1B. The one-dimensional
waveguide model is established in COMSOL Multiphysics with
the PMLs are implemented at both ends to avoid reflection from
boundaries. The harmonic flexural boundary load is applied to
generate the incident A0 mode. In order to capture the potential
mode conversion phenomenon that exists in this wave scattering

FIGURE 2
Dispersion curves of the flexural-dominated vibrating mode of the unit cell with (A) small folding angles (α <45°) and (B) large folding angles (α >45°).
(C) The band structures of the unit cell with a facets’ thickness of 2 mmunder different folding angles. The band gap of the configuration of α=30° and 70°

are marked by the shaded regions.
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problem, the out-of-plane (w) and longitudinal (u) displacements
are given in Eq. (1) under incident A0 mode.

uinc � uI
A0
e−ikA0x + uR

S0
eikS0x(

+uR
A0 ,p

eikA0x + uR
A0 ,e

ekA0x)eiωt (1a)

winc � wI
A0
e−ikA0x + wR

S0
eikS0x(

+wR
A0 ,p

eikA0x + wR
A0 ,e

ekA0x)eiωt (1b)

utran � uT
A0 ,p

e−ikA0x + uT
A0 ,e

e−kA0x(
+uT

S0
e−ikS0x)eiωt (1c)

wtran � wT
A0 ,p

e−ikA0x + wT
A0 ,e

e−kA0x(
+wT

S0
e−ikS0x)eiωt (1d)

where uinc(tran) and winc(tran) are the longitudinal and out-of-plane
displacements in the incident (transmitted) domain, respectively.
The superscript I, R, and T represent incident, reflected, and
transmitted waves, respectively. The subscripts A0 and S0 indicate
the vibration patterns. p and e represent the propagating and
evanescent components, respectively. Subsequently, the wave
amplitudes can be obtained by fitting the wavefield results from
numerical simulations to the vibrating patterns in Eq. 1. Then the
transmission characteristics of A0 mode are obtained by dividing the
propagating transmitted wave amplitude wT

A0 ,p
by the incident wave

amplitude wI
A0
:

TA0 �
wT

A0 ,p

wI
A0

� |TA0|eiφA0 (2)

where |TA0|2 and φA0
represent the transmission ratio and phase

shift of A0 mode, respectively.
With this method, we investigate the wave transmission

characteristics, i.e., the transmission ratio and phase shift, of the
metasurface unit under an incident flexural wave at 1.4 kHz. By
sweeping facets’ thicknesses and folding angles, we explore the
transmission characteristics under different geometrical
parameters (i.e., thickness and folding angle), as shown in
Figures 3A, B. When the metasurface is deployed with a small
folding angle, i.e., (α < 30°), most incident wave energy passes

through the metasurface unit while introducing similar phase
profiles in the transmitted A0 mode. For a folding angle larger
than 30°, increasing the folding angle results in a smaller phase shift
under the same facets’ thickness, as depicted in Figure 3B.

To demonstrate the variation of phase shift for different folding
angles, we evaluate three examples, i.e., α = 0°, 30°, and 70°, as
highlighted by the dashed lines in Figure 3. Accordingly, the
transmitted ratios and phase shifts of A0 mode under different
facets’ thicknesses and folding angles are plotted in Figures 4A, B,
respectively. Under different folding angles, the introduced phase
shifts can cover the entire 2π phase range while maintaining a
relatively high transmission ratio within the region of interest. In
addition, the phase shift results show that the same thickness
introduces a similar phase shift under small folding angles,
i.e., α = 0° and 30°. When the metasurface unit is folded to 70°, it
introduces minor phase shifts. This feature can be used to design
reconfigurable metasurfaces to achieve tunable performance at
different folding angles, unlocking the potential for creating
adaptable systems that can fit in different geometric lengths. We
further analyzed the mechanism for the phase-shift change in the
transmitted component by examining the natural frequency of the
first bending mode of the metasurface unit, f1. Figure 4C
demonstrates the variation of f1 under different folding angles
and clamped-clamped boundary conditions. It is observed that
increasing the folding angle results in a larger natural frequency
f1, indicating a higher bending stiffness since the mass of the
metasurface unit remains the same. In addition, for a
homogeneous beam under clamped-clamped boundary
conditions, the first natural frequency of the bending mode is
f1 � 22.373/(2π)(EI/ �mL4)1/2, where EI is the equivalent bending
stiffness, �m is the equivalent mass per unit length, and L is the total
length of the metasurface unit. According to Euler–Bernoulli beam
theory, the wavenumber of the flexural wave is
k � [(2πf)2 �m/EI]1/4. Hence, the accumulated phase shift along
the metasurface is φ � kL � (22.373f/f1)1/2 ∝f−1/2

1 . On the
other hand, Figure 4C shows that the change in f1 is negligible
when α < 30° while the slope of the f1-α curve keeps increasing under
a large folding angle, i.e., α > 40°. Hence, the phase shift of the

FIGURE 3
Transmission characteristics of the metasurface unit under 1.4 kHz flexural incident wave. (A) Transmitted ratios and (B) Phase shifts of transmitted
A0 mode under different folding angles and facets’ thicknesses. The dashed lines show the folding angles of α =0°, 30° and 70°.
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metasurface unit remains almost the same under a small folding
angle and starts reducing after the metasurface unit is adjusted to a
large folding angle. This conclusion agrees with the analysis in
Figure 2 and Figure 3B.

4 Wavefront shaping and metasurface
design

We further investigate wavefront shaping of low-frequency A0

mode waves via the zigzag-folded metasurface composed of
41 metasurface units separated with a 2 mm gap. The incident A0

mode wave is generated by applying a harmonic flexural boundary
load, and the model is surrounded by the PMLs to simulate the
infinite substrate elastic domain, as depicted in Figure 1A. In this
section, our primary goal is to demonstrate the adaptive wavefront
control capability of the proposed zigzag metasurface under
different folding angles and operating freqeuncies.

4.1 Case I: Wave focusing

The folded metasurface concept is first used to enable
reconfigurable focusing phenomena depending on operating
frequency and folding angle. To achieve wave focusing at a focal
distance fx in the transmitted region, the phase gradient should be
satisfied a hyperbolic form [14, 29] given as:

φ y( ) � kt,A0

�������
y2 + f2

x

√
− fx( ) + φc (3)

where φ(y) represents the required phase value at location y along
the metasurface. kt,A0 is the wavenumber of the transmitted A0

mode. φc is an arbitrary phase constant, which does not affect the
phase gradient of the entire metasurface. In this study, we
demonstrate the reconfigurable potential of the metasurface
for a folding angle of α = 0°, α = 30°, and α = 70°, respectively.
The frequencies of interest are chosen to be 1.4 and 8 kHz, where
8 kHz lies within the band gap under folded states as shown in
Figure 2C.

The thickness of each metasurface unit is determined to localize
the 1.4 kHz transmitted A0 mode at fx = 101.6 mm under unfolded
(flat) state, i.e., α = 0°. The required thickness profile of the
metasurface is presented in Figure 5A. The phase profiles of
1.4 kHz A0 mode wave are plotted in Figure 5B. The fitting
curves for different folding angles are obtained based on Eq. 3
and plotted using dashed lines in Figure 5B, indicating that the
metasurface with the same thickness profile can localize the
transmitted A0 mode at fx = 101.6, 98.9, and 133.8 mm under the
folding angle of α = 0°, 30°, and 70°, respectively.

Next, the metasurface is numerically tested by applying
harmonic excitation at different frequencies and changing the
folding angle in COMSOL Multiphysics. Figures 5C–E show the
out-of-plane velocity squared wavefield |vz|

2 under 1.4 kHz
excitation and folding angles of α = 0°, 30°, and 70°. Results show
that the origami-inspired metasurface can localize the transmitted
A0 mode even with a large folding angle at 70°. In addition, the focal
position remains almost unchanged under a small folding angle, e.g.,
α = 0°, and 30°, while the location of maximum wave intensity shifts
to a further point when the metasurface is folded to 70°, as
highlighted by the red dashed line in Figures 5C–E, matching
with the prediction in the fitting curve in Figure 5B. The
performance of the same metasurface is tested under 8 kHz, as
plotted in Figures 5F–H. The energy of the A0 mode can still be
localized at 100 mm for α = 0°, which is almost the same focal
position under 1.4 kHz incident wave (i.e., 93 mm) due to the
compensation between the changing in wavenumber and
required phase gradient [5, 23]. When we fold the structure, the
wave is prohibited from propagating in the transmitted region
because 8 kHz is located inside the band gap of the metasurface
with a folded state, as shown in Figure 2C. Hence, the performance
of the focusing metasurface can be easily tuned by changing the
folding angle of the system.

To quantitatively evaluate the change in focal position under
1.4 kHz flexural excitation, we calculate the velocity wavefields in the
transmitted region along the centerline (y = 0) under different
folding angles. For angles of α = [0°, 10°, 20°, 30°, 40°, 50°, 60°,
70°, 80°], the maximum out-of-plane velocities are achieved at [93,
92.4, 93.6, 67.4, 95.4, 95.2, 134, 129.3, 174.2] mm, respectively. The

FIGURE 4
Effect of facets’ thickness on (A) transmitted ratios and (B) phase shifts of the A0 mode under different folding angles and 1.4 kHz incident flexural
wave. The phase shifts are plottedwith respect to t=1 mm. (C)Natural frequency of the first bendingmode of themetasurface unit under different folding
angles and clamped-clamped boundaries.
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overall trends of maximum velocity results show that the folding
angle has negligible effects on the focusing position under a small
folding angle α < 45°. The metasurface with a folding angle greater
than 45° will localize the wave energy at a further position. The
maximum wave intensities occur at 93 and 129.3 mm under the
folding angle of α = 0° and α = 70°, respectively, with only 8.46% and
3.36% deviation from the prediction. Note that there is a drop in the
focusing position under α = 30° due to the change in the local
transmission of the A0 mode for each metasurface unit, as indicated
in Figure 4A. Accordingly, this variation results in a different
distribution of the wave energy around the focal point. However,
the overall focal region for α = 30° is still similar to α = 0°, as shown in
Figures 5C, D. This phenomenon can be used in a wide range of
engineering practices, where the metasurface could be adjusted to fit
different spatial dimensions while still maintaining the desired
performance of focusing and acting as a low-pass filter,
forbidding the propagation of higher frequencies at a folded state.

4.2 Case II: Wave deflecting

This study investigates whether the proposed metasurface
concept can achieve tunable wave-deflecting control by only

folding the entire structure. Here, we elongate the metasurface
unit and include 64 facets in the design to cover a more
extensive range of phase shifts. The phase modulation curve of
1.4 kHz transmitted A0 mode under different facet thicknesses and
folding angles are shown in Figure 6A. According to the generalized
Snell’s law [1], to deflect the incoming A0 mode Lamb wave by an
angle of θt in the transmitted region, the phase modulation φ(y) is
applied as [51]:

φ y( ) � −ykt,A0 sin θt (4)
where φ(y) is the required phase modulation at location y. Next,
we tailor the thickness of the metasurface units to deflect
normally incident A0 mode wave at 1.4 kHz by an angle of 45°

under unfolded state, i.e., α = 0°, as presented in Figure 6B.
Figure 6C shows the comparison of the phase gradients between
numerical calculation and generalized Snell’s law, indicating that
the same metasurface can deflect the incident A0 mode by 45° and
33° under a folding angle of α = 0° and α = 70°, respectively. By
applying a harmonic boundary load at 1.4 kHz, we numerically
test the metasurface in COMSOLMultiphysics frequency domain
simulation. Figures 6D, E show the resulting out-of-plane
velocity wavefields, where the transmitted elastic wavefront
has been deflected by the angle of θt = 44° and θt = 33°,

FIGURE 5
Wave focusingmetasurface design with 16 facets under different folding angles for normally incident A0modewave at different frequencies. (A) The
thickness profile of the foldable metasurface for localizing 1.4 kHz wave at 101.6 mm with folding angle α =0°. (B) The phase profiles of the metasurface
under 1.4 kHz incident A0 mode wave and different folding angles. The square of out-of-plane velocity wavefields, |vz|

2,with folding angle (C) α = 0°, (D)
α = 30°, (E) α = 70° under 1.4 kHz A0 incident wave. The |vz|

2 wavefields with folding angle (F) α = 0°, (G) α = 30°, (H) α = 70° under 8 kHz A0 incident
wave.
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FIGURE 6
Wave deflectingmetasurface design with different folding angles and 64 facets for normally incident A0modewave at 1.4 kHz. (A) Phasemodulation
curves of the metasurface unit with 64 facets under different facets’ thicknesses. (B) Thickness profile for wave deflecting metasurface design for
deflecting 1.4 kHz wave by 45° with folding angle α =0°. (C) Comparison of the phase shift between the numerical results and generalized Snell’s law. The
out-of-plane velocity wavefields under (D) α =0°, and (E) α =70°.

FIGURE 7
Experimental set-up of the wave-focusing metasurface.
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respectively, matching with the theoretical prediction based on
GSL. The uneven energy distribution in the wavefront under α =
70° is because of the discretization effect of metasurface units and
the change in local transmission ratios when folding the
structure. Despite this small discrepancy, the numerical
simulations successfully validate that the zigzag-formed
metasurface can also achieve tunable wave-deflecting control
depending on the folding angles.

5 Experimental validation

The performance of the origami-inspired metasurface is
experimentally tested to validate the theoretical predictions and
numerical results. We fabricated and experimentally tested the
focusing metasurface under different folding angles. Since the main
purpose of this study is to test the performance of the zigzag folded
metasurface at other folding states, we adopted 3D print techniques to
fabricate the metasurface with rigid creases. The metasurfaces are
fabricated through Stratasys J850 3D Printer and used to connect
two acrylic plates via epoxy. The Young’s modulus of the Veroclear
is Ev = 2.545GPa, which is obtained based on a three-point bending test.

An array of thickness-mode piezoelectric patches (Steminc SM412, 12 ×
0.6 mm) were used to excite incident plane waves in the substrate host
plate. 4-cycle sine-burst signals at 1.4 and 8 kHzwere generatedwith the
function generator (KEYSIGHT 33210A) and power amplifier (TREK
PZD350A). The out-of-plane velocity responses of the transmitted
waves were measured via a Polytec PSV-500 scanning laser Doppler
vibrometer (LDV). The experimental setup showing its different
components is presented in Figure 7. A blu-tack is attached to the
edges of the substrate plate to absorb the reflection and minimize the
interference of the transmitted wave packet with the boundary
reflections.

Figures 8A–C show the measured root-mean-square (RMS)
distribution of the out-of-plane velocity fields, demonstrating the
focusing phenomenon at the desired region under different folding
angles. The normalized out-of-plane velocity along the centerline
(y = 0) is shown in Figures 8D–F, demonstrating maximum out-of-
plane velocity at 68.6, 80.5, and 98.4 mm for a folding angle of α = 0°,
30° and 70° in the experiment, respectively. Even though there are
small discrepancies in the focal position due to the aperture size of
the metasurface, potential anisotropic properties in 3D-printed
material, and the epoxy layer between the metasurface and
substrate, the overall trend of the measured velocity distribution

FIGURE 8
Experimental measurements of focusing metasurface designed for normally incident A0 wavemode at 1.4 and 8 kHz. RMS velocity wavefields in the
transmitted region under 1.4 kHz and the folding angle of (A) α =0° (B) α =30° and (C) α =70°. Experimental normalized velocity results, vz, along the
centerline (y = 0) of the metasurface under 1.4 kHz and the folding angle of (D) α =0° (E) α =30° and (F) α =70°, showing a very good agreement with the
numerical prediction. RMS velocity wavefields in the transmitted region under 8 kHz and the folding angle of (G) α =0° (H) α =30° and (I) α =70°.
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around focus matches well with the numerical prediction. In
addition, the experimental results show that the position of the
maximum velocity shifts to a further position when the metasurface
is folded to a large angle of α = 70°, matching with theoretical
prediction. Furthermore, we tested the focusing metasurface
performance under 8 kHz. The measured RMS distribution of the
out-of-plane velocity fields is shown in Figures 8G–I. The unfolded-
state metasurface (i.e., α = 0°) shows an achromatic wave-focusing
capability as expected. When the metasurface is folded to α = 30° and
α = 70°, the RMS velocity in the transmitted fields is negligible as
expected, indicating that the energy is prohibited from propagating
through metasurface since 8 kHz is located inside the band gap of
the folded states.

While this study only focused on folded states of the polymer-
made metasurface with rigid connections, thus limiting the
reconfigurability in real-time, the findings of this work can be
expanded with further consideration of joint stiffness in the
crease patterns that enable an actual origami-folded metasurface.
In engineering practices, different folding mechanisms can be
adopted according to the type of specific application, such as
hinges at the crease [52–54], strained joint technique [53], multi-
layer systems [55], thin creased and perforated sheets [56], etc.
Furthermore, different materials or origami patterns can be selected
to enable in situ reconfigurability of elastic wavefront shaping.

6 Conclusion

In summary, we propose an elastic metasurface composed of an
array of zigzag-based folded sheets with parallel corrugations to
control the wavefront of the refracted A0 Lamb mode wave. The
metasurface can achieve reconfigurable performance depending on
the folding angle and operating frequency. Our innovation and
findings include (i) an origami-inspired metasurface adaptable to
different geometrical scales, (ii) a zig-zag folding mechanism
combined with a thickness tailoring technique for achieving
tunable wavefront control depending on the folding angle and
operating frequencies, and (iii) insights from unit cell analysis
into tunable transmission and phase modulation by tailoring the
folding angle of the proposed metasurface. With theoretical,
numerical, and experimental efforts, this study presents an
unconventional elastic wave control technique. The findings in

this study can open the pathway for new applications of wave
engineering in mechanical, civil, and aerospace structures.
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