
Appl. Phys. Lett. 117, 213502 (2020); https://doi.org/10.1063/5.0026928 117, 213502

© 2020 Author(s).

Broad-angle refractive transmodal elastic
metasurface
Cite as: Appl. Phys. Lett. 117, 213502 (2020); https://doi.org/10.1063/5.0026928
Submitted: 26 August 2020 . Accepted: 09 November 2020 . Published Online: 23 November 2020

Sung Won Lee,  Hong Min Seung,  Wonjae Choi,  Miso Kim, and  Joo Hwan Oh

ARTICLES YOU MAY BE INTERESTED IN

Non-resonant metasurface for broadband elastic wave mode splitting
Applied Physics Letters 116, 171903 (2020); https://doi.org/10.1063/5.0005408

Amplitude-modulated binary acoustic metasurface for perfect anomalous refraction
Applied Physics Letters 117, 221901 (2020); https://doi.org/10.1063/5.0032509

A compact low-frequency sound-absorbing metasurface constructed by resonator with
embedded spiral neck
Applied Physics Letters 117, 221902 (2020); https://doi.org/10.1063/5.0031891

https://images.scitation.org/redirect.spark?MID=176720&plid=1086294&setID=378288&channelID=0&CID=358612&banID=519992915&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=5bd1ca46492024a1db9bca71e55aadf07d3a139e&location=
https://doi.org/10.1063/5.0026928
https://doi.org/10.1063/5.0026928
https://aip.scitation.org/author/Lee%2C+Sung+Won
https://orcid.org/0000-0002-5066-4775
https://aip.scitation.org/author/Seung%2C+Hong+Min
https://orcid.org/0000-0002-5474-7973
https://aip.scitation.org/author/Choi%2C+Wonjae
https://orcid.org/0000-0002-2323-4892
https://aip.scitation.org/author/Kim%2C+Miso
https://orcid.org/0000-0001-7887-4224
https://aip.scitation.org/author/Oh%2C+Joo+Hwan
https://doi.org/10.1063/5.0026928
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0026928
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0026928&domain=aip.scitation.org&date_stamp=2020-11-23
https://aip.scitation.org/doi/10.1063/5.0005408
https://doi.org/10.1063/5.0005408
https://aip.scitation.org/doi/10.1063/5.0032509
https://doi.org/10.1063/5.0032509
https://aip.scitation.org/doi/10.1063/5.0031891
https://aip.scitation.org/doi/10.1063/5.0031891
https://doi.org/10.1063/5.0031891


Broad-angle refractive transmodal elastic
metasurface

Cite as: Appl. Phys. Lett. 117, 213502 (2020); doi: 10.1063/5.0026928
Submitted: 26 August 2020 . Accepted: 9 November 2020 .
Published Online: 23 November 2020

Sung Won Lee,1 Hong Min Seung,2 Wonjae Choi,2 Miso Kim,2 and Joo Hwan Oh1,a)

AFFILIATIONS
1School of Mechanical, Aerospace and Nuclear Engineering, Ulsan National Institute of Science and Technology, UNIST-gil 50,
Eonyang-eup, Ulju-gun, Ulsan 44919, South Korea

2AI Metamaterial Research Team, Korean Research Institute of Standards and Science, Gajeong-ro 267, Yuseong-gu,
Daejeon 34113, South Korea

a)Author to whom correspondence should be addressed: joohwan.oh@unist.ac.kr. Tel.: þ82–52-217–3051

ABSTRACT

Achieving total mode conversion from longitudinal to shear waves for a broad incident angle has been a big scientific challenge in elastic fields,
which was impossible to be achieved in classical elastic wave theory. In this paper, we propose and realize a refractive transmodal elastic
metasurface that can convert an incident longitudinal wave to a shear wave for a broad incident angle. Here, the total mode conversion is achieved
via a sufficiently large phase gradient, while the full transmission is achieved with the impedance-matched single-layered metasurface. Numerical
and experimental investigations show that the proposed metasurface can provide almost total mode conversion for a broad incident angle from
�20.4� to 22.3�. We expect that the proposed refractive transmodal metasurface can be applied in various ultrasonic systems.
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The existence of various modes such as longitudinal and shear
waves is one of the unique characteristics that makes elastic waves dif-
ferent from other waves.1,2 Accordingly, the total mode conversion
from the longitudinal to shear wave has attracted much attention due
to not only its unique physical characteristics but also its fascinating
possibilities in nondestructive evaluation (NDE) applications.3–6

However, the total mode conversion has been a tricky topic that
could be achieved at a certain condition only. In classical elastic wave
theory, the total mode conversion only takes place along a certain
incident angle, which infers that unwanted longitudinal waves will
come out with a slight angle difference.1,7 Recently, advances on
metamaterials,8–14 artificial materials composed of sub-wavelength
unit cells realizing unnatural properties such as negative parameters or
uncommon wave characteristics, have opened a way for the total
mode conversion. Wu et al. realized the negative shear modulus and
density for the mode conversion from the shear wave to the longitudi-
nal wave under a negative refractive angle.15 Zhu et al. realized the
negative density and elastic modulus by translational and rotational
resonances of chiral unit cells, leading to the mode conversion from
the longitudinal to shear wave at a certain incident angle.16 Also, Zhu
et al. theoretically and numerically studied the mode conversion ratio
with various incident angles at double/triple negative media.17 Kweun
et al. maximized mode conversion using transmodal Fabry–P�erot

resonance at certain frequencies.18 Lee et al. proposed an elastic meta-
material wedge for perfect mode conversion from a longitudinal to
shear wave at a certain incident angle and confirmed numerically and
experimentally.19 Despite the recent research, however, the total mode
conversion is still achievable with a certain incident angle.

Recently, there has been a breakthrough in achieving the total
mode conversion by the idea of an elastic metasurface. A metasurface
is an artificial thin layer that can control reflected or transmitted
waves,20–27 such as broad band beam steering,28 wave absorption,29

and flexural wave steering.30,31 Kim et al. proposed a way to achieve
the total mode conversion for the broad incident angle, called the
transmodal metasurface.32 Based on the generalized Snell’s law, it was
shown that the total mode conversion from the longitudinal to shear
wave is possible for the broad incident angle, which is numerically and
experimentally realized by the metasurface consisting of rod-like reso-
nators. However, the previous research is based on the reflection-type
metasurface; unlike the refraction-type metasurfaces utilizing refracted
waves, reflection-type metasurfaces are hard to be further investigated
for detailed physics and to be applied. It is obviously preferred to have
the broad angle total mode conversion with a refraction-type
metasurface.

In this work, we propose and realize a refraction-type metasur-
face realizing the total mode conversion for broad incident angles.

Appl. Phys. Lett. 117, 213502 (2020); doi: 10.1063/5.0026928 117, 213502-1

Published under license by AIP Publishing

Applied Physics Letters ARTICLE scitation.org/journal/apl

https://doi.org/10.1063/5.0026928
https://doi.org/10.1063/5.0026928
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0026928
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0026928&domain=pdf&date_stamp=2020-11-23
https://orcid.org/0000-0002-5066-4775
https://orcid.org/0000-0002-5474-7973
https://orcid.org/0000-0002-2323-4892
https://orcid.org/0000-0001-7887-4224
mailto:joohwan.oh@unist.ac.kr
https://doi.org/10.1063/5.0026928
https://scitation.org/journal/apl


Unlike in the previous research based on the reflection-type metasur-
face, there is a big scientific challenge that not only the total mode con-
version but also the full transmission should be considered
simultaneously. In general, the full transmission condition has been
achieved via the Fabry–P�erot resonance inside the refraction-type
metasurface, i.e., via designing the thickness of metasurface as a func-
tion of the wavelength. However, this approach is not valid in the cur-
rent metasurface dealing with various incident angles where the
wavevector component along the thickness direction is not constant,
which infers that the Fabry–P�erot resonance cannot be used.
Therefore, to realize the refraction-type transmodal metasurface with
various incident angles, a full-transmission method, which is different
from the Fabry–P�erot resonance, is essential.

Here, to overcome the challenge, the single-layered metasurface
utilizing both positive and negative stiffness/mass values is intro-
duced.33 In the single-layered metasurface whose thickness is
extremely shorter than the wavelength, wave transmission is domi-
nated by the impedance, not by the Fabry–P�erot resonance. Thus, the
single-layered metasurface can be tuned to achieve the full transmis-
sion at a broad incident angle. To achieve both the total mode conver-
sion and the full transmission with a single-layered metasurface, first,
the physics of the total mode conversion is theoretically investigated to
show that the longitudinal wave with a broad incident angle can be
converted to a shear wave only if the metasurface has an extremely
large phase gradient.32 After then, the refractive transmodal elastic
metasurface is proposed based on the single-layered metasurface.33 To
examine the performance of the proposed refractive transmodal elastic
metasurface, numerical and experimental validations will be
presented.

The concept of the transmodal metasurface stems from the gen-
eralized Snell’s law,34 which relates the refracted/reflected waves to the
phase gradient of the metasurface. Assuming the full transmission, the
refracted angle can be modulated by the phase gradient term as32

kl sin hil þW ¼ kl sin hrl ¼ ks sin hrs ; (1)

where kl and ks are the longitudinal and shear wavevectors and
W ¼ @/=@x is the phase gradient term. The subscripts l and s refer to
the longitudinal and shear properties, and the superscripts i and r refer
to the incident or refracted wave properties, respectively. The general-
ized Snell’s law, Eq. (1), infers that the refracted angles can be tailored
by the phase gradient term, W. Note that unlike the acoustics or elec-
tromagnetic waves, both the shear and longitudinal waves come out
from the boundary with a single incident longitudinal wave due to the
unique tensorial characteristics of the elastic wave.

Based on the generalized Snell’s law, the total mode conversion is
achieved by introducing a metasurface with sufficiently large phase
gradient W so that kl sin hil þW > kl in Eq. (1). In this situation, the
corresponding refracted angle for the longitudinal wave, hrl in Eq. (1),
becomes a complex number, indicating that the refracted longitudinal
wave becomes the surface wave. (Note that this type of surface wave
cannot exist without shear wave so that it cannot propagate through
the outer region of the incident area.32) On the other hand, there exists
a real-valued hrs satisfying the generalized Snell’s law so that only shear
waves can be transmitted and refracted. As a result, only the shear
wave exists for the transmitted field, i.e., the total mode conversion is
available.32 The total mode conversion takes place until the incident
angle becomes large so that kl sin hil þW ¼ ks is satisfied; if the

incident angle becomes larger than this value, both longitudinal and
shear waves are converted to the surface waves and the diffraction
dominantly takes place.1,2 As a result, the total mode conversion can
be achieved for the broad incident angle when hcl < hil < hcs as seen in
Fig. 1, where hcl and hcs are defined as

hcl ¼ arcsin 1�W=klð Þ; (2a)

hcs ¼ arcsin ks �Wð Þ=kl
� �

: (2b)

In addition to the total mode conversion via the large phase gra-
dient, the refractive transmodal elastic metasurface should have the
full transmission characteristic, i.e., there should be almost no reflec-
tion from the metasurface. As explained earlier, the commonly applied
idea based on the Fabry–P�erot resonance with multiple unit cells can-
not be applied. Thus, we focus on the single-layered metasurface (the
metasurface which has a single unit cell along the wave propagating
direction), which can be simply represented with the mass-spring sys-
tem shown in Fig. 2(a). In Fig. 2(a), it has been known that the full
transmission can be achieved if33

meff ¼ 2Z2aeff = aeff
2 þ x2Z2

� �
; (3)

and the corresponding phase shift is (the detailed derivations are given
in the supplementary material)

/ ¼ Arg
aeff 2 � x2Z2

aeff 2 þ x2Z2
�

2aeff Zx

aeff 2 þ x2Z2
i

 !
: (4)

Considering that the phase shift / should vary from 0 to 2p to
apply the generalized Snell’s law, the imaginary term in Eq. (4) should
be varied from negative to positive values. Thus, the effective stiffness
should be varied from negative to positive values, and accordingly, the
effective mass should also be varied from negative to positive values by
the impedance matching condition, Eq. (3).33 To realize such effective
parameters, we use a unit cell consisting of vertical and horizontal res-
onators as shown in Fig. 2(b). It has been known that the horizontal
and vertical resonators modulate the effective mass and stiffness from
negative to positive values, respectively.10,33 (Also, the derivation of
effective parameters from dual resonance can be seen in our supple-
mentary material.) The detailed geometry of the unit cell is described
in the supplementary material. By adjusting only heights h1 and h2 to
modify the vertical and horizontal resonance states while the other

FIG. 1. Schematics of the broad-angle refractive transmodal metasurface.
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geometric parameters remain constant, one can tailor the effective
mass and stiffness from negative to positive values. As a result, any
phase gradient can be achieved with the full transmission.

Based on the metasurface unit shown in Fig. 2(b), the refractive
transmodal elastic metasurface is designed. Here, the longitudinal
wave incidence with the frequency of 50 kHz is considered. To achieve
the total mode conversion, four metasurface unit cells with the phase
shift of / ¼ 3p=8; 7p=8; 11p=8; 15p=8 are considered to achieve the
phase gradient of W ¼ 25p rad/m. (Note that with the phase gradient,
the total mode conversion is expected to take place at the incident
angle from �20:4� to 22:38). Figure 3(a) plots the transmission coeffi-
cient and the phase shift for various values ofm1 andm2. Based on the
plots, 4 unit cells are designed with the desired phase shift and the full
transmission as in Fig. 3(b). (The detailed values and the comparison
between the analytically designed and numerically measured phase
shifts are shown in the supplementary material.)

Based on the designed unit cells, various wave simulations are
carried out to validate the total mode conversion of the proposed
metasurface. Since the metasurface is designed to totally convert
the longitudinal wave to shear wave for the incident angle from
�20:48 to 22:38, four incident angles of �30�;�10�; 0�; and 20�
are considered. To investigate the longitudinal and shear waves
separately, the divergence and curl of displacements are plotted,
respectively. Figure 4 plots the simulation results. As in Fig. 4(a), if
the incident angle is �30�, which is smaller than hcl , both the longi-
tudinal and shear waves are refracted. However, if the incident
angles are�10�; 0�, and 20�, which are between hcl and hcs as shown
in Figs. 4(b)–4(d), the incident longitudinal wave is perfectly con-
verted into the refracted shear wave and no refracted longitudinal
wave is observed. To compare the numerically and analytically
calculated refracted angles, black arrows are plotted along the ana-
lytically calculated directions in Fig. 4. Good agreement can be
observed for all cases. As can be seen for all simulation results, it is
validated that the proposed metasurface can almost fully convert
the longitudinal wave to shear wave for broad incident angles with
almost zero reflection.

Finally, the experimental realization of the proposed refractive
transmodal elastic metasurface is carried out. (The detailed experimen-
tal settings and process are given in the supplementary material.)
Figure 5 shows the experimentally and numerically measured normal-
ized amplitude of the refracted longitudinal and shear waves for
various incident angles. Note that the simulations are carried out
under the time-harmonic assumption, while the experiments are car-
ried out with the transient pulse-type actuations. Nevertheless, very
good agreement can be observed for all cases. For the incident angles
of �10�; 0�, and 20�, almost no refracted longitudinal waves are mea-
sured compared to the shear waves. This strongly supports that the

FIG. 2. (a) Mass-spring model and (b) the actual configuration for the single-
layered metasurface.

FIG. 3. (a) Plot of the transmission and phase shift for various h1 and h2. (b) Wave
simulation for the designed 4 unit cells.
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FIG. 4. Simulation results of the longitudinal wave with an incident angle of (a) -30�, (b) -10�, (c) 0�, and (d) 20�, respectively. The upper side figures correspond to the longitu-
dinal fields, while the lower sides, the shear fields.

FIG. 5. Numerically and experimentally measured longitudinal and shear refracted waves. The red and blue dotted lines correspond to the numerically measured shear and
longitudinal field, respectively, while the red and blue markers correspond to the experimentally measured ones. The vertical dotted line refers to the analytically calculated
refraction angle.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 117, 213502 (2020); doi: 10.1063/5.0026928 117, 213502-4

Published under license by AIP Publishing

https://scitation.org/journal/apl


total mode conversion is realized for various incident angles, as
expected. The detailed experimental setups are described in the
supplementary material.

In conclusion, a broad angle refractive transmodal metasurface is
realized by a sufficiently large phase gradient and full transmission.
We utilized the single layer metasurface to overcome the difficulty of
the full transmission that the Fabry–P�erot resonance cannot be
applied. We designed 4 unit cells consisting of a vertical resonator and
a horizontal resonator, which individually modulate the effective stiff-
ness and mass, respectively, for impedance matching and realizing
phase shifts. Numerical and experimental validations showed that our
metasurface can convert the incident longitudinal wave into refracted
shear wave with a broad incident angle from �20:4� to 22:3�. We
expect that our proposed metasurface can provide a big breakthrough
in various wave-based applications such as vibration tailoring, ultra-
sonic imaging, or NDE.

See the supplementary material for the detailed analytic proce-
dures of deriving the transmission ratio, phase shift, and an analysis of
unit cell structure for realizing effective parameters. Also the experi-
mental setups and procedures are described.
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