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A B S T R A C T

We achieved the shift of ultrasonic beam over a long distance by guided waves through a brass plate with two
groups of periodical gratings on the surface. Using Schlieren imaging, we experimentally observed the propa-
gation of ultrasonic waves through this structure. In addition, simulations were performed using the finite-
element method. Both the experimental and simulation results revealed that the shift of ultrasonic beam can be
realized in this structure. We further investigated the effect of the shift distance and the size of the gratings on
the shift efficiency, and discussed the mechanism. The proposed structure has potential applications in non-
destructive evaluation.

1. Introduction

Ultrasound has been widely used in various scientific fields due to
its high directivity, high sensitivity, ease of operation and its ability to
propagate in a solid. Nowadays, it has been used in chemistry [1–3] and
biology [4–6], as well as in medicine and numerous industries [7,8]. To
broaden the application of ultrasound, varied strategies have been ap-
plied to manipulate ultrasonic beams. For example, phononic crystals
have been used to realize ultrasound negative refraction [9], focusing
[9,10], tunneling [11], and, more recently, transportation of acoustic
energy by using the acoustic valley Hall phase [12]. However, phononic
crystals are based on scattering or local resonance, and thus require a
certain thickness to operate efficiency, which limits their practical ap-
plication. In the audible sound range, metasurfaces have been proposed
to decrease the thickness of the structure for manipulating sound waves
[13–15]. However, it is difficult to extend this theory to the ultrasonic
range, because the metasurface structure should generally be far
smaller than the wavelength of the sound, which represents a sig-
nificant fabrication challenge.

Ultrasound beam shift is attracting growing attention. Breazeale
et al. realized ultrasound beam shift by incidence of ultrasonic waves at
the Rayleigh angle onto a liquid solid interface [16]. Zeng et al. theo-
retically calculated the shift of acoustic wave at interface between
double-positive and double-negative media [17]. Shift of ultrasound
beam by use of plate has been also investigated by Xu et al. However,
the space-shift of the leaky wave is very limited, and is generally

frequency-dispersed, which prevents the energy from being con-
centrated [18].

In recent years, ultrasound propagation through periodic structures
on plates has been widely investigated. For example, enhancement of
ultrasound transmission was achieved using periodic gratings on plates
[19,20]. In addition, ultrasound waveguiding and frequency selection
of Lamb waves was achieved using a grating plate [21]. Chen et al.
report the concept of a gradient piezoelectric self-sensing system by
integrating shunting circuitry into conventional sensors [22]. Zhu et al.
proposed a design based on kirigami to control subwavelength flexural
waves propagating in a thin substrate structure [23]. Zhu and his co-
worker further reviewed the plate-type elastic metamaterial and their
potential applications [24]. Gratings on a plate have also been used to
realize one-way transmission of ultrasound waves [25,26]. Moreover,
the radiation force generated by ultrasound on a grating plate can be
used to trap particles [27–29].

Despite the various studies using plate gratings, realization of ul-
trasonic beam shift through such structures has never been in-
vestigated. Ultrasound can propagate along a plate in the form of Lamb
waves, the mode of the Lamb waves is widely used in non-destructive
testing in industry. To excite the Lamb wave mode, the transmitter has
to adjust to a precise incident angle, and the excited mode is commonly
a combination of multiple modes. Furthermore, the receptor has to stick
on the plate to examine the Lamb wave. By contrast, as we show in this
article, by using a plate with periodic gratings, we are able to realize
ultrasonic beam shift over a long distance. We performed Schlieren
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imaging of ultrasound propagation and discuss the mechanism of beam
shift in this structure.

2. Methods

2.1. Periodic structure

The periodic structure used was a brass plate with intermittent
periodic rectangles on one side. The dimensions of the structure are
shown in a schematic diagram (Fig. 1(a) and (b)) and photograph
(Fig. 1(c)). The width (w) and height (h1) of the rectangle on the plate
are 1 and 0.6 mm, respectively. The thickness (h2) of the plate without
the rectangle is 0.7mm. The period (Λ) of the structure is 3.7mm.
There are two groups of rectangles on the plate. The distance (d) be-
tween two groups of rectangles is 38mm. The Youngs’ modulus, Pois-
son’s ratio and density of the brass is 100 GPa, 0.34 and 8430 kgm−3,
respectively. The structure is immersed in water. The sound speed and
the density of water were 1482m s−1 and 998 kgm−3, respectively.

2.2. Theoretical calculation

The propagation of elastic waves along a free, uniform plate of in-
finite length is described by the relation between the wave number (kp)
and the angular frequency (ωp) through the Rayleigh–Lamb equation
[30]:
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The longitudinal and shear wave velocities are expressed as vL and
vT, respectively.

2.3. Experimental

Visualization of the ultrasound field was conducted using the
Schlieren method, which is based on the acousto-optic effect. A sche-
matic diagram of the experimental setup is shown in Fig. 1(d). A laser
beam (532 nm, DPGL-2150F, Photop, China) was expanded as a colli-
mated light beam 75mm in diameter using lenses L1 and L2, which
were incident to the acoustic field. The acoustic field was generated in a
transparent rectangular water tank made of quartz glass with dimen-
sions of 120×120×200mm3 (width× length×height). To visualize
the acoustic field, a circular plate, which blocked zero-order diffraction
light, was placed on the transform plane. An intensified charge-coupled
device (iCCD) camera (iStar DH734-18U-03, Andor, UK) was placed on
the imaging plane to record the image, as illustrated in Fig. 1(d). The
exposure time is fixed at 10 ns. Moreover, to ensure accuracy of the
results, we used the average value of two measurements [31]. In this
experiment, a commercial transducer (V301SU, Panametrics, Olympus)
with a radius of 12.7 mm was used to generate a planar beam at a
frequency of 271 kHz. The periodic structure was placed 40mm below
the transducer. It should be noted that the ultrasonic fields generated by
the round ultrasound transducer is a circular planar wave field. How-
ever, the Lamb wave can be successfully excited since the diameter of
the transducer covers about 8 period of the gratings.

Numerical simulations were conducted using the finite-element
method (COMSOL Multiphysics, COMSOL AB, Stockholm, Sweden).

3. Results and discussion

Fig. 2(a) shows the phase velocities (vp) of the Lamb modes in the
plate obtained from the numerical results of Eq. (1). For the A0 mode,
the phase velocity of the Lamb wave is 1013m/s at an ultrasound
frequency being 271 kHz. Therefore, the wavelength is about 3.7mm,
which is the period of our structure. As shown in Fig. 2(a), a group of
periodic rectangles is placed on the left side of the plate, and the

Fig. 1. (a) Side and (b) top view of the sample structure. (c) Photograph of the
sample. (d) Schematic diagram of the Schlieren imaging system.

Fig. 2. (a) Dispersion curve and (b) transmittance of the plate.
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ultrasound irradiates from its upper side. The A0 mode vibration is
excited in the plate, which can be observed from the scaled displace-
ment of the plate. Then, we calculated the intensity transmission
coefficient, which is defined as the ratio of the transmitted to the in-
cident ultrasound intensity without gratings; the results are shown in
Fig. 2(b). The results indicate that the intensity transmission coefficient
is only 0.082 for h2= 0.7 mm. We further simulated a burst with 10
pulses of ultrasound propagation through the plate and the results are

also shown in Fig. 2(b). It can be observed that the intensity of the
transmitted waves is far lower than that of the reflected waves. By
comparing Fig. 2(a) and (b), we deduced that by using periodic grat-
ings, the ultrasound energy can be received by the plate and converted
to Lamb waves owing to the A0 resonance in the plate. This is because
the waves arrived at surface of the rectangle and the plate is in the
inverse phase. Furthermore, the period of the structure is the wave-
length corresponding to the phase velocity. Therefore, the A0 resonance
can be easily excited.

Next, we experimentally investigated ultrasound propagation in this
structure and the results are shown in Fig. 3. For comparison, the si-
mulated ultrasound intensity distribution in the frequency domain is
also given (Fig. 3(f)). It is observed that the ultrasound is incident on
the plate from the left side (Fig. 3(a)) and propagates along the plate
(Fig. 3(b)). At t=0.06ms, shifted waves are emitted from the right side
of the plate (Fig. 3(c)), and the wave vector of the shifted waves is
almost perpendicular to the plate (Fig. 3(d) and (e)). In contrast to the
simulation results (Fig. 3(f)), in the experiment, we hardly observed the
transmitted waves. This is possibly because the light intensity for the
transmitted waves was below the detection threshold of the iCCD
camera. We also note that waves propagate near the boundary of the
plate and water. Because the Lamb wave is nonleaky in the plate ac-
cording to the Snell’s law:
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= − = −k k k k θ(1 sin )z x1
2

1
2

1
2

1
2 2

1 (3)

where k1 is the wavenumber in water. The components of k1 along the x
and z axes are expressed as k1x and k1z. By substituting Eq. (2) into Eq.
(3) and with θ2 set to 90° because cp propagates along the x axis, the
calculated k1z becomes an imaginary number. The ultrasound pressure
(p) can be expressed as

=
+ −p p ea

i k x k z ωt( )x z1 1 (4)

where pa is the pressure amplitude. Thus, the attenuation coefficient (α)
along the z axis becomes

Fig. 3. (a–e) Experimental results and (f) simulation result for ultrasonic beam shift in our periodic structure.

Fig. 4. Simulation results of the distance of the beam shift on the ultrasound
intensity.

Fig. 5. Effect of the width and the height of the rectangles on the intensity of
the beam shift.
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Therefore, there are evanescent waves on the plate and the ultra-
sound pressure quickly attenuates along the z axis. It should also be
noted that the incident and outgoing ultrasound waves both rely on the
A0 resonance with the periodic rectangles.

We numerically investigated the influence of distance between the
two groups of rectangles on the ultrasound intensity and the results are
shown in Fig. 4. When we varied the distance of the gratings, the
emitted waves shifted accordingly. To avoid the sidelobe of the incident
waves influencing the shifted waves, the start distance was set as d/
Λ=4. The shifted beam intensity was normalized with respect to the
incident ultrasound intensity. The maximum shifted beam intensity was
0.6. Even the minimum intensity of 0.2 was much higher than the
average ultrasound intensity in the background noise (0.02). The
maximum shifted beam intensity occurred at the position d, which is an
integer number of half the wavelength. In this situation, the plate be-
tween the two groups of rectangles becomes an acoustic resonator (i.e.
the Fabry–Pérot condition [32]) and the shifted beam intensity reaches
a maximum value. We note that the shifted beam intensity did not
decrease even when d was 30 times the value of Λ, which further proves
that Lamb waves are nonleaky in the plate in this structure and are able
to shift ultrasonic beam over a long distance.

We investigated the effect of the width and the height of the rec-
tangles on the intensity of the transmitted ultrasound and the results are
shown in Fig. 5. In most cases, the energy of the shifted ultrasonic beam
is nearly zero, which indicates that almost no energy can be transported
in this structure. The maximum shifted beam occurred for a width and
height of 1 and 0.6 mm, respectively. To excite the most-efficient A0

mode in the plate, the height of the rectangle should be approximately
equal to the thickness of the plate. In this situation, the waves reaching
the surface of the rectangles and the plate are almost in the inverse
phase, and the A0 mode can be easily excited. Considering the waves
propagating through the plate, the structure can be treated as a one-
dimensional phononic-crystal passband when the width of the rectangle
is 1 mm. Another relatively high-efficiency transport region, shown in
the upper-left corner of Fig. 5, is also a passband for A0 waves. How-
ever, the A0 waves are not excited at high efficiency, thus reducing
ultrasonic beam shift.

We also note that the structure can emit ultrasound waves from the
reverse side of the plate if the periodic rectangles are placed on the
reverse side. The simulation result is shown in Fig. 6(a). Another con-
sideration is the enhancement of transmitted waves by the periodic
rectangles. As shown in Fig. 6(b), we examined ultrasound irradiation
from a beam with broad beamwidth from the upper side, with the
periodic rectangles on the upper side of the plate covering the beam-
width. The number of periodic rectangles below the plate was lower

than on the upper side. Thus, the ultrasound waves on both sides pro-
pagate to the center of the plate. As a result, the beamwidth decreases
and the ultrasound intensity increases. In our future work, we will
change the angle of the outgoing waves using periodic rectangles of
different heights. We will also aim to further increase the intensity of
the shifted beam.

4. Conclusion

In conclusion, we proposed a structure to achieve ultrasonic beam
shift using periodic rectangles on a plate. We experimentally observed
the ultrasonic waves propagating through the structure and discussed
the mechanism. We discussed the effect of the distance between two
groups of rectangles on ultrasound propagation. Moreover, we calcu-
lated the height and width of the rectangles needed to maximize the
efficiency of energy transport. In contrast with other methods to ma-
nipulate the ultrasonic beam, our proposed structure has a negligible
thickness. Because of its ease of fabrication, we believe that our struc-
ture has potential applications in non-destructive evaluation.
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