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A novel double-physical-fields lens that can simultaneously focus acoustic and
electromagnetic waves into a given region is designed based on double-physical-
fields null medium, which can be realized by metal plates with subwavelength
separations/thicknesses and precisely designed lengths. Numerical simulations
show the proposed double-physical-fields lens can create exactly the same
focusing effect for both electromagnetic and acoustic waves, i.e., the same
focal spot size and efficiency at the same focal length. Four typical lens with
different output surfaces are studied, which shows different focusing
characteristics, e.g., noodle-shaped focal spot, tiny focal spot, and capsule-
shaped focal spot. With the help of the designed double-physical-fields lens,
an additional degree of freedom for control can be provided by simultaneously
focusing acoustic and electromagnetic waves, which may lead to wider range of
applications than single-field focusing.

KEYWORDS

null medium, double-physical-fields lens, double-physical-fields focusing, surface
transformation, transformation optics

1 Introduction

The focusing of acoustic wave or electromagnetic wave alone has already been applied in
various important application. For example, it is an effective non-invasive way of treating tumors
by focusing ultrasound/microwave onto the tumor area, where focused high ultrasound/
electromagnetic energy can raise the temperature of the tumor cells to produce thermal
coagulation or ablation (Sato et al., 1996; Fan et al., 2013; Shi et al., 2015; Xia and Sun,
2015). Usually, tumour treatment by focused ultrasound is more accurate than the treatment by
focusedmicrowave. However, some tissues (e.g., esophagus and rectum) cannot be penetrated by
ultrasound and can only be treated by focused microwave. Acoustic/electromagnetic tweezers,
which can capture the target particles noninvasively by forces and torques generated from the
focused acoustic/electromagnetic fields, have been widely used to manipulate the movement of
micro-nano particles (e.g., biological molecules and living cells) (Janssen et al., 2012; Ozcelik et al.,
2018; Vidiasheva et al., 2018;Marzo andDrinkwater, 2019). Currently, the focused acoustic beam
can be achieved by acoustic metasurfaces/metamaterials (Zhang et al., 2009; Qi et al., 2017; Xia
et al., 2018), negative or zero refractive index lenses (Fang et al., 2006; Gao et al., 2016), acoustic
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crystal lens (Yang et al., 2004), graded index lens (Li et al., 2012),
anisotropic material lens (Li et al., 2017), and etc. Commonmethods of
focusing electromagnetic waves include various electromagnetic lenses
(Kwon and Werner, 2009; Kundtz and Smith, 2010; Roy et al., 2013;
Khorasaninejad et al., 2016; Chen et al., 2018), time reversal mirrors
(Lerosey et al., 2004; de Rosny et al., 2010), structures designed by deep
learning methods (Rivenson et al., 2017; Ma et al., 2021), and etc.

Compared with single-physical-field focusing, focusing acoustic
and electromagnetic waves simultaneously has better application
value. If the simultaneous focus of acoustic and electromagnetic
waves can be achieved, the advantages of the two focused physical
fields can complement each other. In tumor therapy, simultaneous
focused ultrasound and microwave will provide both the high
precision of focused acoustic waves for tumour treatment
(Kohrmann et al., 2002) and the high penetration of focused
microwaves for tumour treatment (Leggio et al., 2015; Lim and
Yoon, 2021). Double-physical-fields tweezers by simultaneous
focused ultrasound and microwave can provide additional degrees
of freedom in the manipulation of captured targets, e.g., the focused
acoustic beam can capture targets in the given region while the
focused electromagnetic beam can rotate them at the same time.
In industrial inspection, the focused acoustic wave can be used to
locate cracks in pipes and castings, while the focused electromagnetic
beam can help to repair these cracks (e.g., the thermal effect of focused
infrared waves can help repair cracks by dissolving the material at the
crack). In double-field focusing, the focused acoustic waves may
image/capture/locate the target, and the focused electromagnetic
waves may simultaneously perform an additional manipulation
(e.g., destruction/rotation/repairment) on the same target. In recent
years, various structures have been designed to simultaneously
manipulate electromagnetic and acoustic waves, such as
electromagnetic-acoustic cloaking (Sun et al., 2020),
electromagnetic shielding and sound absorption (Gao et al., 2022),
and electromagnetic-acoustic splitter (Chen et al., 2023). However,
there is little research on how to achieve simultaneous focusing of
electromagnetic and acoustic waves with the same structure.

In order to focus acoustic and electromagnetic waves simultaneously,
a novel double-physical-fields lens (DPFL) is proposed in Figure 1. The

designed DPFL can be realized by metal plates with subwavelength
separations/thicknesses and precisely designed lengths, which performs
as a reduced double-physical-fields null medium that can convert the
incident electromagnetic/acoustic wavefront on the input surface of the
lens into the desired electromagnetic/acoustic wavefront on the output
surface of the lens (Sun et al., 2020). Note that the ‘subwavelength’means
the size of the separation and thickness of the metal plates are smaller
than the wavelength of the electromagnetic/acoustic wave, e.g., one-third
of the working wavelength.

2 Design method

Double-physical-fields null medium, which performs as a
perfect endoscope for electromagnetic waves and acoustic waves
simultaneously, has been theoretically studied (Sun et al., 2020).
Based on the perfect directional projection properties of the double-
physical-fields null medium, double-physical-fields surface
transformation has been proposed in our previous study (Sun
et al., 2020), which is a graphical method to design double-
physical-fields devices. In this study, we use double-physical-
fields surface transformation to design DPFL that can focus both
electromagnetic waves and acoustic waves into the same focal point.
The parameters of the ideal double-physical-fields null medium can
be obtained from the extreme space compression transform by
transformation optics and transformation acoustics, which can be
summarized as (Sun et al., 2020):

ε � μ � diag
1
Δ,Δ,Δ( )

ρ � diag Δ, 1Δ,
1
Δ( )

κ � 1
Δ

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
,Δ→ 0. (1)

From Eq. 1, the permittivity, permeability and modulus of the ideal
double-physical-fields null medium are extremely anisotropic, whose
values approach infinity along their main axis and are close to zero in
other orthogonal directions. After some theoretical calculations (Sun

FIGURE 1
Schematic diagram of the DPFL by sub-wavelength air channels enclosed by metal plates.
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et al., 2020), it shows that the metallic plates with subwavelength
separations and thicknesses, whose lengths satisfy the Fabry-Perot
resonance condition, can perform as a reduced double-physical-
fields null medium. The reduced double-physical-fields null medium
can still project TM-polarized electromagnetic waves and acoustic
waves simultaneously along the orientations of metallic plates.

As shown in Figure 1, the input and output surfaces of theDPFL are
designed as a plane and a curved surface (described by the equation y = f
(x)), respectively. The DPFL is composed by an array structure of 2N +
1 parallel metal plates with equally subwavelength separation d and
thickness t. 2N air channels are formed between two adjacent metal
plates, which are labeled from the centre of the lens outwards as channel
1, channel 2, . . . and channel N. The size of the input surface of the
DPFL is h = 2Nd + t, which can be adjusted by increasing or decreasing
the number of metal plates for matching the width of the incident wave.
The length of the k-th air channel approximately satisfying the Fabry-
Perot resonance condition (i.e., Lk =mλ0,m = 1, 2, 3. . ., where λ0 is the
working wavelength) to obtain the best transmittance, which is defined
as the efficiency of theDPFL for electromagnetic waves (Xia et al., 2018):

η �
∫
l

�S · d �A
∫
h

�S · d �A , (2)

where S is the Poynting vector (i.e., the energy flow density vector), l
and h are the transverse sizes of the focusing spot and input surface
along the y-axis, respectively (see Figure 1). Although there is no

concept of Poynting’s vector for acoustic waves, the z component of
magnetic field Hz field for TM polarized electromagnetic waves and
the acoustic pressure for acoustic waves satisfy the same Heimholtz
equation, and the subsequent simulation results show that the
designed structure has exactly the same focusing effect on both
magnetic field and acoustic pressure, therefore the efficiency defined
by Eq. 2 is also suitable for the focusing efficiency of acoustic wave.

In this study, the efficiency of the lens is calculated as follows: we
first remove the DPFL and calculate the integration of the incident
energy flow over the air surface with the same size of the DPFL’s input
surface, which gives the denominator of Eq. 2, i.e., the total incident
energy. Then, we add the DPFL and calculate the integration of energy
flow density over the width of the focused spot, which gives the
numerator of Eq. 2, i.e., the energy at the focused spot. Since all
simulations show that the lens produces exactly the same field
distribution for both electromagnetic wave and acoustic wave, the
simulated results for electromagnetic waves are used to calculate the
lens efficiency in the subsequent optimization calculations.

The designed DPFL by metal plates in Figure 1 performs as
reduced double-physical-fields null medium for TM-polarized
electromagnetic and acoustic waves, whose function is to
simultaneously project the electromagnetic/acoustic field
distributions from the input surface along the direction of the air
channel onto the output surface (Sun et al., 2020). When the
wavefront of the incident EM wave/acoustic wave coincides with
the shape of the DPFL’s input surface (e.g., plane wave), the
wavefront of the outgoing wave can be converted to coincide

FIGURE 2
Simulated normalized magnetic field distribution (A) and normalized acoustic pressure distribution (B), respectively, when a TM-polarized plane
electromagnetic wave and a plane acoustic wave are incident onto the designedDPFLwith a parabolic output surface f(x) =

				
55x

√
. In this design,N=6, d =

λ0/3, t =λ0/6, L1 = 0.5λ0, L2 = 0.58λ0, L3 = 0.78λ0, L4 = 1.14λ0, L5 = 1.6λ0, L6 = 2.17λ0, and λ0 = 30 mm. (C, D) show the normalized magnetic field (the same
as acoustic pressure) distribution along the x and y directions [marked by white dashed lines in (A)], respectively.
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with the shape of the DPFL’s output surface after passing through
the DPFL. Therefore, a double-physical-field focusing effect can be
obtained by designing various geometrical shapes of output surfaces.

3 Simulation results for various DPFLs

The double-physical-fields focusing effect of various DPFLs with
different output surfaces are studied numerically. All numerical
simulations in this study are carried out by COMSOL Multiphysics
5.6 (license number 9406999). All numerical simulations are 2D
simulations in this study, which means that the metal plates are
infinite along the z direction. The radio frequency module and the
acoustic module are utilized to calculate electromagnetic field
distribution and acoustic pressure distribution, respectively. The
working wavelength is designed as λ0 = 30 mm, which corresponds
to the working frequencies 10 GHz for electromagnetic wave and
11.4 kHz for acoustic wave, respectively. The metal is modeled as
perfect electric conductor and hard wall boundary condition for
electromagnetic simulation and acoustic simulation, respectively.
Note that metallic plates can perform as reduced null medium for
only TM-polarized electromagnetic waves, we only simulate the
DPFLs for TM-polarized electromagnetic waves in this study. The
double-physical-fields focusing effect of DPFLs with four different
shapes of the output surface are studied, which include the parabolic
surface in Figure 2, the hyperbolic surface in Figure 3, the elliptical
surface in Figure 4, and the circular surface in Figure 5.

The designed working wavelength (λ0 = 30 mm) and
corresponding frequencies (11.4 kHz and 10 GHz for acoustic
and electromagnetic waves, respectively) is used as one example
in this study, which can be changed to other values according to
different applications. For example, we can first determine the
required acoustic frequency for a specific application (e.g.,
ultrasonic detection), and then the new working wavelength can
be calculated accordingly, thereafter the parameters of the DPELs
can be redesigned by using Fabry-Perot resonance condition Ln =
mλ0, m = 1, 2, 3. . ., where λ0 is the new working wavelength.

The lens designed in this study involvesmetal and air. For air, it can
be considered a loss-free material for both electromagnetic and acoustic
waves. Considering the conductivities of metals are extremely high (e.g.,
the conductivity of the copper is 6*107 [S/m]) in the microwave band
(the designed working frequency 10 GHz), whose skin depth can be
treated as zero (modeled as perfect electric conductor), the material loss
of the metal has essentially no effect on the focusing effect of the
electromagnetic waves in the designed working frequency. Similarly,
metals can usually be treated as a hard wall boundary condition for
acoustic waves (Yang et al., 2016), i.e., acoustic waves cannot enter.
Therefore, the material loss of the metal has no effect on the focusing
effect of the acoustic waves.

The simulated results verify the designed DPFL with a parabolic
output surface (i.e., the equation of the output surface is chosen as a
parabolic equation f(x) =

				
55x

√
) can focus both TM-polarized

electromagnetic plane wave in Figure 2A and acoustic plane wave
in Figure 2B, respectively. When a planar electromagnetic wave and

FIGURE 3
Simulated normalized magnetic field distribution (A) and normalized acoustic pressure distribution (B), respectively, when a TM-polarized plane
electromagnetic wave and a plane acoustic wave are incident onto the designed DPFL with a hyperbolic output surface equation f(x) =
70

													−1 + x2/22500
√

. In this design, N = 6, d = λ0/3, t = λ0/6, L1 = 0.5λ0, L2 = 0.58λ0, L3 = 0.75λ0, L4 = 1.01λ0, L5 = 1.35λ0, L6 = 1.75λ0, and λ0 = 30 mm. (C, D)
show the normalized magnetic field (the same as acoustic pressure) distribution along the x and y directions [marked by white dashed lines in (A)],
respectively.
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FIGURE 4
Simulated normalized magnetic field distribution (A) and normalized acoustic pressure distribution (B), respectively, when a TM-polarized plane
electromagnetic wave and a plane acoustic wave are incident onto the designed DPFL with an elliptical output surface equation f(x) = 70

											
1 − x2/8100

√
. In

this design, N = 6, d = λ0/3, t = λ0/6, L1 = 0.5λ0, L2 = 0.55λ0, L3 = 0.66λ0, L4 = 0.84λ0, L5 = 1.12λ0, L6 = 1.52λ0, and λ0 = 30 mm. (C, D) show the normalized
magnetic field (the same as acoustic pressure) distribution along the x and y directions [marked by white dashed lines in (A)], respectively.

FIGURE 5
Simulated normalized magnetic field distribution (A) and normalized acoustic pressure distribution (B), respectively, when a TM-polarized plane
electromagnetic wave and a plane acoustic wave are incident onto the designed DPFL with a circular output surface equation f(x) =

									
8464 − x2

√
. In this

design,N= 8, d = 11λ0/30, t = 11λ0/60, L1 = 0.93λ0, L2 = 0.97λ0, L3 = 1.05λ0, L4 = 1.17λ0, L5 = 1.36λ0, L6 = 1.61λ0, L7 = 1.96λ0, L8 = 2.47λ0, and λ0 = 30 mm. (C,
D) show the normalizedmagnetic field (the same as acoustic pressure) distribution along the x and y directions [marked by white dashed lines in (A)],
respectively.
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a planar acoustic wave are incident onto the designed DPFL, the
normalized magnetic/acoustic field distributions are identical in
Figures 2A, B, which show exactly the same focusing spots for
both fields can be created at the same distance f (i.e., the focal length)
from the output surface of the DPFL. The depth of focus (DOF) is
the distance range measured normal to the lens over which the spot
remains tightly focused (Banerji et al., 2020). In this study, DOF is
used to describe longitudinal scale of focal spot. The simulated
results show that the parabolic DPFL simultaneously focus
electromagnetic waves and acoustic waves into a capsule-shaped
spot with a relatively moderate size, which is often described by full
width at half maxima (FWHM = 0.77λ0) and depth of focus DOF =
1.9λ0, at relatively long focal length f = 4.17λ0 with efficiency η =
31.42% (see Figures 2C, D).

Please note that the amplitudes of magnetic field and acoustic
pressure are normalized, which leads to a range of values between 0
(minimum) and 1 (maximum), and the color bars in all figures are in
the range 0–1. In this case, the blue regions in the color bar indicate
that the amplitude of magnetic field or acoustic pressure at these
positions are zero ‘0’, the red regions in the color bar indicate that the
amplitude of magnetic field or acoustic pressure at these positions
are the maximum ‘1’, and the other colors mean that the amplitude
of magnetic field or acoustic pressure are between the zero ‘0’ and the
maximum “1”.

The hyperbolic DPFL, whose output surface satisfy a hyperbolic
equation f(x) = 70

												−1 + x2/22500
√

, can also focus both TM-
polarized electromagnetic plane wave in Figure 3A and acoustic
plane wave in Figure 3B, respectively. The simulated results in
Figure 3 show that the hyperbolic DPFL can produce a tiny focal
spot with smaller size FWHM = 0.67λ0 and depth of focus DOF =
0.68λ0 for both fields at short focal length f = 2.1λ0 with efficiency η =
26.86% (see Figures 3C, D), which is more suitable for the double-
fields manipulation of small particles.

The elliptical DPFL, whose output surface satisfy a elliptical
equation f(x) = 70

										
1 − x2/8100

√
, can simultaneously focus TM-

polarized electromagnetic plane wave in Figure 4A and acoustic
plane wave in Figure 4B, respectively. The simulated results in
Figure 4 show that the parameters of the focal spot created by
the elliptical DPFL are FWHM = 0.73λ0, DOF = 2.1λ0, and f = 3.4λ0,
which are close to the parameters of the focal spot created by the
parabolic DPFL in Figure 2. Compared the parabolic DPFL in
Figure 2, the elliptical DPFL has significant side spots around the
focal spot, which leads to a small efficiency η = 22.37%.

The circular DPFL, whose output surface satisfy a circular
equation f(x) =

								
8464 − x2

√
, can simultaneously focus TM-

polarized electromagnetic plane wave in Figure 5A and acoustic
plane wave in Figure 5B, respectively. The simulated results in
Figure 5 show that the circular DPFL can produce a noodle-
shaped focal spot with the size FWHM = 0.95λ0 and depth of
focus DOF = 4.13λ0 for both fields at long focal length f = 6.7λ0 with
efficiency η = 37.71% (see Figures 5C, D), which is more suitable for
the double-physical-fields noninvasive processing/treatment.

Theoretically, according to the double-physical-fields surface
transformation theory, when the output surface of the lens is chosen
to be of different geometrical shapes, the wave front of the output
wave will be modulated to that shape accordingly. In this design, the
output surfaces are designed as parabola, hyperbola, ellipse and
circle, respectively, and according to the nature of perfect projection
of null medium, the wave fronts of the output waves are modulated
into these four surfaces accordingly. In these four cases, the output
wave is focused at the focal point of the parabola/hyperbola/ellipse
and at the centre of the circle, and the position of the focal point can
be adjusted by changing the geometrical parameters of the
corresponding output surface.

The key parameters of the DFPL with four different output
surfaces are given in Tab. 1, which can be a guidance for different
applications. For the parabolic DPFL, the energy of the sidelobe is
concentrated before the focal point, and the energy distribution of
the sidelobe is weaker after the focal point and the focal plane, which
leads to a relatively high efficiency (~31.42%). The focal spot of the
parabolic DPFL is capsule-like spot with a relatively moderate size
(FWHM~0.77λ0 and DOF~1.9λ0), and the long focal length is
relatively long (f ~ 4.17λ0). For the hyperbolic DPFL, the energy
of the sidelobe is distributed before and after focusing plane, which
in turn leads to lower efficiency (~26.86%). The hyperbolic DPFL
can produce the smallest focal spot with very compact sizes in both
horizontal direction (DOF = 0.68λ0) and vertical direction
(FWHM = 0.67λ0) at the shortest focal length f = 2.1λ0, which is
very suitable for precisely confining tiny objects to small area. For
the elliptical DPFL, the energy of the sidelobe is distributed before
and after focusing plane, which has the lowest efficiency (~22.37%).
The elliptical DPFL can create a capsule-shaped spot with a relatively

TABLE 1 Key parameters of the DPFLs with different output surfaces.

Surface f DOF FWHM Efficiency (%)

Parabola 4.17λ0 1.9λ0 0.77λ0 31.42

Hyperbola 2.1λ0 0.68λ0 0.67λ0 26.86

Ellipse 3.4λ0 2.1λ0 0.73λ0 22.37

Circle 6.7λ0 4.13λ0 0.95λ0 37.71

FIGURE 6
Efficiency of the parabolic DPFL when parameters d and A are
scanned.
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moderate size (FWHM~0.73λ0 and DOF~2.1λ0) and moderate focal
length (f ~ 3.4λ0). For the circular DPFL, the energy of the sidelobe is
concentrated before the focal point, and the energy distribution of
the sidelobe is weaker after the focal point and the focal plane, which
has the highest efficiency (~37.71%). The circular DPFL can produce
a noodle-shaped focal spot at the longest focal length (f ~ 6.7λ0),
which can be used for noninvasive processing/treatment that
requires penetration of surfaces (e.g., inside pipes and human
bones). In summary, elliptical/parabolic DPFLs are moderate-
focal-length lenses with moderate focal spot sizes, hyperbolic
DPFL is short-focal-length lens with smallest focal spot size, and
circular DPFL is long-focal-length lens with noodle-shaped
focal spot.

4 Parameters scanning

From the above analysis, the parabolic DPFL has relatively
moderate parameters, which is chosen as an example to study
how to further improve the efficiency of the DPFL by choosing
suitable structural parameters. Simulation results show separation
distance d in Figure 1 and surface parameter A (f(x) =

			
Ax

√
) both

affect the focusing efficiency of the parabolic DPFL. As show in
Figure 6, both d and A has a significant impact on the efficiency of
the parabolic DPFL.

If d is too large, then the metal plates in Figure 1 will no longer
behave as an effective medium for double fields; while if d is too
small, it is difficult to ensure that each channel approximately meets
the Fabry-Perot resonance condition, thus the scan range of d is
limited to d = 3λ0 ~ 4.3λ0 in Figure 6. If A is too small, the shape of
the output surface will be reduced to a plane, and the focusing effect
will disappear; while if A is too large, more number of metal plates
are required to mimic the sharp curvature variation at the output
surface, which is difficult to ensure that each channel approximately
meets the Fabry-Perot resonance condition, thus the scanning range
of A is limited to A = 1.4λ0 ~ 3λ0 in Figure 6.

During the scanning, the number of air channels 2N = 12, the
thickness of the metal plate t = d/2, and the working wavelength λ0 =
30 mm are kept unchanged. As shown in Figure 6, the best efficiency
η = 37.59% can be obtained when d = 3.27λ0 and A = 1.5λ0 for the
optimized parabolic DPFL. The optimized parabolic DPFL with a
higher energy utilization can still focus both electromagnetic and
acoustic waves simultaneously with a relatively moderate size
(FWHM = 0.59λ0 and DOF = 1.93λ0) and focal length (f =
4.3λ0), which is verified by numerical simulations in Figure 7.

For a perfect DPFL realized by ideal double-physical-fields null
medium, the shape of the outgoing wave should be exactly the same
as the shape of the output surface. However, for the reduced null
medium by metallic array, the length of each air channel must be an
integer multiple of the wavelength to obtain the best transmittance,

FIGURE 7
Simulated normalized magnetic field distribution (A) and normalized acoustic pressure distribution (B), respectively, when a TM-polarized plane
electromagnetic wave and a plane acoustic wave are incident onto the optimized parabolic DPFL with a output surface f(x) � 				

45x
√

. In this design,N = 6,
d = 3.27λ0, t = d/2, L1 = 0.5λ0, L2 = 0.61λ0, L3 = 0.86λ0, L4 = 1.25λ0, L5 = 1.78λ0, L6 = 2.46λ0, and λ0 = 30 mm. (C, D) show the normalizedmagnetic field (the
same as acoustic pressure) distribution along the x and y directions [indicated by white dashed lines in (A)], respectively.

Frontiers in Materials frontiersin.org07

Wu et al. 10.3389/fmats.2023.1229164

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1229164


which leads to the shape of the outgoing wave is not exactly the same
as the output surface. In this case, the focal point is the result of the
interference of the outgoing waves frommultiple air channels, which
results in a non-peak energy at the focal point along the x axis. To
solve this problem, the waveguide metamaterials (Zheng et al.,
2019), instead of an array of metal plates, can be used to realize
the reduced null medium, where the FP condition does not need to
be satisfied for each channel. In this case, the energy at the focal
point can be a peak along the x axis. However, such a lens based on
waveguide metamaterials would only be effective for
electromagnetic waves and cannot be able to focus both
electromagnetic and acoustic waves.

Our design principle is different from the current method on
designing metasurfaces, which often needs to numerically
calculate the phase shift and transmittance of each
metasurface, and then adjust the geometric parameters of
each unit to make its transmittance phase satisfy a specific
distribution (on the premise of ensuring that the
transmittance of each unit is close to 1) to achieve the
focusing or other desired effect (Liu et al., 2020; Cai et al.,
2021). In our design method, metal channels are used to mimic
null medium for both electromagnetic wave and acoustic wave,
which perform as the reduced null medium (Sun et al., 2020;
Chen et al., 2023). For the ideal null medium, the transmittance
should be 100% and the transmission phase should be zero. In
this case, the wavefront of the output wave can be directly
modulated by changing the geometry of the output surface. To
achieve the ideal null medium, the length of each metallic
channel needs to be close to an integer multiple of the
operating wavelength (i.e., the FP condition) to ensure that
the transmittance is close to 1 while the transmission phase is
almost 0. Therefore, we do not plot the phase shift and
transmittance of each metallic channel. From the simulation
results in Figures 2–5, it can be seen that a stable integer number
of half standing waves are generated in each metal channel,
i.e., the desired FP resonance conditions are met.

In this study, the sound and electromagnetic waves are
focused at the same wavelength by the designed DPFL. If we
want to simultaneously focus acoustic and electromagnetic waves
at individually different wavelengths rather than the same one,
some gas [e.g., hydrogen (Li et al., 2017)] may be filled in each
metallic channel instead of air. In this case, the effective optical
path and acoustic path are different in each metallic channel,
which will lead to different wavelengths that satisfy the FP
resonance condition for electromagnetic wave and acoustic
wave. As the FP resonance condition should be satisfied for
each metal channel to mimic null medium for both
electromagnetic wave and acoustic wave, the focusing
performance of the designed lens is not broadband. The
focusing efficiency of the designed lens may be improved by
adding some internal structures inside of each metallic channel
(see arXiv:2305.00910). The proposed lens is a bulk lens, which
has the curved output surface. To achieve a flat lens, metasurface
may be a good choice (Liu et al., 2020; Cai et al., 2021). However,
the current metasurface can only work for single-physical-field
(i.e., electromagnetic wave or acoustic wave). Many prior
groundwork are still needed to achieve metasurface-based flat
lens for double-physical-field focusing.

5 Conclusion

By designing sub-wavelength air channels surrounded by metal
plates, which performs as reduced double-physical-fields null
medium, a DPFL lens that can simultaneously focus both
electromagnetic and acoustic waves is designed. By adjusting the
geometrical shape of the output surface, the focal spot size and focal
length for both fields can be modified. Four typical DPFL lenses with
different output surfaces are numerically studied, which shows
different focusing characteristics and key parameters, e.g., long
focal length and noodle-shaped spot for circular DPFL, short
focal length and tiny spot for hyperbolic DPFL, and capsule-
shaped spot with a moderate size for parabolic/elliptical DPFLs.
As an example, the relationship between the key parameters of the
parabolic DPFL and its efficiency is studied. This study provides a
new way to focus electromagnetic and acoustic waves
simultaneously, which may provide an additional degree of
freedom for modulation than single-field focusing and have
potential applications in medical therapy, sensors/detectors and
tweezers.
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