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Adjustable or programmable metamaterials offer versatile functions, while the complex multi-dimensional regulation
increases workload, and hinders their applications in practical scenarios. To address these challenges, we present a me-
chanically programmable acoustic metamaterial for real-time focal tuning via one-dimensional phase-gradient modulation
in this paper. The device integrates a phase gradient structure with concave cavity channels and an x-shaped telescopic
mechanical framework, enabling dynamic adjustment of inter-unit spacing (1 mm-3 mm) through a microcontroller-driven
motor. By modulating the spacing between adjacent channels, the phase gradient is precisely controlled, allowing contin-
uous focal shift from 50 mm to 300 mm along the x-axis at 7500 Hz. Broadband focusing is also discussed in the range
6800 Hz-8100 Hz, with transmission coefficients exceeding 0.5, ensuring high efficiency and robust performance. Exper-
imental results align closely with simulations, validating the design’s effectiveness and adaptability. Unlike conventional
programmable metamaterials requiring multi-dimensional parameter optimization, this approach simplifies real-time con-
trol through single-axis mechanical adjustment, significantly reducing operational complexity. Due to the advantages of
broadband focusing, simple control mode, real-time monitoring, and so on, the device may have extensive applications in

the fields of acoustic imaging, nondestructive testing, ultrasound medical treatment, etc.

Keywords: phase gradient structure, one-dimensional mechanical adjustment, adjustable focusing
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1. Introduction

Acoustic focusing has received extensive attention be-
cause of its extensive application in sound imaging,!"-?! med-
ical therapy, > etc. With the development of metamaterials,
the mechanisms for realizing acoustic focusing become more
diversified, such as adjusting the shape or refractive index of
tailored designs,!®! regulating the acoustic waves for achiev-
ing super-resolution focusing,[!%14! utilizing phase gradient
metamaterials based on the generalized Snell’s law, =18 and
so on. However, the passive nature of existing metamaterials
produces fixed functionality and narrow bandwidth once fab-
ricated, which can hardly satisfy the versatile requirements of
practical applications to remold the produced sound field such
as acoustic therapy and imaging.

The emergence of programmable metamaterials has re-
ceived significant attention due to their enhanced versatility
which is lacking in conventional passive metamaterials.[!-%3]
Mechanical tunability is one of the most common ways to re-
alize tunable acoustic manipulation whose mechanism is to
utilize the mechanical reconfigurability of the unit cell itself,
like varying the tunable acoustic channel length, cavity size,
or resonant characteristics, to achieve flexibility of the meta-
surface. Zhao et al. designed an adjustable spiral folding
structure to change the length of the acoustic wave propaga-
tion channel by changing the rotary screw depth of the spiral
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structure.**! Tian proposed a tunable hybrid resonance unit
cell, where the cavity size of the Helmholtz resonator is altered
by filling it with water. This enabled a programmable meta-
surface with various wave manipulation functions.'?>! Zhai et
al. proposed two-dimensional (2D) reflective tunable acous-
tic metasurfaces which could achieve anomalous reflection as
well as focusing function.?%27 Zhou et al. presented a bend-
ing channel which can be dynamically adjusted by rotating the
angle of the internal rotor.?®! Chen designed a metasurface
consisting of Helmholtz resonators with movable sliders and
by adjusting the position of the slider, the cavity size can be
tuned, enabling full-period phase shifts over a wide frequency
band while maintaining high transmission.*” However, ex-
isting acoustic programmable metamaterials typically neces-
sitate manual optimization of individual unit cells, involving
multi-dimensional parameter adjustments (e.g., geometry, ma-
terial composition, and spatial alignment). This iterative pro-
cess significantly increases computational and experimental
workloads and decreases the operating efficiency, thereby lim-
iting real-time adaptability and scalability in practical imple-
mentations.

In this paper, we address the need for simple manipu-
lation, high efficiency and real-time flexible design. There-
fore, we demonstrate a mechanically reconfigurable metasur-
face that enables dynamic acoustic control through single-axis
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modulation of inter-unit spacing. The units are fixed on an
“x” shaped adjustable telescopic mechanical structure and by
driving the electric motor, the retractable mechanical bracket
stretches or retracts in one dimension to adjust the distance be-
tween the adjacent units. The movement of the metamaterial
units induces the change of phase gradient and enables tun-
ability of the focus position. With the interval of units ranging
from 1 mm to 3 mm, the focal point shifts from 50 mm to
300 mm along the x-axis. This approach eliminates the need
for multi-dimensional parameter recalibration and achieves
broadband focusing performance across 6800 Hz—8100 Hz as
well. Experimental results closely align with simulations, val-
idating the effectiveness of the device. This approach holds
promise for several critical and challenging applications, such
as acoustic imaging and directional transmission.

2. Acoustic focusing phase regulation

In this study, we employ a series of concave cavity chan-
nels to create a gradient phase structure, with each channel
differing in the width of air grooves. The planform schematic
of the structure is illustrated in Fig. 1, where the blue region
represents the gradient phase structure, and the white region
denotes air. The sound speed and density of air are 343 m/s
and 1.21 kg/m?, and this structure employs epoxy resin as the
material of choice, which has a sound speed of 2720 m/s and
a density of 1180 kg/m? and can be considered as acoustically
rigid due to the huge contrast between the acoustic impedances
of solid and air. As depicted in the lower right side of Fig. 1
which is surrounded by the black dotted box, the concave
unit consists of three rectangular air cavities separated by two
pink dotted lines. The relevant parameters are w; = 8§ mm,
wy =2 mm, w3 = 10 mm, D = 30 mm. The total length of
these cavities is fixed at D, with the left and right cavities be-
ing identical, each having a length d; and width wy. In our
design, the mechanism of metasurface does not rely on res-
onance and is thus capable of engineering the incident sound
wave with different frequencies. According to the transfer ma-
trix method, by varying the length d; within the air groove, the
output phase of the air channel is changed. Furthermore, by
carefully arranging the d; of each unit, a specific phase gra-
dient can be generated between adjacent channels, enabling
phase regulation.

The variation in d; not only affects the output phase of
each channel but also induces changes in amplitude which in-
fluence the focusing performance. When d;/D ranges from
0.13 to 0.21, the transmission coefficient exhibits a frequency-
dependent behavior, as illustrated in Fig. 2. The transmission
coefficient is quantitatively defined as the ratio of the trans-

mitted wave’s acoustic intensity to that of the incident wave,

following the conventional definition in acoustic wave the-
ory. From the figure, it can be observed that the transmission
coefficient generally exceeds 0.5 within the frequency range
of 6800 Hz to 8100 Hz for channels of varying sizes. This
high transmission is crucial for ensuring effective focusing,
as the intensity of the transmitted waves directly influences
the quality and intensity of the resulting focus. Therefore, to
achieve optimal focusing, it is essential that the transmission
coefficient remains above 0.5 within the operational frequency

range.

Wi w3

Fig. 1. Structural block diagram of phase gradient structure, the white
part is the air channel, the blue part is the rigid material.
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Fig. 2. Transmittance varies with frequency when the ratio d; /D ranges
from 0.13 to 0.21.

To further investigate the focusing capabilities of the
structure, we select 7500 Hz as an example, as it lies within
the frequency range where the transmission coefficient consis-
tently exceeds 0.5, ensuring robust and reliable focusing per-
formance.

Here we define the central position on the right edge of
the entire structure as (0,0) when the incident plane acoustic
waves propagate from the left side, as shown in Fig. 1. There-
fore, to focus the acoustic waves at the point (xg, 0), the trans-
mission angle 6; of the incident waves should satisfy

|| . 0
\/yz-i-x(z)

Based on Eq. (1) and the generalized Snell’s law,

sin6; =

1301 the phase

shift in the y-axis is

o (y) =ko {\/yz-&-x(z) —xo] ) ()
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where kg =271/ A is the wave number, and A is the wavelength
in air.

Taking the incident acoustic frequency of 7500 Hz and
the preset focal length xo = 200 mm as an example, the phase
distribution along the y-axis is illustrated in Fig. 3(a). Subse-
quently, we systematically calculate the phase shift for each
unit across different d; /D values at wy = 2 mm, as shown in
Fig. 3(b).

It is evident that to achieve the desired phase distribu-
tion, the d; /D distribution has to be symmetrical in the ver-
tical direction. Based on these findings, the entire structure
is designed accordingly. If 8 units are chosen in the upper
and lower sides, respectively, the arrangement of units in the
gradient structure at 7500 Hz is presented in Fig. 3(c), demon-
strating how the phase distribution and phase shift calculations

inform the structure design.
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Fig. 3. (a) Phase distribution along the y-axis when focusing at (200,0) at 7500 Hz, (b) the phase shift as a function of d; /D at w, = 2 mm, (c) the position

of each unit along y-axis as a function of d; /D.

Modulating the ratio d;/D of the cell structure enables
the phase gradient configuration and focusing of the acoustic
waves. However, the focusing position remains fixed at a sin-
gle frequency of acoustic incidence, which significantly lim-
its the practical applicability of the structure. To address this
limitation, we propose a method to control the phase gradi-
ent by dynamically adjusting the interval w, between adjacent
units. This approach allows for the tunability of the focal posi-
tion, thereby enhancing the versatility and functionality of the
structure.

As shown in Fig. 4(a), the structures achieve full 27 phase
coverage at 7500 Hz when the ratio d; /D varies from 0.14
to 0.2, with wy values of 1 mm and 2 mm. And the phase
gradient for wp = 1 mm is significantly larger than that for
wy = 2 mm. That can be explained by defining the difference
of phase shift of adjacent units as A@ and L representing their
spacing, then the phase gradient can be expressed as A@/L.
Notably, an increase in L directly reduces the phase gradient
Ag@/L. This relationship explains the steeper slope observed
in the wp = 1 mm curve compared to the wp = 2 mm curve
in Fig. 4(a). Consequently, adjusting the spacing between air
channels alters the phase gradient, thereby inducing a shift in
the focal position.

Figure 4(a) demonstrates that increasing w, reduces the
phase gradient, which in turn diminishes the wave deflection
angle and elongates the focal point along the x-axis. Fig-
ure 4(b) further quantifies the shift in focal position as w»
varies from 1 mm to 3 mm under the d; /D configuration de-
fined in Fig. 3(c). The focal length exhibits an approximately

linear dependence on w», indicating that the focal point sys-

tematically shifts away from the structure as w; increases.

These findings confirm that once the d; /D configuration
of each unit is determined, the phase gradient, although modu-
lated by wy, does not affect the focal behavior. However, as w,
increases, the focal position progressively shifts further from
the structure.
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0.13 0.15 0.17 0.19 0.21 1.0 1.5 2.0 25 3.0
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Fig. 4. (a) Phase change with the ratio d; /D at 7500 Hz, the red and blue line
corresponding to wo = 1 mm, and 2 mm, respectively. (b) Schematic diagram
of focus position when the interval w, increases.

3. Adjustable mechanical structure and experi-
mental device

To assess the effectiveness of the proposed mechanism,
we performed simulations using the finite element method and
conducted experiments with a telescopic mechanical structure.
16 units are employed and the ratio d; /D of each air channel
is aligned symmetrically as Fig. 3(c).

A focus-controllable device based on an x-type adjustable
mechanical structure is designed as illustrated in Fig. 5(a),
with the right side and upward views of the mechanical struc-
ture shown in Figs. 5(b) and 5(c), respectively. The entire
structure consists of three layers, and the middle layer con-
tains sliders with the same number as the gradient units of the
metasurface, acting as carriers that connect the bottom x-shape
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connecting rods to the top gradient units. The sliders are tra-
versed by three poles in x direction: the center motor-driven
screw ensures the movement of the whole structure, while
two smooth poles on either side provide support (Fig. 5(b)).
When the motor works, the screw starts rotating to drive the
slides extending or retracting along x-axis, except for the left-
most slider, which remains fixed to the immobile substrate
(Fig. 5(c)). The bottom layer features x-shape connecting rods,
with uniform and adjustable spacing between each rod. The
top layer consists of units of metasurface affixed to movable
sliders, enabling phase gradient autofocus through the exten-
sion or retraction of the sliders. In the design, the speed and
timing of the screw rotation can be adjusted programmatically,
allowing all units to move synchronously to the left or right
along x-axis in real-time, with the exception of the leftmost
unit, which remains fixed.

Fig. 5. (a) Photograph of integral structure of focus controllable device (in-
cluding motor), (b) the right view of the adjustable mechanical structure,
(c) the bottom of the adjustable mechanical structure.
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Fig. 6. (a) Diagram of the experimental design, (b) photograph of the
experimental scene.

The experimental diagram is illustrated in Fig. 6(a),
where the metasurface structure is positioned within a planar
waveguide, clamped by two parallel acrylic plates. The sound-
absorbing sponge at the boundary of the waveguide minimizes
the reflection of waves from the waveguide into free space.
The loudspeaker array, powered by an amplifier, generates in-
cident plane waves, while a microphone is utilized to measure
the sound pressure of the transmitted acoustic waves.

The experiment is conducted in an anechoic chamber, as
shown in Fig. 6(b). The two parallel acrylic plates are elevated
to provide enough space for the actuating device, which con-
nects to the metasurface via a hole in the lower plate, enabling
real-time focusing control. A stepper motor (42BYG48) is
employed in the adjustable mechanical device which is driven
by a motor driver TB6600 controlled by a microcontroller
STM32. The experimental data is recorded by the microphone
Briiel & Kjer 3160-A-022.

4. Adjustable focusing

By programmatically controlling the x-type mechanical
structure, the spacing between each unit is dynamically ad-
justed, enabling tunable phase gradients and focal position
shifts. Here we investigate the effectiveness of the metasur-
face with three distinct values of wy: 1 mm, 2 mm, and 3 mm,
respectively. Acoustic waves passing through the structure fo-
cus at positions closely matching the preset focal coordinates
(Fig. 4(b)). The simulated and experimental sound pressure
distributions in the transmitted field are shown in Figs. 7(al)—
7(a3). The measured focusing position with a yellow cross
sign is marked in the simulated acoustic field which demon-
strates that our designed focusing adjustable metasurface pre-
cisely converges the incident acoustic energy into the expected
focal region. Notably, the focal point shifts rightward along
the x-axis as wy increases. While simulated and experimental
focal positions align spatially, the experimental focal beams
exhibit striped interference patterns in the pressure distribution
(particularly in Figs. 7(a2) and 7(a3)), attributed to reflections
during experiments.

Figures 7(b1)-7(b3) display the normalized sound pres-
sure profiles along the x-axis centered at the focal point. Due
to the size limitation of the parallel waveguide in the experi-
ment setup, only 9 points near the focus are measured. De-
spite this constraint, the overall trend of the experimental re-
sults is substantially consistent with the simulation results.
For w, = 1 mm, the simulated pressure maximum at x =
43 mm, whereas the experimental peak shifts to x = 50 mm.
When wy =2 mm, the theoretical focal position at (200,0)
aligns closely with the experimental pressure maximum in
Fig. 7(by). Similarly, the agreement between simulation and
experiment is observed for w, = 3 (Fig. 7(b3)). The deviation
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between simulation and experiment arises from minor fabri-
cation inaccuracies in the metasurface, and mechanical toler-
ances in spacing control, particularly at smaller scales (e.g.,
wy =1 mm).

The y-axis sound pressure profiles (Figs. 7(c1)-7(c3)) fur-
ther confirm consistency in trends between experiments and
simulations. However, deviations in experimental data — at-
tributed to fabrication imperfections and motor control lim-

2
1
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=

[p|

itations — become more evident at reduced spatial scales.
In addition, the full width at half maximum (FWHM) ex-
hibits a pronounced dependence on the structural parameter
wy, with values of 0.394, 0.794, and 1.14A corresponding to
wy = 1 mm, 2 mm, and 3 mm, respectively. These results
demonstrate a statistically significant inverse correlation be-
tween wy and focusing resolution, with subwavelength focus-
ing (< 0.51) achieved at wy = 1 mm.

W
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Fig. 7. Sound pressure distribution when frequency is 7500 Hz and interval wy is | mm-3 mm: (al)-(a3) sound pressure diagram with w, = 1 mm, 2 mm,
3 mm respectively. (b1)—(b3) Normalized sound pressure along x axis at focal point with wp = 1 mm, 2 mm, 3 mm respectively. (c1)—(c3) Normalized sound

pressure along y axis at focal point with wp = 1 mm, 2 mm, 3 mm respectively.

Therefore, precise presetting of the structural parameter
dy /D and controlled adjustment of inter-unit spacing enables
alignment of the phase requirements across unit cells, theoret-
ically allowing focal positioning at arbitrary locations within
the transmitted field. Both simulations and experiments vali-
date the efficacy of the proposed metasurface. Observed dis-
crepancies between simulated and experimental results stem
from fabrication inaccuracies of the gradient-index metasur-
face and mechanical tolerances in the single-axis motor sys-
tem governing wy adjustments.

Unlike conventional programmable metamaterial designs
that rely on multi-dimensional parameter tuning, our approach
employs a programmatically controlled screw mechanism to
dynamically adjust the spacing w, along a single axis. This
simplified one-dimensional mechanical system achieves tun-

able focusing while minimizing design complexity.

S. Broadband characteristics of acoustic focus-
ing

As demonstrated above, tuning the structural ratio d; /D
within the range of 0.13-0.21 enables effective acoustic focus-
ing across a broad frequency spectrum (6800 Hz—-8100 Hz).
To validate the metasurface’s broadband performance, sim-
ulations and experiments are conducted at the frequency of
7000 Hz and 8000 Hz, with w, fixed at 2 mm. The simulated
and experimental results are shown in Fig. 8.

Figures 8(a) and 8(b) depict the simulated and experimen-
tal sound pressure distributions at 7000 Hz and 8000 Hz, re-
spectively, demonstrating the metasurface’s robust broadband
focusing capability. Consistent with observations at 7500 Hz
(Fig. 7), reflections of acoustic waves propagate into the mea-
surement zone and superimpose with the focal field, gener-
ating pronounced interference fringes in the pressure profiles
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and these artifacts arise from constructive and destructive in-
terference between the incident and reflected wavefronts.

1005\ ,
ol W

100/

400

—400 —200 600 mm

0 200
Simulation: -Experiment'l | |

Simulation: [Emmm— Experiment;
-
C e—

Fig. 8. Sound pressure distribution with different incident frequencies
7000 Hz (a) and 8000 Hz (b) respectively.

6. Conclusion

In summary, we present a mechanically reconfigurable
acoustic metasurface for real-time focal tuning via one-
dimensional phase-gradient engineering. By dynamically ad-
justing the inter-channel spacing w, through a programmable
mechanical system, phase gradient modulation is achieved,
enabling continuous focal shifts along the x-axis without re-
quiring individual unit-level recalibration. The phase gradient
shift caused by programming the mechanic device results in a
corresponding shift in the focal point along the x-axis. Experi-
mental and simulation results exhibit strong agreement across
7000 Hz—-8000 Hz, validating the structure’s broadband pro-
grammability. The adjustable acoustic focusing mechanism
presented in this paper is easily fabricated in real-time control,
suggesting potential applications in medical diagnosis, acous-
tic imaging, nondestructive testing, etc.
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