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Wave frequency is a critical parameter for applications ranging from structural health monitoring, noise
control, and medical imaging to quantum of energy in matter. Frequency conversion is an inevitable wave
phenomenon in nonlinear or time-modulated media. However, frequency conversion in linear media holds
the promise of breaking limits imposed by the physics laws of wave diffraction such as Snell’s law and
Rayleigh criterion. In this Letter, we physically introduce a linear active metalayer in a structural beam that
can convert the wave frequency of an flexural incidence into arbitrary frequencies of transmitted waves,
which is underpinned by time modulation of sensing signals and insensitive to incident amplitude. The
active element, involving piezoelectric components and time-modulated transfer function, breaks energy
conservation such that the generated harmonics can be fully decoupled, making the frequency conversion
linear and independent. By leveraging the time-modulated unit, phase-gradient and frequency-gradient
metalayers are proposed for frequency-converted wave steering and dynamic beam steering, respectively.
The linear active metalayer proposed herein suggests a promising solution to fully control time-domain
signals of flexural waves, in stark contrast with existing elastic metasurfaces, regardless of being passive or

active.
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Wave frequency is one of the fundamental parameters
governing wave propagation and its interaction with
matters. Most physical laws on wave propagation and
wave-matter interaction are frequency-dependent. Altering
frequency can break the limits currently imposed by laws of
physics for a given frequency condition, such as imaging
resolution limits, wave energy transport, and wave propa-
gation behavior. Manipulating flexural waves in platelike
structures has been of considerable interest with wide-
spread applications in nondestructive structural health
monitoring, vibration suppression and control [1-8]. In
linear time-invariant plate-type media, energy exchange
among waves at different frequencies is prohibited since
those waves are decoupled. On the other hand, flexural
waves at different frequencies can exchange energy among
themselves due to the coupling and mixing of different
frequency components during the propagation in nonlinear
or time-modulated plate media, where linearity or time
invariance is broken [9-14]. However, nonlinear and time-
modulated wave conversion is in general amplitude-de-
pendent and also takes place in a way that is impossible to
be manipulated individually and independently, limiting its
wave control applications [12—15]. A linear mechanism-
based wave conversion, which is independent of incident
amplitude and provides generation of freely controlled
harmonics, could offer far more freedom in wave manipu-
lation and therefore is the major motivation of this study.
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Rapid advances in control of the phase and amplitude of
wave scattering from planar or linear arrays of scatterers
have stimulated the development of optic, acoustic, and
elastic metasurfaces with subwavelength building blocks
that use amplitude or phase-sensitive scattering to enable
wavefront control. To date, metasurfaces have mostly been
designed for wave beam steering [16-20] and focusing
[20-22], self-bending beam generation [20,23], control of
dynamic pulse [24,25], as well as wave mode and polari-
zation conversion [26-28]. To enhance their functionality
and dynamic performance in scenarios where tunability and
adaptivity are required, active metasurfaces have been
recently suggested by incorporating an active medium into
passive metasurface structure. For example, the active
mechanical metalayers have been developed by introducing
piezoelectric sensors and actuators into host structures
[29,30]. Thus far, the active metasurfaces reported are
mainly linear and time-invariant for dynamic control, and
the interference wave phenomena are only observed at
single frequency. To exploit the frequency mixing, optical
time-varying metasurfaces have been proposed [31,32]. In
those designs, the refractive index is temporally modulated
using a pump or carrier wave, efficiently enabling enriched
wave functions compared with time-invariant designs, i.e.,
simultaneous control of spatial and temporal spectra of
light [33,34], and modulated frequency conversion [35].
However, to the best of our knowledge, there exists no
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FIG. 1. Schematic illustration of the programmable time-
modulated metabeam for continuous dynamic control of flexural
wave propagation. The meta cell converts the incident wave
Wy (Ag, wg, ¢ho) into an arbitrary combination of transmitted wave
components X,¥,, (A,,, ®,, ¢, ), via a programmable feed-forward
control system that exhibits time modulation and realizes anti-
symmetric actuation. The terms A,,, w,, and ¢, denote the field
magnitude, frequency, and phase of the nth-order harmonic,
respectively. The bottom layer shows the photos of the mechani-
cal (actuators and sensor) and the microelectronic control circuit.
The piezoelectric patches (PZT-5J, [, = dyepn = dyet = 10 mm,
l,ee =4 mm, xo =3 mm) are mounted to a 3-mm-thick steel
beam of d, = 11 mm via conductive epoxy. The thicknesses of
the sensor and actuators are 0.5 mm and 1 mm, respectively. The
slit used to diminish the interactions between adjacent meta cells
has a length of [g; = 12 mm. The microelectronic controller is
responsible for generating the time-dependent transfer function.
V(1) and V(1) are the respective electrical voltages from the
charge amplifier and voltage amplifier. They follow the relation-

ship H(t) = V,(1)/V(1).

strategies or designs of linear metasurfaces that could
achieve independent and controllable frequency conversion
in optics, acoustics, and mechanics.

In this Letter, we report a linear active metalayer in a
structural beam for independent frequency conversion of
flexural waves, which is underpinned by a unique physical
principal related to circuit time modulation of sensing
signals. The active metalayer is driven by a time-dependent
transfer function through bonded piezoelectric actuators
and sensors to perform independent parallel operations over
waves at different frequencies. The design breaks energy
conservation by pumping in electrical energy to cancel
incidence and freely emit arbitrary transmitted waves as
demanded (Fig. 1). To the best of our knowledge, no
existing experimental designs can break the fundamental
limitation imposed by the physics laws of wave diffraction
such as Snell’s law and Rayleigh criterion to realize such
linear and independent mode conversion of flexural waves
in a very thin dimension. Additionally, phase- and fre-
quency-gradient metalayers for frequency-converted wave
steering and dynamic beam steering are demonstrated,

respectively. The physical realization of the metalayer is
the key to accomplish these novel wave functions.

The linear active metalayer is constructed by bonding a
large piezoelectric patch on one surface and two small
piezoelectric patches on another surface of a host beam (see
Fig. 1). The large piezoelectric patch serves as the sensor to
sense the bending curvature at its position. The two small
piezoelectric patches are actuators that can generate bend-
ing moments to the beam. The sensor and actuators are
connected by an electrical control loop. In the design, a
charge amplifier is connected to the sensing patch, leading
to the sensing voltage V(7). We apply antisymmetric
voltages on the two patches [one is V,(7), the other is
—V,(1)], which collectively produce an effective shear load
on the beam. As a result, the sensor cannot detect the
actuation, making the control loop feedforward. A digital
microcontroller is implemented into the electrical control
loop to send out the signal V,(7) based on the input V(7).
Remarkably, the feed-forward control loop enables multi-
ple independent parallel operations in the microcontroller,
as each of the operations has no effect on the sensing signal,
preventing interactions with other operations. To realize
frequency conversion, the microcontroller is driven by
two independent operations to generate the superimposed
actuation signal as V(1) = V,(l())(t) + V, (1), where V,(l())(t)
is used to cancel the incident wave in the transmitted field
and V, (1) =>N Vi (#) is mainly for the wave con-
version with multiple desired frequencies in the trans-
mitted field.

To find the relationship between VEP)(t) and V (1), we
first calculate the wave field generated by Vflo)(t) using
Green’s function as

(x) = sgn()(eMh 1 e by, U, (1)

where W, (x) and V, denote the harmonic wave profile and
the amplitudes of the actuation voltage, and «,, k;, and k,
are real constants representing the actuation coefficient,
wave number, and attenuation constant, respectively (see
Supplemental Material [36] for detailed definition). In the
derivation, we assume the active metalayer is located at
x = 0, and the dimension of the metalayer is much shorter
than the wavelength such that the actuation of the metalayer
can be treated as a point shear load. Considering an incident
flexural wave W;(x) = W,e~*1* with a complex amplitude
W,, the sensing signal can be obtained as V, = W,/x,,
where k; is a real constant denoting the sensing coefficient.
To achieve wave cancellation in the transmitted field, the
traveling wave component of w,(x) should be out of phase
with w;(x) for x > 0, leading to
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As a result, Vﬁo)(t) is always proportional to V(). This
simple relationship, however, produces complexity to the
design of the electrical control system in experiments, as the
control system usually requires filters for system stability,

which, otherwise, induce the phase change between v (1)
and V(7). In experiment, we employ an analog differentiator
circuit together with a second-order filter in the micro-
controller to approximate this linear relationship (see
Supplemental Material [36] for detailed circuit designs).
In particular, the relationship between the output and input
signals of the second-order filter in the microcontroller reads
(Vout/w02) + (Vout/zﬂG)O) + Vou = AgVin, where u = 0.6,
Ay = (k;/2uwk,), and the cutoff frequency wy is selected as
the operation frequenc%f.

Next, to construct V3" (1) using V (¢) for active emission
of waves at a different frequency, we consider harmonic
incidence with a real time-domain sensing signal
V(1) = (W;/k,) cos(wt + ¢py). With this assumption,
Vg")(t) can be attained by mixing V() with a carrier
wave as

V<a">(t) =A, [Vs(t) cos(bw,t + ¢,)

(-2 ) s )]

where A, controls the amplitude of the emitted wave, dw,, is
the change in frequency, and ¢, modulates the phase of the
emitted wave. Note that the presence of V[t — (37/2w)]
requires the prior knowledge of the sensing signal. In
experiments, instead of recording the sensing signal in the
microcontroller, we calculate V(7) at the current time step,
and let V[t — (37/2w)] = [V,(t)/w]. Using Eq. (3), V()
can be electronically computed in parallel with 1% (1), and
the total excitation voltage V,(¢) is enabled for frequency
conversion. Note that the active metalayer for frequency
conversion is designed at a single frequency, which should
also be known before its operation. However, in practical
applications, adaptive filters can be implemented into the
microcontroller, which could circumvent the need of the
prior knowledge of the operation frequency. In addition,
the active metalayer can work well for narrow-band signals,
not just single-frequency incidences, evidenced by the
results reported below.

To validate the design for frequency conversion, we
fabricate the linear active metalayer on a steel beam and
construct the corresponding electrical control system for
experimental testing (see Supplemental Material [36] for
details). In experiments, incident flexural waves are
launched from the left of the active metalayer using a
piezoelectric actuator bonded on the host beam. We select
15-peak tone-burst signals with the central frequency being
10 kHz as incident signals. The out-of-plane velocity field
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FIG. 2. Demonstrations of the frequency shifting function in
three typical scenarios: 10 kHz incidence is converted into
(a) transmission of 8.5 kHz, (b) transmission of 11.5 kHz, and
(c) transmission of 8.5 + 10 + 11.5 kHz (frequency comb). The
red and green curves represent the numerical and experimental
results, respectively. The black dotted curves in the frequency
spectra denote the incidence wave as the reference.

in the transmitted domain is measured using a scanning
laser Doppler vibrometer. Figure 2 shows the transmitted
wave signals in time and frequency domains measured
from experiments (green solid curves). For comparison,
corresponding time-dependent numerical simulations are
performed using COMSOL MULTIPHYSICS (red dashed
curves). In Fig. 2(a), frequency down conversion is realized
by imposing N = 1, éw; = =2z x 1.5 kHz, and ¢, = 0.
The black dotted curve in the frequency domain represents
the frequency components of the incident wave measured
without the electrical control system. It can be clearly seen
that the active metalayer successfully converts the fre-
quency from 10 to 8.5 kHz as desired, both experimentally
and numerically. Importantly, no waves at other frequencies
appear in the transmitted spectrum, in stark contrast with
nonlinear and time-modulated materials. Similarly, the
linear active metalayer also supports frequency up con-
version, i.e., from 10 to 11.5 kHz, by enforcing
ow; =2z x 1.5 kHz, as shown in Fig. 2(b). Note that
small spectral discrepancies are visible between the experi-
ments and simulations. This could result from the boundary
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FIG. 3. Linear independent control over frequency conversion
from 10 to 8.5 kHz. Transmitted displacement ratio of wave
packets wi°™ and time delay are numerically demonstrated by
sweeping (a) maximum incident displacement w}°™ from 0.1 to
1, (b) amplitude A; given in Eq. (3) from 0.13 to 1.3, and
(c) phase shift ¢, from O to 2z. In each cases, the parameters that
are not swept remain unchanged as used in Fig. 2.

reflection and signal minor distortion in the digital micro-
controller, which are not properly considered in the
numerical simulation and can result in wider band in the
transmitted waves. In addition to the single-frequency
conversion, the active metalayer is capable to create
frequency-comb signals. To demonstrate this, we let

Vflo) (1) = 0, releasing the incident wave to the transmitted
domain and impose N = 2 with dw; = —2z x 1.5 kHz and
0w, = 2z x 1.5 kHz to actively emit waves with the other
two frequency components. As shown in Fig. 2(c), the
transmitted wave peaks at three frequencies, 8.5, 10, and
11.5 kHz, as demand. The quality factor of those peaks can
be enhanced by impinging incident waves containing
enough numbers of peaks in the tone-burst signals.

To illustrate linearity of the active metalayer, we perform
numerical simulations with different incidences for the
frequency conversion demonstrated in Fig. 2(a). In the
simulations, the normalized maximum displacement of
the incident wave package, wi°™ = w™* /Wi  changes
from 0.1 to 1, where w"** denotes the maximum displace-
ment of the incident wave package with the central
frequency being 10 kHz in Fig. 2(a). Figure 3(a) shows
the normalized maximum displacement of the transmitted
wave package, wio™ = wa /4% and the relative time
delay compared with that in Fig. 2(a). Similarly, wi*
represents the maximum displacement of the transmitted
wave package with the central frequency being 8.5 kHz in
Fig. 2(a). It can be clearly seen that wi°™ is proportional to
wi°™ and the relative time delay remains zero for all wi*™,
indicating linearity of the active metalayer. Further, to show
independency between different harmonics of the active
metalayer, we conduct another set of numerical simulations
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FIG. 4. (a) Schematic of a phase-gradient programmable metal-

ayer that consists of 14 cells and features the flexural beam steering
with frequency shifts. The red arrow indicates the phase gradient’s
direction. (b) Top panel shows flexural beam steering with the
frequency shift 6w =2z x 1.5 kHz and phase gradient
d¢,/dy = 0.13x rad/m, while the bottom shows the conversion
into additional 8.5 kHz with a phase gradient de¢,/dy =
—0.137z rad/m, respectively. Both fields are obtained at 0.7 ms
in the transient analysis. The inputs are set as 10 kHz, and the output
wave directions are indicated by the yellow arrows.

with different A; and ¢; still for the frequency down
conversion demonstrated in Fig. 2(a). As shown in
Fig. 3(b), where ¢ =0, wi°™ linearly increases with
A, and the relative time delay still remains close to zero.
While, in Fig. 3(c), A; keeps unchanged and ¢; increases
from O to 2z, giving rise to linear changes of the relative
time delay. In all the simulations, wave cancellation has not
been impaired to any extent, and no waves with other
frequency components have been detected in the trans-
mitted domain, successfully demonstrating the independent
control over frequency-converted waves.

Implementing an array of the linear active metalayers to
a plate enables spacial operations of the wavefront together
with the frequency conversion. We first construct a phase-
gradient metalayer to steer the frequency-converted wave
direction [Fig. 4(a)]. In the simulations, we keep dw; and
A; unchanged among each of the metalayer units and ¢, is
arranged to a linear profile along the vertical direction. As
shown in the upper panel of Fig. 4(b), the incident wave
beam with the central frequency being 10 kHz is trans-
formed to a beam with the central frequency becoming
11.5 kHz and, at the same time, steered to a direction of
0, = 19.2°, where d¢,/dy = 0.137 rad/m. In addition,
another frequency-converted wave steering with dw, =
-2z x 1.5kHz and d¢,/dy =—-0.137x rad/m is per-
formed. It is noticed that the incident wave beam is
transformed into two beams with central frequencies
becoming 11.5 and 8.5 kHz, and steered to two directions
of 19.2° and —22.4°, respectively [see the lower panel in
Fig. 4(b)]. Note that the mixing effect makes the two beams
somewhat indistinguishable. This could be resolved by
either considering a later time instant or enlarging the
frequency difference of the output harmonics.

In addition, we illustrate a frequency-gradient metalayer
to realize dynamic wave steering, where the wave in the
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(a) Schematic of the frequency-gradient programmable metalayer that contains 20 cells and provides dynamic control over the

flexural beam steering as time progresses. The red arrow indicates the frequency gradient’s direction. (b),(c) Dynamic beam steering
over time at the frequency gradients (b) déw,/dy = 2 x 4.56 and (c) 2z x 9.12 kHz/m for 20 metalayer units included. The inputs are
set as 10 kHz, and the output wave directions are indicated by the yellow arrows at each time instant.

transmitted domain constantly changes its propagation
direction in time [Fig. 5(a)] [34,37]. To construct this
metalayer, we keep A and ¢; unchanged among each of
the metalayer units and organize a linear profile to dw,
along the vertical direction. With this, flexural waves
coming through each of the metalayer units travel at
different frequencies to collectively produce a flexural
wave beam rotating in time thanks to the constructive
wave interference (see Supplemental Material [36]).
Figures 4(b) and 4(c) show the simulated wave fields at
different time steps with déw,/dy =2z x4.56 and
27 x 9.12 kHz/m. Dynamic wave steering is clearly dem-
onstrated, and a greater déw;/dy induces faster angular
speed of the wave beam. Note that we apply continuous
sine-wave excitation. Wave dispersion in the free plate
can be ignored in this application (see Supplemental
Material [36]).

In summary, we introduce a linear active metalayer for
independent frequency conversion of flexural waves in
elastic beam and plate. The active metalayer is constructed
in a beam by mounting piezoelectric elements connected
with an electrical controller. The design embraces a
feed-forward control loop that can naturally perform
time-modulated independent parallel operations. We dem-
onstrate the frequency conversion experimentally and
numerically and prove independent wave frequency
manipulation ability and its linearity. By implementing
the linear active metalayers in a plate, we also show wave
beam steering of frequency-converted waves and dynamic
beam steering using phase-gradient and frequency-gradient
arrangements. Different from existing designs, the linear
active metalayer paves a way for fully controlled time-
domain signals and wave energy of flexural waves.

Furthermore, thanks to its simplicity, this active design
can be easily extended to two- and three-dimensional active
metamaterials for even more complicated wave manipula-
tion and control.
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