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We introduce and experimentally demonstrate a class of fully programmable digitally controlled metamaterials. An elastic waveguide is connected to synthetic impedance circuits as active elements to enable
simultaneous control over the center frequency, attenuation, and bandwidth of resonant band gaps. The
experimental results demonstrate digital tuning over a wide frequency range that spans several modes
of the waveguide. This platform opens avenues to achieving precise control over eﬀective metamaterial
properties and their possible space-time modulation, paving the way for digitally controlled programmable
wave devices.
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Elastic metamaterials are engineered materials the architecture of which yields eﬀective properties not found
in nature, which generally lead to numerous desirable
dynamic properties. These include wave-propagation and
vibration-attenuation characteristics that far outperform
conventional vibration- and noise-control solutions. Several concepts rely on the occurrence of internal resonances
[1] that induce subwavelength band gaps and are suitable
for low-frequency vibration attenuation. Other phenomena that have been investigated include negative refraction
[2–4], cloaking [5–7], and topologically protected edge
states [8,9] in both acoustic and elastic domains. Numerous designs for locally resonant metamaterials have been
considered in the literature, leveraging both mechanical
[1,10–16] and electromechanical [17–22] local resonators.
The attenuation performance of mechanical resonant metamaterials is limited by the added-mass ratio [19], a
potentially undesirable trade-oﬀ, whereas their electromechanical counterparts are limited by the eﬀective electromechanical coupling [22] achievable by passive shunted
circuits. In addition, most existing embodiments of resonant metamaterials lack tunability, as they exhibit a band
gap over a ﬁxed frequency range. Thus, to improve the performance and multifunctionality of locally resonant metamaterials, some researchers have investigated techniques
to employ semiactive components that induce buckling
[23] or use shape-memory alloys [24]. Such solutions are
guaranteed to be stable but generally provide limited tunability. Fully active solutions, such as electrical feedback
[25,26], have much greater tunability, obtained at the cost
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of greater power requirements, reduced stability margins,
and increased complexity.
Here, we investigate a fully programmable and digitally reconﬁgurable resonant metamaterial through an
electromechanical implementation of an elastic waveguide. The concept employs digital control, which allows
the shunt-circuit impedance to be freely varied, so that
the resonant band gap can be placed at an arbitrary frequency (details of the theoretical framework can be found
in Ref. [27]). While wave attenuation through resonant
band gaps is the primary goal of this study, the investigations presented herein serve as an illustration of the level
of tunability that can be achieved through the proposed
conﬁguration, which may be applied to achieve a number
of eﬀective properties and performance characteristics. For
example, the use of digital control introduces the possibility for shunt circuits with semiarbitrary linear frequency
response and nonlinearity, greatly expanding the design
space of metamaterial eﬀective material properties.
We consider a piezoelectric bimorph beam with separately bonded piezoceramics (i.e., piezos), each poled in
the thickness direction (Fig. 1). The central shim is electrically grounded and the opposing faces of each patch are
covered with thin metallic electrodes. Opposing electrodes
are electrically connected (parallel-wire operation) and the
resulting electrode pairs are shunted through a synthetic
impedance circuit. Each synthetic impedance circuit provides some eﬀective admittance Y(s) = I (s)/V(s), which
is normalized by the capacitance of each electrode pair
such that h(s) = Y(s)/Cp is the same for each circuit.
Synthetic impedance for piezoelectric shunts was introduced by Fleming et al. [28], who described a simple
analog circuit that acts as a voltage-controlled current
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FIG. 1. Left: a schematic of the programmable piezoelectric locally resonant metamaterial with a digitally tunable band gap.
Thickness-poled piezoelectric patches are connected in parallel for bending vibration and shunted to synthetic impedance circuits,
which have an impedance determined by the digital transfer function F(z). This enables the creation of a fully programmable locally
resonant band gap. Right: the experimental realization of the programmable resonant metamaterial.

source, such that the introduction of a digital ﬁlter into
the loop allows speciﬁcation of the eﬀective shunt-circuit
admittance or impedance. In the present work, the synthetic impedance circuit proposed by Nečásek et al. [29],
based on the Howland current pump (HCP), is used. This
circuit allows one of the terminals to be grounded, making it suitable for an array of separate shunts on the same
structure. A diagram of the circuit is provided in Fig. 1.
Assuming the operational ampliﬁers are ideal, the output
current of the circuit in Fig. 1 is
i(t) =

vout (t)
.
Rc

(1)

Thus, to establish the desired admittance relationship
between the piezoelectric voltage vin (t) and the supplied
current i(t), we introduce a discrete ﬁlter F(z) relating the
output voltage vout (t) to the piezoelectric voltage vin (t),
i.e.,
Vout (s) = F(s)Vin (s),

(2)

where F(s) is the eﬀective continuous-time transfer function of the digital ﬁlter F(z). The eﬀective admittance of
the circuit is then
Y(s) =

I (s)
F(s)
=
Vin (s)
Rc

=⇒

F(s) = Rc Y(s).

(3)

For a desired admittance Y(s), the corresponding ﬁlter
F(s) can be calculated using Eq. (3) and uploaded to the

controller. The controller utilizes a ﬁeld-programmable
gate array (FPGA) that is programmed using National
Instruments LabVIEW, enabling real-time control of the
digital-ﬁlter transfer-function coeﬃcients.
The tested system is fabricated from a 2024 aluminum
shim and piezoceramic patches made of PZT-5A (Piezo
Systems), as shown in Fig. 1. The shim has dimensions
185.9 mm × 22.9 mm × 0.508 mm and each separate
piezo has dimensions 22.9 mm × 22.9 mm × 0.508 mm.
The piezos are vacuum bonded to the aluminum with
epoxy to minimize the bonding-layer thickness, with 0.5
mm between adjacent piezos to reduce the eﬀect of the
stiﬀness mismatch between the bonded and nonbonded
areas of the aluminum.
The beam is clamped as a cantilever (i.e., clampedfree) 0.5 mm from the ﬁnal piezo and the central shim is
grounded through the clamping hardware. Measurements
are performed by exciting the piezo closest to the clamp
with a broadband voltage-noise burst and measuring the
velocity at the tip of the beam using a laser Doppler
vibrometer (LDV). The resulting frequency response
functions (FRFs) between the voltage input and the velocity output are used to characterize the performance of the
beam. Parametric sweeps are performed by linearly varying impedance parameters between two set points. For
each desired impedance transfer function, the corresponding transfer function F(s) is calculated and uploaded to
the controller. The FRF measurements are then carried
out with ten averages. This process is automated in a
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LabVIEW interface, such that high-resolution parametric
sweeps can be performed.
First, experiments are performed to characterize the tunability of the locally resonant band gap of the developed
system. A normalized admittance of the form
h(s) =

Y(s)
ω2
= t + 2ζ ωt
Cp
s

(4)

is used, where Cp is the measured piezoelectric capacitance, ωt is the resonant frequency of the LC shunt circuit,
and ζ is the damping ratio. Due to phase lag in the system,
the actual damping ratio is smaller than indicated by the
shunt circuit, with greater deviation at higher frequencies
ωt . Additionally, the bias resistance Rb used to dissipate dc
bias current adds additional damping, i.e.,
ζb =

1
,
2ωt Rb Cp

(5)

which becomes smaller for increasing ωt . For the synthetic shunt circuit used here, Rb = 1 M, such that ζb ≈ 1
occurs at ωt /(2π ) = 2.5 Hz. Note that although this additional damping may become signiﬁcant at low frequencies,
there is no restriction on the sign of ζ in Eq. (4), such
that the overall eﬀective damping ratio can be adjusted
to be as small as desired. This is illustrated in Fig. 2 for
the case ft = 78 Hz and varying ζ . The damping ratio
of the synthetic circuit is tunable in a nearly continuous
fashion, limited only by the precision of the calculations
on the digital controller. It is also worth noting that to
achieve an electrical resonance of 78 Hz, the synthetic
impedance circuit must provide an equivalent inductance
of approximately 135 H, something signiﬁcantly beyond
the capability of analog inductors.
The results for an experimental parameter sweep of
ωt /(2π ) between 600 Hz and 1.5 kHz are shown in Fig. 3.
The targeted frequency (i.e., the input to the controller) is
shown by the dashed line, which closely follows the attenuation region induced by the resonant band gap. This indicates that the developed system exhibits a band gap that
can be placed precisely across this full tested frequency
range, a signiﬁcant advancement over previous metamaterial implementations. Furthermore, as highlighted in
Fig. 3(b), the locally resonant band gap achieves strong
attenuation over its entire bandwidth, unlike a standard
antiresonance.
Note that it is necessary to vary the damping ratio ζ
of Eq. (4) along with the target frequency ωt to maintain a similar overall damping level in the system while
sweeping the locally resonant band gap of Fig. 3: the prescribed damping ratio ζ is swept linearly from 5.8 × 10−3
to 1.68 × 10−2 from ωt /(2π ) = 600 Hz to 1.5 kHz, respectively. Such parameter adjustment is a unique capability

FIG. 2. The experimental tip-velocity FRF for a resonant shunt
with ft = 78 Hz and varying damping ratio ζ . Due to freedom of
design with synthetic impedance, the damping ratio speciﬁed by
the circuit can be made negative to cancel the inherent damping
present in the structure and circuit. The system becomes unstable
near ζ = −0.028.

of the developed system, which is able to tune all shuntcircuit parameters simultaneously. These damping ratios
are selected to make the overall damping level small and
highlight the attenuation inside the resonant band gap. As a
result, there are signiﬁcant resonant peaks just before and
after the band gap [see Fig. 3(b)]. These resonances can
be attenuated through the addition of damping [30], as in
Fig. 2, although this solution reduces the attenuation inside
the resonant band gap. Other potential solutions include the
use of higher-order linear shunt circuits (e.g., a compensator [27]) or the introduction of nonlinearity [31]. Such
advanced solutions are easily implemented in the synthetic
impedance system, but they require careful consideration
of the system stability and the power limitations of the
circuit.
Next, experiments are performed to investigate a
ﬁxed-frequency locally resonant band gap with varying
bandwidth. It has been shown that the use of negative
capacitance increases the eﬀective electromechanical coupling of the system [19,32], which increases the bandwidth
of the locally resonant band gap. To this end, a normalized
admittance of the form

h(s) = (1 − c)


ωt2
+ 2ζ ωt − cs
s

(6)

is used, where c denotes the fraction of the piezoelectric capacitance being canceled, ωt is the targeted shunt
resonance, and ζ is the corresponding damping ratio,
included to improve the stability margins. The measured
FRFs for ωt /(2π ) = 780 Hz and c = 0, 0.1, 0.2, and
0.4 are shown in Fig. 4. Note that the band-gap bandwidth can be dramatically increased through the use of
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(a)

(b)
FIG. 4. The measured FRFs for ωt /(2π ) = 780 Hz with four
diﬀerent negative capacitance values and various damping ratios.
Note that higher damping ratios are required to maintain stability
at more negative values of c. The open circuit response is shown
for reference.

FIG. 3. (a) The experimental tip-velocity FRF versus the frequency and the target frequency ft . The locally resonant band gap
and the associated vibration attenuation clearly follow the speciﬁed target frequency, shown by the white dashed line. (b) Several
highlighted FRFs [horizontal slices from (a)], with ft ranging
from 900 Hz to 1200 Hz in 50-Hz increments. The locally resonant band gap is a distinct ﬂat region of attenuation in each case.
The black curve shows the response at open circuit (i.e., with all
the circuits disconnected).

negative capacitance and stability can be maintained by a
corresponding increase in the damping ratio.
In summary, we experimentally demonstrate an elastic metamaterial the eﬀective material properties of which
can be digitally programmed using synthetic impedance
shunts. The system exhibits a resonant band gap that can
be shifted in a nearly continuous fashion via digital tuning over a wide frequency range, 45 times the bandwidth
of a ﬁxed-frequency band gap, spanning a wide range
of natural modes. Furthermore, the damping and bandwidth of the band gap can be externally programmed,
giving precise control over the dynamic response of the
locally resonant metamaterial. Such precise control over
eﬀective properties is necessary for the development of
active metamaterials, where stability and transient switching eﬀects are of fundamental importance. As such, this

work is a major step toward the realization of metamaterials with prescribed spatial and temporal distributions of
eﬀective material properties, facilitating the experimental
investigation of wave phenomena such as nonreciprocal
wave propagation, topological pumping, and rainbow trapping. Future work will focus on developing systems with
larger numbers of programmable unit cells, enabling the
measurement of propagating waves and the introduction
of gradient properties through spatial variation of circuit
parameters.
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