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Abstract — Resonance-based metastructures have recently attracted increasing attention for
earthquake mitigation. Their application is limited, however, by their narrow attenuation zone.
In this letter, we report an all-passive metastructure consisting of an array of dual-functional
nonlinear electromagnetic resonator units. Each resonator unit consists of two rotary oscillators
and one rectilinear oscillator based on nonlinear magnet levitation. The nonlinearity and intrinsic
frequency up-conversion allows a broadened frequency operation range for simultaneous earth-
quake mitigation and energy harvesting. An analytical model is developed to investigate the wave
dispersion and dynamic response of a single nonlinear resonant unit and the results agree well
with the experimental data and the finite element analysis (FEA). Experimental results show
that a two-unit array maintains a high instantaneous output voltage from 2.5 to 4.5 Hz under base
excitation of 0.5g. Maximum power of 3.7mW and harvesting efficiency of 22.26% are achieved
under harmonic excitation of 0.5g and 4 Hz. The FEA exhibits the displacement reduction over

6 dB from 3.5 to 7Hz with the metastructure array of 1340 units (160 meters long).

Copyright © EPLA, 2020

Introduction. — Millions of earthquakes occur around
the world each year, typically generating vibrational en-
ergy at 1-20Hz. Major earthquakes, greater than mag-
nitude 7, release the energy equivalent to 476 million
kilograms of explosive, weakening or even making build-
ings and other infrastructures collapse that are mnot
resistant to large vibration [1]. Recently, phononic crys-
tals, which are artificially engineered materials with pe-
riodic patterns [2], and resonance-based metastructures
have proposed as new approach for earthquake mitigation.
Some large-scale phononic crystals consisting of periodic
arrays of cylindrical holes [3] or cross-like cavities [4] have
demonstrated their ability in reflecting seismic elastic en-
ergy or rerouting surface waves within certain frequency
range. However, their application at low frequencies is
limited because that often requires an impractical peri-
odicity length to create desired band gaps. Resonance-
based metastructures take advantage of local resonant
masses to absorb energy around their resonances, allow-
ing much smaller units to be used to obtain approximately
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the same band gaps as phononic crystals. Among them,
periodic foundations and resonance-based barriers have
been greatly investigated to promote their functionality
in seismic shielding [5-7]. Periodic foundations based on
a chain mass-in-mass configuration integrate directly with
the foundation of a building, creating an isolation system
that reduces the energy transferred from a seismic wave
to the building [8,9]. However, those seismic isolation sys-
tems can only be employed with new buildings and only
protect the individual specific buildings. Different from
periodic foundations, resonance-based barriers, which usu-
ally consist of a mass suspended by springs, were realized
by burying sub-wavelength local linear resonators under
the soil surface [10,11]. The seismic waves propagating in
soils were shielded in a frequency band located around the
resonant frequency of the linear resonators, and thus the
selected surrounding areas were protected from the incom-
ing wave. The band gaps created by linear resonant metas-
tructures, however, were confined to a narrow frequency
bandwidth, that is, the energy from multi-frequency seis-
mic wave may not be sufficiently captured. Creating an
array of resonators with multiple distributed resonance
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frequencies was proposed to enable a wider spectrum [12],
but this complicates the structure design and affects the
attenuation efficiency. Nonlinear resonators [13,14] and
frequency up-conversion strategies [15-17] have been pro-
posed to broaden the bandwidth and improve the effi-
ciency of energy harvesters, however, these methods are
rarely applied for earthquake mitigation due to several
practical challenges. One of the biggest challenges is
how to provide a sustainable and reliable power supply.
Though several techniques have been reported to harvest
energy from seismic vibrations [18,19], with the hope to
provide backup power during an earthquake, there are still
unsolved issues such as limited power efficiency and nar-
row bandwidth. In this letter, we proposed the concept
of simultaneously harvesting and mitigating the seismic
vibrations in a single device over a wide frequency range.

This model. — In this letter, we report the design of
an electromagnetic metastructure with intrinsic frequency
up-conversion and nonlinear properties to realize the con-
cept of simultaneous energy harvesting and earthquake
mitigation. The all-passive metastructure consisting of
an array of nonlinear resonators is designed to be buried
under the soil surface (fig. 1(a)). The nonlinear design
leads to an attenuation zone in which the wave propaga-
tion is passively suppressed. By coupling with the elec-
tromagnetic field, the kinetic energy is further converted
into electrical energy. Figure 1(b) illustrates the schematic
of a two-unit dual-functional resonator array. Each dual-
functional resonator unit consists of two rotary oscillators
(R70,,:,1 and RpOj;2), jis equal to 1 or 2 that means
the first or second row of the resonator, and i is equal to
1 to N that means the i-th column, coupled through one
rectilinear oscillator (R;0;). The R7O consists of a sta-
tor and a rotor, where the stator has 8 coils (2000 turns)
connected in series, while the rotor is made up of 8 cube
permanent magnets centrally symmetric distributed with
alternating poles arrayed adjacently. The comparison of
a different number of magnets can be found in the Sup-
plementary Material Supplementarymaterial.pdf (SM).
The RO includes one moving magnet and two stationary
magnets (brakes) stacked by the same pole facing each
other to form the magnetic levitation system, which en-
ables its operation over a wider frequency range. Each
stationary magnet is shared by two adjacent units, and
is excited by the base, as shown in fig. 1(c). As dis-
cussed in our previous studies [20,21], the slight move-
ment of the moving magnets can cause a significant change
in the driving torque applied on the rotors, thus the
rotors is able to rotate at high speed through intrin-
sic frequency up-conversion and generate a large voltage
output. By exploiting the nonlinearity and the intrinsic
frequency up-conversion of each unit, an array of such
dual-functional resonators can be buried under the soil
surface to passively absorb and harvest a broader band
frequency of vibrations and turn it into directly usable
electricity.
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(a)
Dual functional nonlinear resonator metastructure

Fig. 1: (a) Schematic of the metastructure buried under the soil
surface. (b) Mechanical schematic diagram of dual functional
resonator array. (c) Magnets configuration of the Ry O. (d) The
theoretical model of multiple resonators interacting with soil.

The magnetic repulsive force applied to each cuboidal
magnet can be obtained analytically according to Akoun’s
theory [22]. The magnetic repulsive force is curve fit as a
function of the surface distance d between two magnets,

F = 42.12¢ 142:504, (1)

The equilibrium position Z. of the moving magnet and
the linearized frequency is related to the mass of the mov-
ing magnet and the preset distance dy between the two
magnets. Thus, the bandwidth of the resonator can be
adjusted accordingly. Detailed derivation can be found in
the SM.

As shown in fig. 1(d), the soil is modelled as an elastic
half-space (z < 0) [23] and connected to local resonators,
with mass m,;;, nonlinear contact stiffness and damping.
The equation of motion for the i-th dual-functional res-
onator unit on row j under base excitation can be writ-
ten as

m; 2+ Cji (Zjﬂ- — az,O) = —mj.g
442,12 142.50(do+Ze+Zj i —uz 0)

—42.19¢ 142:50(do—Ze = Zj.i+uz 0) 2)
where the dot represents a derivative with respect to time,
dp is the preset distance between two magnets. Z;; and
uz,0 are the displacement of the moving magnet and the
soil surface, respectively. Z, is the static equilibrium and
g = 9.81m/s? is the gravitational constant.

Let yj; = Z;i — us,0 and substitute into eq. (2) to ob-
tain a governing equation written in terms of the relative
displacement between the moving magnet and the soil,

Cjii

Yji + =5 = fo+ fji+ f1coswt, (3)

Jt
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Table 1: Design parameters of the nonlinear resonator unit.

Symbol  Description Value
m Mass of the 250g
moving magnet
c Damping of the 0.3kg/s
rectilinear oscillation
do The preset distance 70 mm
between two magnets
Ze The static equilibrium —20 mm
position
h The external acceleration 0.5g
where
fo=—g (4)
fii= 42-12e-142.50(d0+ze+yj,7,)
7, M.

o 42-126—142.50(d0—ze—y,~,i)
)
myj,i

(5)
(6)

The nonlinear system of eq. (3) has no known closed
form solution. By solving it numerically in Matlab using
the parameters shown in table 1, the steady-state displace-
ment of the system yields the results shown in fig. 2(a).

The resonator exerts a vertical force on the soil, at the
surface z = 0, the boundary conditions are

fi = Wi,

Ozz4 = %7 Oxzi = 0; (7)
where 0., and o0,, are the stress tensors acting on the
surface in the z and a-direction, respectively, and A is the
acting area.

The wave dispersion for the soil with coupled nonlinear
resonator is derived following the elastic wave propagation
model in a semi-infinite media [24], but a nonlinear stress

tensor is used to exhibit its nonlinearity:
, W2 \2 e W2\ 2 , W2\ 2 B
k2c2, k2c2 k2% )
( 2N\
1o ) .
k2c2

Here p is the density of the soil, ¢y and c¢r are the
wave propagation speed in the longitudinal and trans-
verse direction, k is the wavenumber propagating along
the z-direction, and w is the wave frequency. The detailed
derivation steps can be found in the SM.

Unlike the linear resonator, where the wave is totally
blocked around its resonance [25], the nonlinear resonator
allows the wave energy to be stored and dissipated over a
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Fig. 2: (a) Numeric simulation result of the normalized steady
displacement of the moving magnet under different excitation
frequency from 1 to 8 Hz. (b) Experimental voltage RMS out-
put of four R7O’s under different excitation frequency from 1
to 8 Hz.

wider attenuation zone. The energy transferred from the
seismic wave to the resonator can be expressed as

E;; = Work = /mj7if1dyj7i, (9)
which is the positive correlation with the steady state dis-
placement. As shown in fig. 2(a), one demonstrates that

the wave energy is stored in the nonlinear resonator over
a large attenuation zone.

Results. — To provide a deeper insight into the harvest-
ing capacity of the resonator unit, one end of the two-unit
array is attached to an electrodynamic long stroke shaker
(APS 113, APS Dynamics Inc.). The harmonic base exci-
tation is provided by a wave generator (33500B, Keysight
Technologies, Inc.) in conjunction with a power ampli-
fier (APS 125, APS Dynamics Inc.) and measured by
an accelerometer (333B32, PCB Piezotronics, Inc.). The
output voltage of the two-unit resonator array is recorded
by an oscilloscope (DSOX2024A, Keysight Technologies,
Inc.). From our previous study [20], at the excitation level
of 0.1g, the input acceleration was insufficient to transfer
the linear motion into high frequency rotation, which re-
sulted in low voltage output. For the acceleration level
of 0.3g, 0.5¢g, and 0.7g, the voltage output increased pro-
portionally as the acceleration level increased. Since typi-
cal accelerations in earthquakes are between 0.05 and 1g,
and few buildings would survive an acceleration of more
than 0.5¢, the excitation amplitude of 0.5g was chosen for
the experiment. Figure 2(b) shows the root mean square
(RMS) voltage of the four RyO’s subject to the base ex-
citation of 0.5g between 1.0 to 8.0 Hz. Both the R70 11
and R70; 1,2 have a maximum RMS voltage output Vims
greater than 3V at 4Hz, and the RpO2 1,1 and R702 12
have a maximum Vs of 1.5V at 3 Hz, indicating that a
larger voltage output can be achieved by connecting these
R7Os after circuit rectification. In addition, the peak out-
put occurs at around 4 Hz, which is close to the linearized
frequency of the resonator (6 Hz). The excited frequency
of the output peak is slightly different from the numeri-
cal simulation result of steady-state displacement, possibly
due to the neglect of friction and magnetic force between
the rotor and the moving magnet in the analytical model.
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Fig. 3: Experimental results of frequency up and down sweep
of (a) RTO171,1; (b) RTOLLQ; (C) RTOQ’Ll; (d) RTOQ’LQ under
the base acceleration of 0.5¢.

A series of linear frequency sweep experiments are con-
ducted from 1.0Hz to 8.0Hz at a 0.05Hz/s sweep rate.
Figure 3 shows the response of the four R7O’s subject
to the base excitation level of 0.5g. A large instantaneous
voltage output is found and maintained from 2.5 to 4.5 Hz.

In the power generation test, R7O1 1,1 is first connected
to a series of resistive loads. As shown in fig. 4(a), under
the harmonic excitation of 0.5¢ and 4.0 Hz, the maximum
RMS power output is 3.7mW at the optimum load resis-
tance of 533 2. The power efficiency, 1y, defined as the
ratio of electrical power out to mechanical power in [26],
returns

Upea
Roptimal

— Loptima 99 96%,
ij,iamazdo

nH = (10)
where Upear is the peak-to-peak voltage, Roptimar is the
optimal load resistance and a4, is the maximum input
acceleration.

Then, the output of each R7O is converted to di-
rect voltage (DC) via a rectifier bridge and connected
in serial to both ends of a capacitor (100 uF). The DC
voltage of the four RpO’s is measured and plotted in
fig. 4(a) (inset). After 15 seconds, the voltage maintains
about 15V, which indicates the possibility of manufac-
turing multiple R7O’s to increase power output and con-
vert the vibration to stable electric power. The array of
two dual-functional resonators is used as a direct power
supplier for LEDs (Kingso, Forward voltage/current: 2.8—
3.6 V/20mA), which are illuminated as shown in the sup-
plementary movie tamu_light.mp4 and in fig. 4(b).

A 2D plane strain model is built in COMSOL Multi-
physics® to explore the mitigation performance of the
proposed metastructure array. The vertical displacements
of the surface ground motion are evaluated and compared
for the cases buried without and with the metastructure
array. At the mid-point of the model, a harmonic source is
placed to generate surface waves. A metastructure array
with a total length L = 160 m (about 1340 resonator units)
is placed on the right side, while surface waves on the left
are used as a reference. Figure 5(a) shows the vertical
displacement field map (red and blue color representing
maximum and minimum displacement, respectively) for

DC Volage [V]

20 40 60 13
Time [s]

4°”R;sima(r?c%[m oo
Fig. 4: (a) Power RMS and voltage peak to peak wvs. load
resistance. The insert figure is the DC output voltage after
four bridge circuits at 4 Hz and 0.5¢. (b) LEDs were powered
with full brightness.
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Fig. 5: (a) Harmonic response at 4.3 Hz with and without the
resonators. (b) Time transient displacements in the z-direction
of two positions (without and with resonators). (c¢) The dis-
placement ratio of the model with resonators arrays to the
model without arrays from 1 to 8 Hz.

soil without and with array at the time step ¢t = 10s for
a 4.3 Hz prescribed displacement. The time transient dis-
placements in the zdirection are recorded as shown in
fig. 5(b) for models with and without the metastructure
array.

To illustrate the phenomena more clearly, the displace-
ment ratio is calculated from 1 to 8 Hz

d‘ we
dyatio = 20log 10 <M)
diSwithout

As shown in fig. 5(c), the displacement reduction is over
6 dB from 3.5 to 7Hz, which is satisfactory for protecting
buildings against earthquakes at a wider frequency range.

In this letter, we proved the concept of simultaneously
harvesting and mitigating seismic vibrations in a single
device based on numerical simulation and preliminary ex-
perimental results. In the future, we hope to realize such
a concept by lab and field experiments.

(11)

Conclusion. — This letter proposed an all-passive
metastructure consisting of an array of nonlinear
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electromagnetic resonators. The analytical model showed
that the wave energy was stored and dissipated in the non-
linear resonators over a broaden frequency range due to
the characteristics of nonlinearity and intrinsic frequency
up-conversion. And through the electromagnetic coupling,
the stored energy was able to convert into electricity pas-
sively. A two-unit array of such dual-functional resonators
was experimentally tested to evaluate the energy harvest-
ing performance. Results demonstrated a maximum RMS
voltage output of 3 V subject to the base excitation of 0.5¢g,
an RMS power output of 3.7mW and an energy harvest-
ing efficiency of 22.26%. Through a rectifier bridge circuit,
four R7O’s generated an DC voltage up to 15 V. Finally,
the FEA simulation was conducted and exhibited that the
earthquake mitigation over 6 dB was achieved from 3.5 to
7Hz, which agrees well with the predication from the de-
veloped analytical model.

See the SM for the calculation of the magnetic
force between two magnets and the LEDs power
demonstration.
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