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different length scales.

The manipulation of the interactions between matter and waves is the central theme of metamaterials.
The capability of energy shielding in a full frequency band has not yet been achieved. In this paper, a
mechanical metamaterial for perfect energy shielding was discovered through a new mechanism by solely
circulating energy between a metamaterial and an energy source. Unprecedented energy shielding effects
are experimentally demonstrated in low and ultralow vibrational frequency ranges. Along with the widely
explored mechanisms, namely, the “energy bypass” and “energy absorption” mechanisms, the “energy
shield” mechanism and demonstrated mechanical metamaterial in this paper open a new direction for
the design of metamaterials with unprecedented dynamic characteristics in various physical systems at

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The control or manipulation of the flow of mechanical energy in
terms of waves or vibrations holds a pivoting position for the dis-
covery of mechanical metamaterials [1-3]. As mechanical energy
is applied to a composite consisting of an encased object (i.e., a
payload) and surrounding metamaterials, one or both of the work
conjugate variables (e.g., force and displacement) must inevitably
be applied to the composite. The design of mechanical metamate-
rials aims to control the interactions between the input mechanical
energy and the metamaterial, which can be achieved in two ways,
namely, energy bypassing and energy localization. As the name
suggests, energy bypassing deviates the input energy from the pay-
load by employing a set of materials with spatially dependent ma-
terial properties, such as stiffness and density; energy localization
confines the input energy inside the metamaterial through a local
resonance. Consequently, the payload does not “feel” the existence
of the input mechanical energy in both cases. These two methods
have been applied to experimentally achieve fascinating perfor-
mance, including acoustic cloaking [4]| and acoustic metamaterials
[5], although the methods still have inevitable limitations. Energy
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bypassing requires materials to be rigorously distributed in space
following preciously defined mathematical expressions, which can-
not be achieved by state-of-the-art manufacturing; thus, the ex-
perimental performance is not as ideal as the theoretical predic-
tion. Energy localization using a local resonance usually performs
well in a limited frequency regime and at a specific frequency. In
a practical application, the localized energy is easily transferred
into other forms, such as heat or electromagnetic radiation, which
might have a band effect on the surrounding environment.

Recent advances in micro- and nanofabrication [6], topologi-
cal optimization [7], machine learning [8], and three-dimensional
(3D) printing [9] are transforming gadgets from science fiction
into realistic artificial materials, i.e., metamaterials [10-12]. Exam-
ples include electromagnetic (EM) cloak enabled by metamateri-
als that control the interactions between EM waves and matter
[13-17], and demonstrations have achieved a perfect lens [18], an
absorber [19], and cloaking [20]. Exotic properties [3,21-26], such
as auxetics [7,27-28], negative thermal expansion [26,29], multi-
stability [30-31], and elastomechanical cloaking [32], have been
achieved by mechanical metamaterials. Acoustic metamaterials, a
subset of mechanical metamaterials initially created for use in
sound-attenuation applications, focus on the control of acoustic
waves over a specific bandwidth. Today, achieving complete atten-
uation of acoustic energy over a full frequency band, i.e., perfect
acoustic energy shielding to block environment noise, is still one of
the ultimate goals of acoustic metamaterials [33]. An energy shield
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Fig. 1. (a) Illustration of the mechanical metamaterials as a shell to shield the object in the core (i.e., payload) from the input energy flux. (b) An arbitrary state of the
mechanical metamaterial given by the angle 6. (c) Performance of the proposed vibration isolator at 1 Hz using finite element simulations.

encases and protects an object from the input energy flux but has
not been realized by various mechanical metamaterials.

The requirement of a perfect energy shield is to completely iso-
late the payload from the input energy. In other words, the state
of the payload (e.g., equilibrium for a mechanical system) should
not be altered by the input energy flux; thus, the payload does
not “feel” the input energy flux. In this paper, we present a unit
cell of a mechanical metamaterial (i.e., meta-atom) that can circu-
late the energy between the metamaterial and an energy source
and thus exert a constant force on the payload. The input energy-
independent constant force suggests that the state of the payload
is independent of the input energy flux, which can find numerous
applications, such as vibration isolation. This paper shows that the
present mechanical metamaterial is indeed a metamaterial with
absolute-zero-stiffness, which isolates vibrations in low and ul-
tralow frequency ranges (e.g., lower than 20 Hz) that are harmful
to our health because of the resonance of human organs [34-37].
The basic principle of designing a perfect energy shield, i.e., solely
circulating the input energy between the energy source and the
metamaterials, represents a new mechanism to design mechanical
metamaterials for the manipulation of wave propagation and can
find applications in various areas of physics, such as the control of
acoustic waves at mm-cm scales and thermal insulation at atom-
istic scales.
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2. Theory

Fig. 1(a) illustrates a composite structure with mechanical
metamaterials as a shell to shield the input energy flux from the
payload in the core. Before the input energy is applied to the com-
posite, the payload is subjected to forces and/or moments (e.g.,
gravitational force or forces exerted from the surrounding metama-
terials) and is in an equilibrium state. Upon energy flux, the me-
chanical metamaterial shell will further deform and only allow the
energy to circulate between the shell and the energy source. The
forces exerted on the payload remain unchanged. The unit cell of
the mechanical metamaterial consists of springs and inextensible
bars.

The analysis of a unit cell carrying a dead load (e.g., a mass
block with weight Mg) shown in Fig. 1(b) explains why this meta-
material isolates the input energy from the payload (i.e., the mass
block). Before the input energy is applied to the metamaterial, the
payload is in an equilibrium state; i.e., the force exerted from the
metamaterial to the payload balances the weight Mg. To isolate
the input energy or vibration from the environment F(t), the states
of the payload, e.g., equilibrium and position, must not change;
thus, the force exerted from the metamaterial to the payload re-
mains Mg. To obtain the necessary conditions for vibration energy
isolation over a full frequency band, quasistatic (f ~ 0 Hz) anal-
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ysis is employed to explore the relationships among the param-
eters, i.e., the geometrical parameters a and b, spring constants
ki and k,, mass of the metamaterial m, and state of the meta-
material unit 6, with 6 =0 for a completely collapsed state and
6 =90° for a completely deployed state. Under static equilibrium,
F(t) = Fp = (M +m)g. To ensure that the state of the payload re-
mains unchanged at any value of 6, the input energy Wiyp, =
2a(M +m)(1 —sinf)g must be completely converted to the po-
tential energy of the metamaterials, including the spring energy
and the gravitational potential energy of the metamaterial, i.e.,
Wiotential = mga(1 — sinf) + 4b%k; (1 — sin0)? + 2ak; cos?0. Equat-
ing Wippye and Wyggensigr, One can obtain the following relations:
1): ’,% = 2(2)2, and (2) 1k = %J;m)g. These two requirements
ensure that the payload can reach equilibrium at any given loca-
tion described by 6. In other words, the metamaterial has zero ef-
fective stiffness (see Fig. S1 of Supporting Information) and isolates
the input energy from the payload. Static force analysis in Fig. S2
of Supporting Information also verifies that a constant force is ex-
erted from the metamaterial to the payload and a constant zero
stiffness is achieved during the entire displacement range. As long
as the two equations are satisfied, the input energy W,,,, will al-
ways equals to the potential energy Wysensq Stored in the springs.
When 6 decreases, energy will be stored in the system and when
6 increases, the energy stored in the model will be released to the
surroundings, which we call an “energy circulation.”

Next, we show that under these two requirements, the meta-
material can isolate the payload from the environment under ar-
bitrary dynamic loads. Dynamic analysis is performed using La-
grangian mechanics: %(%) - 3% = Qq;. Here, {q1.92} = {y. 0} are
generalized displacements; {g;,d,} = {y, 6} are generalized veloci-
ties; {Qqg,.Qq,} = {F(t),0} are generalized forces; and L=T —U is

the Lagrangian with T and U being the kinetic and potential en-
ergies, respectively. As detailed in the Supporting Information, we
have shown that a constant force Mg is exerted from the mechan-
ical metamaterial to the payload when a dynamic input force F(t)
is applied to the mechanical metamaterial; consequently, the pay-
load remains static under dynamic loading of the metamaterial -
the metamaterial perfectly shields the payload from the environ-
ment vibration and operates over the full band. Fig. 1(c) shows a
finite element result where a sinusoidal input displacement with
a frequency of 1 Hz is applied to the bottom of the mechanical
metamaterial. It is apparent that there is a vanishing displacement
at the payload. Video S1 shows the video from this simulation.
The mechanism of this intriguing performance is that the input
energy solely circulates between the metamaterial and the energy
source and thus does not affect the payload. A natural question
to ask is whether this mechanism can only lead to this particular
structure in Fig. 1(b). To address this question, we utilize a genetic
algorithm (GA) to perform the design under the constraint that
the mechanical metamaterial has six sides in a hexagon shape. A
model with arbitrary design parameters is constructed using com-
monly used components (i.e., mass block, truss, and springs), as
shown in Fig. S4 of Supporting Information. The GA is executed
in the Global Optimization Toolbox™ in MATLAB. The GA finds all
possible combinations of the design variables to minimize the dif-
ference between the total input energy and the change in the po-
tential energy of the metamaterial. As detailed in the Supporting
Information, the GA searches among the design variables by re-
peatedly modifying a population of individual solutions to find a
combination(s) to achieve perfect energy shielding using the mech-
anism identified in this paper. Fig. S5 of Supporting Information
shows the process of the structural evolution with 6 steps, and
each step evolves for 1,000 generations. In each step, we reach a

Fig. 2. (a) Photographs of the fabricated metamaterial. (b) Equilibrium of the metamaterial at any position.
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partially optimal metamaterial with a narrow range of some pa-
rameters. For example, from step 1 after 1,000 generations, we
fixed the location of the vertical spring in the metamaterial and
started subsequent evolution steps. As shown in Fig. S5 of Support-
ing Information, the GA finds many metamaterial candidates (actu-
ally infinity if the simulation continues running) that can achieve
perfect energy shielding. These metamaterials can be divided into
three categories (Fig. S6 of Supporting Information). The first de-
sign that corresponds to the model given in Fig. 1(b) is chosen
given practical engineering constraints, such as the lack of com-
pression springs, fewer components, and the fabrication simplicity.
A similar approach can be employed to create other metamaterials
(not just mechanical metamaterials) based on a mechanism that
solely circulates the energy between the metamaterial and the en-
ergy source.

3. Experimental section
3.1. Preparation of metamaterial sample

The metamaterial was fabricated by a 3D printing process.
Curable resin was used as the component material to print the
framework of the sample, and stainless-steel rods were adopted
as hinges to join the elements together. Rubber stoppers were
installed on each end of the rods to keep the hinge tight. The
springs utilized here were from MiSUMi-VONA, with model num-
bers UFSP12-1.2-90 for the primary spring and WFSP9-1.2-30 for
the secondary spring. The mass m of the metamaterial was ne-
glected since it is much smaller than the mass M of the payload.
Fig. 2(a) shows the mechanical metamaterial where only one of the
shorter springs (k,) is mounted to reduce the balanced weight by
half with ’,% = (g)2 and Mg = 2ak;. Note that a symmetric config-

uration was adopted to prevent unintentional leaning due to man-
ufacturing or vibration. The attribute of a constant force (shown in
Fig. S1 of Supporting Information) was verified by achieving bal-
ance at any position when the matching weight (Mg = 2ak;) was
applied quasistatically, as suggested in Fig. 2(b).

3.2. Experiment setup

The vertical and horizontal experimental setups are shown in
Fig. 3(a) and Fig. 3(e), respectively. In the vertical experiment,
one metamaterial was installed on an electromechanical shaker (S
51120 from TIRA vibration Test Systems Inc.). The payload was ap-
propriately adjusted by standard weights and was attached on the
surface of the metamaterial. Two identical accelerators (352C33
from PCB Piezotronics Inc.) were attached on the top and bottom
surfaces of the metamaterial, located at the excitation and output
positions, respectively. In the horizontal experiment, the payload
(a cart with wheels to reduce the influence of friction) was con-
nected by two horizontal shakers: a right shaker (S 51120 from
TIRA vibration Test Systems Inc.) and a left shaker (ET-139 from
Labworks Inc.). Three accelerometers (two 352C33 accelerometers
from PCB Piezotronics Inc. and one 356A25 accelerometer from
PCB Piezotronics Inc.) were attached on the excitation positions
and the payload. The random/sweep signal(s) were generated by
the signal generation module included in the dynamic signal col-
lection system (LabGenius IM1208H from Inter-Measure, Inc.), and
then amplified by power amplifiers (BAA 120 from TIRA vibration
Test Systems Inc. and pa-138 from Labworks Inc.). The acceleration
signals were measured and directly acquired by the dynamic signal
collection system.

3.3. Results and discussion

To test the performance of the metamaterial in shielding energy
in the vertical directions, a random vibration with a power spec-
trum spreading in the frequency interval of [0, 25] Hz was gener-
ated by a shaker and applied to the bottom of the metamaterial.
Comparisons of the output and input accelerations for a random
vibration and a frequency sweep are shown in Fig. 3(b-c), respec-
tively, which clearly demonstrate that the output acceleration mea-
sured at the payload is vanishingly small compared with the in-
put acceleration. This result experimentally verifies the prominent
vibration energy shielding effect. The transmissibility in dB de-
fined by 20log |Z‘;:—I‘J’:[‘|, where agyepue is the acceleration at the pay-

load and ajp,, is the acceleration generated by the shaker, for low
and ultralow frequency ranges (Fig. 3(d)) shows that this mechan-
ical metamaterial can significantly shield vibrations over almost
the entire measured frequency band, from as low as 0.1-25 Hz. .
The low frequency motion of the payload shown in Video S2 and
S3 is caused by the fabrication error (e.g., geometrical deviation),
the friction between contact surfaces, and the measurement dis-
crepancy (e.g., the accelerators in the experiment are 352C33 from
PCB Piezotronics Inc., which cannot accurately capture the acceler-
ations when the frequency is lower than 0.1 Hz). Besides, in the-
ory, the mass of the payload (M) should be much larger than that
of the isolator itself (m). In our experiment, M~10 m. Therefore,
the performance in ultra-low frequency is not as good as higher
frequency. Despite all of the experiment discrepancies, the model
could still suppress the motion of payload in low-frequency range
which could be illustrated by simply comparing the two eggs in
Video S4. This mechanical metamaterial outperforms all reported
quasizero-stiffness isolators [35,38-44]| and many active vibration
isolators [45-46]. Video S2 and S3 show the results for the ran-
dom vibration and frequency sweep, respectively.

Fig. 3(e) shows the experimental setup used to test the per-
formance of the metamaterial in shielding energy in the horizon-
tal directions. Here, two identical metamaterials and a sandwiched
payload were used. Two shakers individually impose random forces
on the metamaterials. Here, the gravitational potential energy be-
comes irrelevant; thus, the static analysis given by Fig. S2 can show
that a constant force 2ak; is exerted from the metamaterial to the
payload. The symmetry of the setup ensures that the sandwiched
payload is always subjected to a pair of constant forces .. in oppo-
site directions; thus, the state of the payload is independent of the
applied forces. Lagrangian mechanics was employed to analyze the
dynamic performance, and the analysis found that the sandwiched
payload is stationary and does not depend on the input force(s)
(see Fig. S7 of Supporting Information). Fig. 3(f) verifies that the
output acceleration measured at the payload vanishes compared
with the input accelerations of shakers 1 and 2. Fig. 3(g) shows
that the metamaterials can still isolate vibrations when the vibra-
tion is only from shaker 1 while shaker 2 is inactive. The transmis-
sibility for the low and ultralow frequency ranges (Fig. 3(h)) again
shows that this mechanical metamaterial can significantly shield
input random forces when only one shaker is active. Videos S5 and
S6 show the results for a random vibration excited by only one
shaker and two shakers in the horizontal directions, respectively.

As demonstrated previously by theoretical analysis, when the
gravitational potential field enters the design, such as in Fig. 1,
one requirement is k; = %5; equivalently, when the spring
and geometry are chosen, the mass of the payload is determined
and the constant force exerted by the mechanical metamaterial is
fixed. Considering the practical application, we modified a model
to achieve tunable payloads by using the same metamaterial char-
acterized by the spring constants and geometry. Two new design
parameters Aaand Ab were introduced to allow springs with ad-
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Fig. 3. Experimental setup and results. (a) Instrument setup to measure the vertical performance of the mechanical metamaterials. (b) Comparison of the measured input
and output accelerations for a random vibration. (c) Comparison of the measured input and output accelerations for a frequency sweep excitation. (d) Measured frequency
response curve for a vertical vibration. (e) Instrument setup to measure the horizontal performance of the metamaterials. (f) Comparison of the measured input and output
accelerations when two shakers individually exert random forces on the payload. (g) Comparison of the measured input and output accelerations when only one (the right)
shaker exerts a random force on the payload. (h) Measured frequency response curve.
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New mechanism for perfect energy shielding
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justable positions. As shown in the Fig. S8 of Supporting Informa-
tion, the mass of the payload can be adjusted while shielding the
payload from the input energy.

A mechanical metamaterial with repeating units was also con-
structed. Simulations for both one-dimensional (Videos S7-S9) and
two-dimensional directions cases (Video S10) were carried out to
demonstrate the energy shielding performance of the metamate-
rial. As detailed in Fig. S9 of Supporting Information, the merits of
metamaterial arrays include better energy isolation performance,
higher tolerance for the uncertainties, and a higher load bear ca-
pability.

4. Conclusion

In summary, this paper discovers a new mechanical metama-
terial as a perfect energy shield by utilizing an unexplored de-
sign mechanism: circulating the energy between the metamate-
rial and the energy source, without passing energy to the payload.
The present mechanical metamaterial has absolute-zero-stiffness
and thus can function as a vibration isolator for the full frequency
band. Upon applying dynamic loads to the payload, the mechan-
ical metamaterial exerts a constant force on the payload, with or
without a gravitational potential field; thus, the state of the pay-
load is perfectly shielded from the input energy. Unprecedented
shielding effects are experimentally demonstrated in low and ul-

tralow frequency ranges. Different from many active systems (e.g.,
the head/neck of birds has been noticed and studied for decades
[47] because of its ability to maintain the stability of a bird’s head
through an active feedback system in the bird’s body and has in-
spired the development of active systems consisting of sensors, ac-
tuators and processors to counteract the input energy for shield-
ing), the present mechanical metamaterials are passive and provide
ideal shielding for input vibration energy. This metamaterial also
significantly advances the development of passive systems, such as
quasizero-stiffness systems combining positive and negative stiff-
ness components together to construct a nonlinear system with a
quasizero effective stiffness in a small range (Fig. S10 of Support-
ing Information), because the present mechanical metamaterials
are effective for a full frequency band while most of the quasizero-
stiffness systems can only shield input energy in a narrow ampli-
tude range and cannot be applied to low and ultralow frequency
ranges.

Although the principle is demonstrated with a mechanical
metamaterial for vibration isolation, it can also be applied to other
physical fields. For example, as shown in Fig. S11 of Supporting In-
formation, a similar electromechanical metamaterial was built by
replacing the mass block in Fig. 1(b) with a capacitor that stores
electrical energy. This electromechanical metamaterial might be
used to isolate the vertical mechanical energy in a zero-gravity
environment. In fact, the principle in this paper suggests a third
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mechanism for energy protection. As shown in Fig. 4, the first
two “energy bypass” and “energy absorption” mechanisms have
been successfully explored to guide dynamic waves with appli-
cations such as electromagnetic wave cloaking (electric field) and
sound wave stealth technology (acoustic field). The “energy shield”
mechanism, presenting an Ouroboros-type feature, can be used for
other physical systems at various length scales. For example, per-
fect thermal isolation may become feasible using the same prin-
ciple, since zero-stiffness materials can insulate thermal conduc-
tion in solids. Overall, the principle presented in this paper opens a
new direction for the design of metamaterials with unprecedented
dynamic characteristics that can be employed to manipulate the
interactions between matter and waves.
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