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MECHANICAL METAMATERIALS AS AN ENERGY SHIELD
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional Application No. 62/866,451, filed

June 25, 2019, the entire contents of which are incorporated herein by reference.
TECHNICAL FIELD

[0002] The present disclosure relates to a new mechanism for isolating full band frequency
vibrations by circulating energy flux between the system and energy source. More particularly,
the present disclosure relates to a mechanical metamaterial that can isolate vibrations in full band

frequency based on the absolute zero stiffness characteristic of an artificial element.
BACKGROUND

[{0003] Recent advances are rapidly evolving the area of metamaterials and offering
unprecedented capabilities to create naturally unobtainable materials with intriguing
electromagnetic, acoustic, and mechanical properties. Acoustic metamaterials, a subset of
mechanical metamaterials, manipulate the propagation of acoustic waves, allowing sound-
attenuation over a specific bandwidth (i.e., forbidden band). Total shielding over a full band
frequency as one of the ultimate goals, however, has not been achieved. Moreover, the capability
of mechanical metamaterials to shield dynamic loads (e.g., mechanical vibrations) m full band
frequency, has also not yet been achieved. It would significantly advance the fundamentals of
dynamics of mechanical metamaterials if a general theoretical platform can be developed to
create metamaterials as a perfect energy shield to totally shield the propagation of the vibration

energy over full band frequencies.
SUMMARY

[06004] The present disclosure relates to innovative mechanical metamaterials as a perfect
energy shield for full band vibration isolation using an undiscovered principle: if the input
vibration energy from the source can only be circulated between the mechanical metamaterial

(1.e., the isolator) and the source, the to-be-isolated object (i.e., payload) is isolated from the
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mput energy — dynamic energy cloaking. The mechanical metamaterials disclosed herein can be
envisioned as Ouroboros type structures where all energies are transferred outside the payload
(FIG. 1) and thus the dynamic energy does not “teel” the pavioad because the mechanical

metamaterial has absolute zero stiffness.

[0005] More particularly, the present disclosure relates, for example, to a new mechanical
metamaterial based on an absolute zero stiffness characteristic of an artificial element that can
isolate vibrations in full band frequency. Furthermore, the isolation performance of the
metamaterial may be adjusted in-situ according to a change of loading. This model is an
improvement over and can prevent failures seen in quasi-zero stiffness (QZS) isolators within a
low frequency range or with large amplitude. Moreover, this model provides a mechanical
metamaterial for applications in the field of mechanical engineering, aerospace, civil
engineering, medical instruments and the like. The new metamaterial may be used in, for
example, medical instruments with low-frequency vibration, infant car seats, bike saddles, and
the like. It also can be applied in vibration isolation for precision instruments in the area of

aerospace and space exploration.

[{0006] Manipulation of the interactions between matter and wave is the ceniral theme for
metamaterials. The capability of an energy shield in full band frequency has not yet been
achieved. The present disclosure relates, for example, to forming a perfect energy shield by
solely circulating energy between a metamaterial and an energy source, thereby creating
vibration isolation. Unprecedented shielding effects were experimentally demonstrated under
low and ultra-low vibrational frequency ranges. Along with the widely explored mechanisms,
namely “energy bypass™ and “energy absorption”, the “energy shield” mechanism opens a new
direction to design metamaterials with unprecedented dynamic characteristics in various physical

systems in different length scales, as shown m FIG. 16.

[6007] Upon energy flux being applied to a composite that includes an encased object (i.e.,
payload) and surrounding metamaterials, one of or both of the work conjugate variables {e.g.,
force and displacement for the mechanical energy) must be inevitability applied to the
composite. The goal of a perfect energy shield is to totally isolate the payload from the input

energy. In other words, the state of the payload (e.g., equilibrium for a mechanical system)
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should not be altered by the input energy flux, and thus the payload does not “feel” the mput
energy flux. As described herein, a mechanical metamaterial can circulate the energy between
the metamaterial and the energy source, and thus exert constant force to the payload. Input
energy-independent constant forces to an object such as the payload is independent from the
mput energy flux, which can find numerous applications as, for example, a vibration isolator. A
theoretical analysis and experimental testing demonstrate the feasibility of isolating the input
energy from the payload and maintaining an unaltered equilibrivm state. This mechanical
metamaterial can function as an absolute-zero-stiffness component to isolate vibrations in low
and ultra-low frequency ranges (e.g., lower than 20 Hz) that are harmful to a person’s health
because of resonance with human organs. The basic principle of designing a perfect energy
shield, t.e., solely circulating the input energy between the energy source and the metamaterials,
represents a new mechanism to manipulate the propagation of waves, and can find applications
in various physics, such as the control of acoustic waves in mm-cm scales and thermal insulation

in atomistic scales.

{0008] In accordance with one embodiment, a metamaterial system for protecting a payload
from external energy flux generated by an energy source includes a mechanical, metamaterial
framework configured to circulate the external energy flux between the metamaterial system and

the energy source.

{0009] Other aspects of the disclosure will become apparent by consideration of the detailed

description and accompanying drawings.
BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 schematically illustrates an envisioned energy shielding mechanical

metamaterial.
[0011] FIG. 2 graphically illustrates the principle of quasi-zero-stiffness (QZS) structures.

[0012] FIG. 3 illustrates examples of quasi-zero-stiftness (QZS) structures and an absolute

zero stiffness system.

I
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[0013] FIG. 4A illustrates a composite metamaterial framework with elements that form a
shell to shield input energy flux from an object in the core of the composite structure, in

accordance with some embodiments.

[0014] FIG. 4B illustrates an arbitrary configuration during movement of an object, in

accordance with some embodiments.

[0015] FIG. 4C illustrates performance of a vibration isolator at 1Hz, in accordance with

some embodiments.

[0016] FIG. 5 illustrates finite element results on the normalized force applied on the payload
and effective stiffness of the mechanical metamaterial as the metamaterial is subjected to quasi-

static vertical displacement v.

[0017] FIGS. 6A-6D illustrate static analysis of the metamaterial framework when the

metamaterial framework is against a wall.

[0018] FIG. 7 illustrates arbitrary components as the starting points for the design using

genetic algorithm.
[6019] FIG. 8 illustrates a process of structural evolution using the genetic algorithm.

[0020] FIG. 9A 1s a photograph of a fabricated metamaterial framework, in accordance with

some embodiments.

[0021] FIG. 9B illustrates equilibrium of a metamaterial framework at any position during

the compression process, in accordance with some embodiments.

[0022] FIG. 10A is an image of an experiment instrument setup for measuring the vertical

performance of a sample in the vertical direction, in accordance with some embodiments.

[0023] FIG. 10B shows a comparison of measured input and output acceleration for random

vibrations during the experiment, in accordance with some embodiments.

[0024] FIG. 10C shows a comparison of measured input and output acceleration for

frequency sweep excitation during the experiment, in accordance with some embodiments.



WO 2020/264146 PCT/US2020/039597

[0025] FIG. 10D illustrates a measured frequency response curve for a vertical experiment,

in accordance with some embodiments.

[{0026] FIG. 10E illustrates an instrument setup for measuring horizontal performance of the

metamaterial framework, in accordance with some embodiments.

[0027] FIG. 10F illustrates a comparison of measured input and output acceleration when
two shakers individually apply random forces on the metamaterial samples, in accordance with

some embodiments.

[0028] FIG. 10G illustrates a comparison of measured input and output acceleration when
only one shaker applies random forces on a corresponding metamaterial sample, in accordance

with some embodiments.

{0029] FIG. 10H illustrates a measured frequency response curve for metamaterial for a

horizontal experiment, in accordance with some embodiments.

[0030] FIG. 11 illustrates a realization of energy shielding element in an electro-mechanical

field.

[0031] FIG. 12 illustrates dynamic analysis of a mechanical metamaterial unit cell when the

gravitational potential energy presents using the Lagrangian mechanics.

[0032] FIG. 13 illustrates dynamic analysis of two mechanical metamaterial unit cells using
Lagrangian mechanics to shield energy in the horizontal direction, in accordance with some

embodiments.

[0033] FIGS. 14A-14E illustrate the design of mechanical metamaterials with adjustable

payload, in accordance with some embodiments.

[0034] FIGS. 15A-15D illustrate a comparison of simulated-isolation performance ofa

metamaterial unit cell and a metamaterial array at 1| Hz, in accordance with some embodiments.
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[0035] FIG. 16 illustrates three mechanisms for energy protection, including two previously
studied mechanisms and a new mechanism proposed in the present disclosure based on absolute

zero-stiffness element.
DETAILED DESCRIPTION

[0001] Before any embodiments are explained in detail, it is to be understood that the
disclosure is not limited in its application to the details of construction and the arrangement of
components set forth in the following description or illustrated in the following drawings. The
disclosure is capable of other embodiments and of being practiced or of being carried out in
various ways. Also, it is to be understood that the phraseology and terminology used herein is
for the purpose of description and should not be regarded as limiting. Use of "including" and
"comprising” and variations thereof as used herein is meant to encompass the items listed
thereafter and equivalents thereof as well as additional items. Use of "consisting of" and
variations thereof as used herein is meant to encompass only the items listed thereafter and
equivalents thereof. Unless specified or limited otherwise, the terms “mounted,” “connected,”
“supported,” and “coupled” and variations thereof are used broadly and encompass both direct

and indirect mountings, connections, supports, and couplings.

{0036} Recent advances in micro- and nano-fabrication, topological optimization, machine
learning, and 3D printing are transforming science fiction gadgets into real artificial materials,
te., metamaterials. Examples include mvisible cloaks in literary fiction enabled by
electromagnetic and optical metamaterials that control the interactions between waves and
matter, a perfect lens, an absorber, and cloaking. Exotic properties, such as auxetics, negative
thermal expansion, multi-stability, and elasto-mechanical cloaking have been exhibited by
mechanical metamaterials. Acoustic metamaterials, which are a type of mechanical
metamaterial, focus on dynamic properties in the frequencies perceptible by humans and are
usually not suitable for practical applications because of their complex design and manufacturing
difficulty. Acoustic metamaterials also focus on controlling of acoustic waves over a specific
bandwidth and were initially created for use in sound-attenuating applications. Today, achieving

a complete attenuation of acoustic energy over a full band frequency, i.e., perfect acoustic energy
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shielding to block environmental noise, is still one of the ultimate goals of acoustic

metamaterials.

[0037] Overall, the existing studies for mechanical metamaterials are mainly for static
properties with only the acoustic metamaterial investigating the dynamic properties. Even for the
dynamic properties of acoustic metamaterials, however, the focus is not on the full-band
properties, just particular frequency ranges with interesting mechanical properties. At these
particular frequency ranges, i.e., bandgap, the propagation of acoustic wave can be suppressed
but not be perfectly isolated. It would significantly advance the fundamentals and open more
space for applications, if the propagation of the wave can be ideally forbidden over the full-band
frequencies using deliberately designed mechanical metamaterials since the mechanical
vibrations propagate in wave and always cover the full-band frequencies. An energy shield can
be found in many science fiction stories, for example, a deflector shield appears in the Star Wars
movies, which encases and protects an object from mput energy flux. However, energy shields

have not yet been created using mechanical metamaterials.

[0038] Mechanical vibrations are ubiquitous which can cover full band frequency in theory.
Many encountered mechanical vibrations in our daily lives are in the low frequency domain. For
example, the frequency for human walking is about 2 Hz, 0.5-25 Hz for vehicles traveling on
normal roads, and 0.0001-0.1 Hz for ocean tide. Mechanical vibrations in low and ultra-low
frequency ranges are undesirable in many areas, particularly in engineering systems and medical
spaces, such as in operation, transportation of precision instruments, and patient transfer.
Specifically, for humans, the natural frequency of many of our organs is in this frequency range;
and thus, low frequency excitation may cause resonance and damage the organs. For example,

vibration of vehicle seats may cause serious health damage to newborns.

[0039] According to linear vibration theory, the lower the natoral frequency of a system, the
lower the frequency of the start of an isolation effect by the system. However, traditional linear
passive vibration isolation systems are characterized by a trade-off between the starting isolation

frequency of the system and the static bearing capacity of the system.

[0040] Vibration isolation has been a decades-old problem with the goal to isolate the

payload (i.e., the object to be isolated) from the vibration source. There are two metrics to
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evaluate the performance of a vibration isolator: (1) effective bandwidth, and (2) low-frequency
characteristics. Though high frequency vibration can be readily isolated by damping fins, low
frequency vibration that is of great importance to our daily lives, is quite difficult to isolate,
which can be understood through a simple linear system, represented by mass m (i.e., payload),

spring %, and damper c¢. The appreciable isolation occurs when the excitation frequency exceeds

1 |k, . : .
V2f,, where f = po ﬁ is 1ts natural frequency. Consequently, to achieve a superior ultra-low

frequency performance, it requires vanishing stiffness, i.e., k—0 . Vanishing stiffness, however,
suggests no static load bearing capability. This “catch-22” leads to active and nonlinear passive

vibration isolations.

[0041] An active vibration isolator includes a set of sensors (e.g., accelerometers or
gvroscopes), a processor and a bunch of actuators. The sensors and the associated circuit collect
and process the vibration signal and then provide feedback to actuators to generate a reaction to
counterbalance the vibration of the object. Though promising, because of the involvement of
many moving parts and the capability of the actuators, active vibration isolators are mainly

utilized in relatively small displacement for precision devices.

[0042] Amid widely adopted so-called high-static and low-dynamic stiffhess passive
vibration isolators, quasi-zero-stiftness (QZS) systems have been widely studied. QZS systems
appropriately combine the positive and negative stiffness components to construct a nonlinear
system with an effective stiffness close to zero around the static equilibrium position. The high
static stiffness is provided by the positive stiffness components, while the low-dynamic stiffhess
1s achieved by the synergetic interactions between positive and negative stiffness components as
lustrated in F1G. 2. Some examples of QZS systems are shown in FIG. 3, where two inclined
springs function as negative stiffness components (a), deformable origami structures have been
explored (b), permanent magnet and spring combination provides a possibility (c), and previously
designed structures including sliding tracks have been used to broaden the frequency range (d
and e). QZS systems have achieved appreciable effectiveness of vibration isolation, such as low

Qoutput /
a

as -5 dB transmussibility (defined as 20 log , Where aoupu 18 the response

input
acceleration at the payload and ainpu 1s the input acceleration by the vibration source) at 10 Hz.

However, the performance of the vibration isolators based on the concept of QZS has not yet
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satisfied the need of vibration isolation in the low frequency ranges, especially for the
applications in precision instruments and healthcare. More importantly, the fundamentals of QZS

have not been significantly advanced for decades.

{0043} With continued reference to FIG. 3, any QZS isolation system only presents quasi-
zero stiffness in a finite range around the static equilibrium position. Thus, it is invalid to isolate
vibrations with ultra-low frequency (due to the quasi-zero stiffness property) and with large

amplitude (due to the finite range around the equilibrium position).

[0044] From an energy perspective, the operating principle of QZS isolation systems can
also be illustrated. The input energy in any QZS systems from vibration source are split into
three parts: a small fraction of energy is contmuously applied to the payload (causing some
vibration of the payload), some energy reserves in the QZS system itself (through kinetic and/or

potential energy in the QZS system), while the remaining energy returns to the vibration source.

[0045] The inventors have discovered a novel way to design a perfect energy shield (e.g.,
vibration isolator). Specifically, the inventors have discovered that if the energy applied to the
payload can be completely eliminated, a perfect energy shield can be designed. The energy
shield may act as an energy converter that solely circulates the energy between the energy source
(e.g., vibration source) and the energy shield (e.g., vibration isolator). Thus, the energy shield
prevents energy flowing into the payload, leading to a perfect energy shield. This perfect energy
shield would work for any frequencies. Consequently, the payload does not “feel” the presence
of vibration source for full-band frequencies — ideal vibration isolation; and vice versa, the
vibration source does not “feel” the existence of the payload — mechanics cloaking. The perfect

energy shield also means absolute zero stiffness, as shown in (f) of FIG. 3.

[00406] FIG. 4A illustrates a metamaterial system 10 according to one embodiment for use as
a perfect energy shield. In the illustrated embodiment the metamaterial system 10 is a composite
structure with mechanical metamaterials that form a metamaterial framework 14 (e.g.,
mechanical shell) to shield a payload 18 in the core of the metamaterial framework 14 from imput
energy flux generated by an energy source 22 (illustrated schematically in FIG. 4A). Before
mput energy flux is applied to the metamaterial framework 14, the payload 18 is subjected to

forces and/or moments (e.g., gravitational force or the forces exerted from the surrounding



WO 2020/264146 PCT/US2020/039597

metamaterials) and may exist in an equilibrium state. Upon application of the input energy flux,
the mechanical, metamaterial framework 14 further deforms and only allows the energy to
circulate between the metamaterial framework 14 and the energy source 22. The exerted forces
to the payload 18 remain unchanged. The metamaterial framework 14 includes at least one unit
cell 26. Each untt cell 26 may include one or more elastic elements 30 (e.g., springs, rubber
bands, elastic rods, etc.) and may include one or more inelastic elements 34 (e.g., inextensible

bars).

[0047] FIG. 4B illustrates one embodiment of a unit cell 26 that is artificial and deformable.
The unit cell 26 includes six sides including four sides of inextensible bars (inelastic elements
34) of length « that comprise two pairs of pivotably connected length «a sides of inextensible
bars. The bars are connected at pivot points 38. Other embodiments include unit cells 26 with
different numbers of sides (e.g., four sides, eight sides, etc.), as well as different numbers of pairs
of inextensible bars. In the illustrated embodiment, two of the six sides (the top and bottom sides
in FIG. 4B) are end sides of inextensible bars (further inelastic elements 34), wherein each end
side inextensible bar is pivotably connected (via further pivot points 38) to both of the pairs of
the pivotably connected length a sides of inextensible bars. As illustrated in FIG. 4B, an external
angle between a length ¢ side inextensible bar and a line parallel to an end side inextensible bar
is O (theta) degrees. The unit cell 26 also includes four spring connection inextensible bars
(further inelastic elements 34) of length 4 that are internal to the unit cell 26 and each of the four
spring connection inextensible bars are connected at each intersection of an end side inextensible
bar and a side of length a inextensible bar. Two of the springs (e.g., shorter elastic elements 30
seen in FIG. 4B), each with spring constant ks, are disposed parallel to the end sides, where each
of the k» springs are uniquely connected between two spring connection inextensible bars of
length . One spring (e.g., longer elastic element 30 seen in FIG. 4B) of spring constant k; is
connected between the two pairs of pivotably connected length « sides of inextensible bars at the
mtersection of the inextensible bars of each of the two pairs. Other embodiments of a unit cell
26 include different numbers and arrangements of sides, inelastic elements 34 (e.g., bars}, pivot
points 38, and elastic elements 30 (e.g., springs) than that illustrated. For example, some
embodiments include fewer or more than six sides (e.g., 8 sides, 10 sides, etc.), or include fewer

or more than three elastic elements 30 (e.g., 2 springs, four springs).

10
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[0048] Analysis of a unit cell 26 carrying a dead load payload 18 (e.g., a mass block with
weight Ag), as shown in FIG. 4B, explains why the composite unit cell 26 isolates input energy
from the payload 18 (i.e., the mass block). Before the input energy is applied to the metamaterial
system 10, the payload 18 is in an equilibrium state. In other words, the force exerted from the
unit cell 26 to the payload 18 balances with the weight Mg. To isolate the input energy or
vibration from the environment / (f ) , the states of the payload 18, (e.g., equilibrium and
position), must not change and thus the force exerted from the unit cell 26 to the payload 18
remains Mg. To obtain the necessary conditions for vibrating energy isolation over full band
frequency, quasi-static (f =~ 0 Hz) analysis was employed to explore the relationships among the
parameters, 1.e., ¢ and & geometrical parameters, &1 and Az spring constants, #2 mass of the
metamaterial, and 8 the state of the unit cell 26 with 8 =0 for a completely collapsed state and
6 =90 for a completely deployed state. Under static equilibrium, F ( t) =l = (M + in) g. In
this example, to ensure the state of the payload 18 remains unchanged at any 6, the input energy
Wome =20 ( M+ m) (I-smn#f)g must totally convert to the potential energy of the composites

including the spring energy and the gravitational potential energy of the metamaterial, i.e.,

W i = Mga(1=sin @) +4b°k, (1 —sin )" + 2a’k, cos’ 0 . Equate W, and W, and obtain
_ _ % : 2M +m)g .
the following relations, (1): — — . These two requirements

] ZZL"szjand (2); k, :(

4q

b~

ensure that the payload 18 can reach equilibrium at any given location described by #. Or in
other words, the unit cell 26 has effective zero stiffness (see FIG. 5) and 1solates the input energy
from the payload 18. Static force analysis shown in FIGS.6A-6D also verifies a constant force
exerted from the unit cell 26 to the payload 18. Furthermore, it can be shown that under these
two requirements, the unit cell 26 isolates the payload 18 from the environment under arbitrary

dynamic loads.

. . : : . d oL, @
[0049] Dynamic analysis was performed using Lagrangian mechanics, 7’( )= o .
ar o,  oq,

Here, {q1,q2}={y.8} are the generalized displacements; {¢,.¢,} = { j;,é} are associated

11
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generalized velocities; {Qq; O, } = {F (t),O} are the generalized forces; L=T-U is the

Lagrangian with T and U as the kinetic and potential energy of the composite, respectively.

{0050} As detailed below, it has been shown that a constant force Mg is exerted from the

mechanical metamaterial framework 14 (e.g., one or more unit cells 26) to the payload 18 when
a dynamic input force ( 4 ) is applied onto the mechanical metamaterial framework 14, and

consequently the payload 18 remains static under dynamic loading on the metamaterial — the
metamaterial framework 14 of one or more unit cells 26 perfectly shields the payload 18 from
the environmental vibration and works over full band. FIG. 4C shows a finite element result
where a sinusoidal input displacement with 1 Hz frequency is applied on the bottom of the
mechanical metamaterial framework 14. It is apparent that there is vanishing displacement at the

payload 18.

[0051] The mput energy solely circulates between the metamaterial framework 14 and the
energy source 22, and thus does not affect the payload 18. During testing, the genetic algorithm
was uvtilized to perform the design under the constraint that the mechanical metamaterial unit cell
26 of the metamaterial framework 14 has six sides in a hexagon shape. A model with arbitrary
design parameters was constructed using commonly used components (i.e., mass block, truss,
and springs), as shown in FIG. 7. The genetic algorithm searched among the design variables by
repeatedly modifying a population of individual solutions to find a combination(s) to achieve
perfect energy shielding using the mechanism identified herein. FIG. 8 shows the process of
structural evolution with 6 steps and each step evolved for 1,000 generations. In each step, a
partially optimal generation with a narrow range of some parameters was reached. For example,
from step 1 after 1,000 generations, the location of the vertical spring was fixed in the structure
and started subsequent evolution steps. As shown in FIG. §, the genetic algorithm found many
structures (actvally infinity if the simulation continued to run) that can function as perfect energy
shielding. They can be divided into three categories ((g), (h), and (1) of FIG. 8). The first design
that corresponds to the model given in FIG. 4B was chosen given practical engineering
constraints, such as no compression springs, less components, and fabrication simplicity. A

stmilar approach can be employed to create other metamaterial frameworks (not just mechanical

12
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metamaterials) based on the concept of solely circulating the energy between the metamaterial

and the energy source 22.

[0052] With reference to FIG. 9A, in some embodiments the metamaterial system 10 may be
fabricated by 3D printing. In the illustrated embodiment, the mass # of the metamaterial
framework 14 was neglected since it was much smaller than the mass M of the payload 18. FIG.

9A shows the metamaterial framework 14, where only one of the shorter springs ( #, ) was

. ko (BY .
mounted to reduce the balanced weight in half with ki _ Lé , and Afg = 2ak,. Itisnoted thata
a ;

-

AZ
symmetric configuration was adopted to prevent unintentional leaning due to manufacture or
vibration. The attribute of constant force (shown in FIG. 5) was verified by reaching balance at

any position when the matching weight (azg = 244 ) was applied quasi-statically, as suggested by

FIG. 9B.

[0053] FIG. 10A shows a setup that was used to test the performance of the metamaterial
system 10 to shield the energy in the vertical direction. A random vibration with power
spectrum spreading in the frequency interval {0, 25] Hz was generated by a shaker and applied to
the bottom of the metamaterial framework 14. Two accelerometers mounted on the top and the
bottom of the metamaterial framework 14 were used to measure the input and output
accelerations. The comparisons of output and input accelerations for random vibration and
frequency sweep are shown in FIGS. 10B and 10C, respectively, which clearly demonstrate that
output acceleration measured at the payload was vanishingly small compared with the input

acceleration, which verifies prominent vibration energy shielding effect. The transmissibility in

a:)upul

dB defined by 20log , where 4., s the acceleration at the payload and ainpm is the

inpuit
generated acceleration by the shaker. For low and ultra-low frequency ranges FIG. 10D shows
that this mechanical metamaterial can significantly shield vibrations over almost the entire
measured frequency band, from as low as 0.1 Hz to 25 Hz. This performance of this vibration
isolator outperformed all reported quasi-zero-stiffness isolators and many active vibration

isolators.
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[0054] FIG. 10E shows an experimental setup that was used to test the performance of the
metamaterial framework 14 to shield the energy in the horizontal directions. This composite
comprises two identical (e.g., in size and shape) metamaterial frameworks 14 and a sandwiched
payload 18. Two shakers individually imposed random forces on the metamaterial frameworks
14. The gravitational potential energy became irrelevant thus the static analysis given by FIGS.

6A-D can show that a constant force 24, was exerted from the metamaterial framework 14 to

the payload 18. The symmetry of the setup ensured that the sandwiched payload 18 was always

subjected to a pair of constant force 24« in the opposite directions, and thus the state of the

payload 18 was independent to the applied forces. Lagrangian mechanics was employed to
analyze the dynamic performance of this composite and found that the sandwiched payvload was
stationary and did not depend on the input force(s) (see below). FIG. 10F verifies that the output
acceleration measured at the payload 18 was vanishing compared with the input accelerations of
shakers 1 and 2. FIG. 10G shows that the system can still isolate vibrations when vibration is
only from shaker 1 while shaker 2 keeps silent. The transmissibility for low and ultra-low
frequency ranges of FIG. 10H agam shows that this mechanical metamaterial system 10 and
metamaterial framework 14 can significantly shield input random forces when only one shaker is

active.

[0055] The metamatenial system 10 may be designed for tunability. As demonstrated

previously by theoretical analysis, when the gravitational potential field enters the design, such

(2M +m)g
4a

geometry are chosen, the mass of the payload is determined and the constant force exerted by the

as in FIG. 4B, one requirement is k, = . or equivalently, when the spring and

mechanical metamaterial is fixed. To achieve tunable payload and constant but adjustable force

using the same metamaterials characterized by spring constants and geometry, two new design

parameters Ad and Ab = Ag b Aa- /l]z— are introduced to allow the springs to have adjustable
a .

positions. As shown, for example, in FIGS. 14A-14E, the mass of the payload can be adjusted

while keeping it shielded from the input energy.
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[0056] Some mechanical metamaterial arrays have multiple unit cells 26. With the isolation
performance of one unit cell 26 successfully verified, a mechanical metamaterial with multiple
unit cells 26 was constructed. As shown in FIGS. 15A-15D, the merits of metamaterial arrays
mcluded better performance on energy isolation, higher tolerance on uncertainties, and higher

load bearing capability.

[0057] As described herein, the metamaterial system 10 is an unexplored mechanism to
design metamaterials as a perfect energy shield: circulating the energy between the metamaterial
and the energy source 22, without passing to the payload 18. By applying this mechanism in the
mechanical system, a vibration isolator was formed. Upon dynamic loads on the payload 18, the
mechanical metamaterial system 10 exerted a constant force to the payload 18, with or without
gravitational potential field; and thus, the state of the payload 18 was perfectly shielded from the
mput energy. Unprecedented shielding effects were experimentally demonstrated under low and
ultra-low frequency ranges. The disclosed mechanical metamaterial systems 10 are different
from many active systems, for example, amazing bird’s head/neck that has been noticed and
studied for decades. Amazing bird has the ability to maintain the stability of their heads through
an active feedback system in amazing bird’s body, and has inspired the development of active
systems comprising sensors, actuators, and processors to counteract the input energy for
shielding. The disclosed mechanical metamaterial systems 10 are passive and provide ideal
shielding for tnput vibration energy and absolute zero stiffness. This metamaterial system 10 also
significantly advances the development of passive systems, such as quasi-zero stiffness systems
that combine the positive and negative stiffness components together to construct a nonlinear
system with a quasi-zero effective stiffness in a small range (FIG. 3). This is because the present
mechanical metamaterial systems 10 are effective for full band while most of the quasi-zero
stiffness systems can only shield input energy in a narrow amplitude range and cannot be applied

to low and ultra-low frequency range.

[0058] Though the principle was demonstrated through a mechanical metamaterial for
vibration isolation, it can be applied to other physical fields as well. For example, as shown in
FIG. 11, a similar electro-mechanical metamaterial system 110 was built by replacing the
payload 18 in FIG. 4B with a capacitor 42 that stores electrical energy. This electro-mechanical

metamaterial system 110 might be used to isolate the vertical mechanical energy in zero-gravity

15



WO 2020/264146 PCT/US2020/039597

environment. In fact, the principle suggests a third mechanism for energy protection. As shown
in FIG. 16, the first two “energy bypass” and “energy absorption” have been successfully
explored to guide the dynamic waves with applications such as electromagnetic wave cloak
(electric field) and sound wave stealth (acoustic field). The “energy shield” mechanism,
presenting an Ouroboros type feature, can be used to other physical systems in various length
scales. For example, perfect thermal isolation may become feasible using the same principle
since zero stiffness materials can insulate thermal conduction in solid. Overall, the principle
disclosed herein opens a new direction to design metamaterials with unprecedented dynamic

characteristics to manipulate the interactions between matter and waves.

[{0059] Static analysis was performed for the mechanical metamaterial systems 10. FIG. 5
llustrates finite element results on normalized force applied on the payload 18 and effective
stiffness of the unit cell 26 of the mechanical metamaterial framework 14 as the metamaterial
framework 14 was subjected to quasi-static vertical displacement v. The mass of the unit cell 26
of the mechanical metamaterial framework 14 was ignored. Constant force and zero-stiffness are

shown. SolidWorks® was used to perform the finite element analysis.

[0060] FIGS. 6A-6D illustrate static analysis of the unit cell 26 of the metamaterial
framework 14 when the metamaterial framework 14 was against a wall. The mass of the unit
cell 26 of the mechanical metamaterial framework 14 was ignored. It was assumed that an input
force Fin was applied on the metamaterial framework 14 and a fixed displacement boundary
condition (i.e., a wall) was used to describe a static payload. FIGS. 6A and 6B show the
configuration at angle & To simplify the analysis, the spring ki was split into two identical
springs with stiffness of ki/2, as shown in FIG. 6B. Due to symmetry, only half of the

configuration was considered (FIG. 6C). The moment balance at point A is given by.
E-h+F,-h, -k, =0 (1)

The forces in the springs can be calculated by:

F, =kacost (2)
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F, = 2k,b(1—sin &) (3)

2

Substituting Eqgs. (2) and (3) into (1), and considering the requirement f—‘ =2
Oy

g
o

B

F;y = kla (4)

By analyzing the force balance at point A (FIG. 6D), one obtains

Fay = F, = kya (5)

F, =2F, =2ak  (6)

our

This shows a constant output force, independent to 8.

[0061] Dynamic analysis of the mechanical metamaterial framework 14 was performed using
Lagrangian mechanics. The following dynamic analysis shows that the mass block Mg (i.e.,
payload 18) remained shielded by the mechanical metamaterial framework 14 subjected to

dynamic loading. Lagrangian mechanics was used. The generalized coordinates g are vertical
coordinate y and rotational anglef, (i.e., = {y, 9} ). The same geomeirical parameters and

spring constants as that in FIG. 4B were used. For the sake of conciseness, the mass of the

metamaterial was considered at the centroid.

[0062] FIG. 12 illustrates dynamic analysis of the unit cell 26 of the mechanical
metamaterial framework 14 when gravitational potential energy is present, using Lagrangian

ntechanics.

[6063] The kinetic energy 7 and potential energy U of the composite are given by

"
-2

1 d . g
+ EAJ {Z (v+2asm 9{1 (D

T:im i(y+asin6?)
2 |dt

7 =Mg(y+2asin 9) + mg(y +asind)+ 4n°k, (1 —sin 9)2 +2a°k, -cos’ 8 (8)

The Lagrange function is
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L=T-U (9)

Substitute Eq. (9) into the Lagrange equation

d oL oL
S (= -—==0, (10)
di éq; oq;

where O = 3( F (t),O} is the generalized force, use the two requirements for constant force in

2

. . . . . (B
the static analysis as discussed in the main text, namely (1): % = Zxké)l , and
a
2
, 2M+m)g
(2): 4= LEmE
) 4a

[00064] Two equations of motion are yielded in y- and 8- directions:

m(j/"—arsiné?‘@'2 +acosz9-é)+M’(}"—ZQSinB-QZ +2acosz9-é)+(m+]b1)g:F(t) (i1)

%!ﬁ%(jw—acos@-9)+(}'r+2a0050.9)ﬂé=0 (12)

-

[0065]  Using initial conditions y|, , =0, j|_, =0. |, =any angle between 0 and % and

6'?|'70 =0, Eq. (12) becomes

1

3 (j}+(10059-9)+(y+2acosé’-9)EO (13)

Eq.(13)leads to
2’:1 (y+asin@)+(y+2asind)=constant (14)

[0066] It is clear from Eq. (14) that, if the mass of metamaterial m is much smaller than the

mass of the dead load A,
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¥+ 2asin @ = constant (15)

suggesting a stationary position of the payload under dynamic force 1 ( { ) The metamaterial

shields the input force. Apply Eq. (14) on Eq. (11), the equation of motion in y-direction can be

rewritten as

F=(m+M)g +§()7’—a -sin -6 +acos@-é) (16)
[0067] A genetic algorithm was used to discover possible structure(s) that could function as a
perfect energy shield based on the mechanism that the input energy only circulates between the
metamaterial framework 14 and the energy source 22. A hexagon with side length ao was
selected for the metamaterial framework 14 or unit cell 26 of a metamaterial framework 14. The
trusses were classified into three types, horizontal ones, lateral ones, and shorter legs. A lateral
one and a shorter leg form a single piece, while pins (pivot points) at A to F allow the truss
structure to deform (see (b) at FIG. 7). The design variables (e.g., a mass M and three springs ki,
k2. k3) describe the components of this structure and their relative locations through angles 8; and
8,. The connectivity of the springs is described by other design variables, such as a;, by, and ¢4
((a) at FIG. 7). A vanishing design variable, e.g., kz = 0, indicates that this component does not
exist. The only state variable is angle 8, describing the deformation/locations of the components.

The geometrical compatibility conditions are listed in equation 17.

[0068] All springs are mn their free state at the initial configuration shown in (a) at FIG. 7.
The masses of the springs and metamaterial framework 14 were not considered. The objective
was to achieve a perfect isolation of vibration energy over full frequency band, so quasi-static
analysis (f = 0 Hz) was carried out to obtain necessary conditions of the structure. In this case,
the mechanical metamaterial framework 14 was in equilibrium at all instants and there was no
kinetic energy in the system. The supporting force F(t)=Mg and the work done by F(t) is
calculated by Wiypu=Mg(2a0-2a0s1n8). The input energy is blocked away from the top surface of
the metamaterial framework 14, meaning the payload 18 will keep static, as shown in (b) at FIG.
7. Therefore, Wigpu totally transforms into potential energy of the metamaterial framework 14,

which includes the gravitational potential energy and spring energies, E1, Ez, and Es.
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[0069] The inventors sought to find all possible combinations of the design variables
23%1 29743

{k k,.a,,a,,h,,b,,a,,0,.6,,M.c,.c,,k, }to minimize the difference between the total input

energy W(t) and the change of potential energy of the metamaterial --- D(8), with respect to the

state variable 8 and bearing the geometrical compatibility constraints,

b, +b, \/b cost, —h cosb, ) +(aO b sind, —b, smH) >a,

a,+b, + \/('b2 cos8, —h cos6, )A +{a, — b sinf, —b,sin 6, )' > b,

day+bh + \/(62 cost, — b coséil)2 +(a, — b sind, - b, sin&’z)z > b,

a,+b +b, > \/(bz cos 8, — b, cos b, ) +{a, —b,sind, —b, sin b, )z an

[0070] The spring energies, E1, Eo, and Ez could be calculated by:

-2
14

A
AN

E = 2-%-[\/(411 cosf+a,cosf+a,) +(a,sind-a,sin ) —\/a5 +{a,—a,) |
. (18)

£, \/[b sin(6+86,)—b sin(0+ (9)] +[a +b,cos(0+6,)+b, cos(9+6)]
—2

2 _\/(bzcosgz_blcosgly—}—(ao—bisingi—b:SiﬂHz)a (19)

2

E :%L\/( -, ) +2a,sin 6’ \/(C;—Cg)z*”(z%)z}‘

3

(20)

[0071] From D(8)=0, we have:
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D(6) =

2
2

k, [\/(al cos@+a,cosé+a,) +(a,sind-a,sind) —\/aj +{a, —a,) ’

2

) J[busin(0+0,)~bsin(0+6,)] +[a, +h,cos(6+6,)+b,cos(0+6,) ]
+5, -

—\/(b2 cosd, — b cosd,) +(a, —b sin —b,sind,)

+2Mga,sin @ -2Mga,
=0 (21)

forall o <o, 90°7. Thus, = ZD( @)2 was selected as the fitness function for the genetic

algorithm. Here, to ensure a high calculation accuracy, i was varied from 0 to 100, and the

increment of 0; to 0141 was 0.9°.

[0072] The Global Optimization Toolbox™ in MATLAB® was used to implement the
genetic algorithm. A prescribed mass of the payload was 7 kg and the length of the hexagon was

0.09 m. The range of other design variables was:

k, ef[0, 2000] N/m
k,€[0, 2000] N/m
k, [0, 20001 N/m
a, €[0.01, 0.09] m
a, €[0.01, 0.09] m
b €[0.01, 0.045] m
b, €[0.01, 0.045] m
¢, €[0.01, 0.045] m
¢, €{0.01, 0.045] m
6, [45", 907]

g, 45", 907}
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[0073] Since there were 11 parameters to be determined and the values of them have a
relatively large variation range, six steps of genetic algorithm were performed to achieve
convergent results. From step 1 ((a) at FIG. 8), it was observed that ¢ is approximately equal to
¢z for the best individual after 1,000 generations. The inventors let ¢;=c;=0.045 m (=ao/2) for the
subsequent steps. From step 2 ((b) at FIG. 8), it seems 6:=0-. Inspired by previously proposed
model shown in FIG. 4B, the inventors let 8;=0,=90° for the subsequent steps. From step 3 {(c)
at FIG. 8) the inventors could determine that a; was approximately the same value of a;. From
the configuration the inventors obtained i (c) at FIG. 8, it was determined that when a;=a,=0.09
m, two springs ki can merge together with the value k; doubled and only three springs will be
used for the subsequent steps. Thus, in the fourth step ((d) at FIG. 8), a;=a>=0.09 m, by
concluding the best individuals of 1,000 generations, the value of k, was determined around

194 44 N/m, which became a fixed value for the subsequent steps ((e) and (f) of FIG. 8). Upon
finishing the sixth step ({f) of FIG. 8), the fitness function was extremely small. If the inventors
set k3=0, a model shown m (g) of FIG. 8 was obtained, corresponding to FIG. 4B. If the

mventors set k,=0, which gives another model shown in (h) of FIG. 8. Both the configurations of

(g) and (h) of FIG. 8 have &, =6, =90

[0074]  Actually, after a simple analysis, it is easy to find out that if 6, =6, =270", the

structure also can work as a perfect energy shield ((1) of FIG. 8). In summary, after a series of
genetic algorithm calculations, three types of structures were obtained that could perfectly isolate
the input energy from the environment, whose geometrical conditions and initial/deformed

configurations are shown in (g), (h), and (i) of FIG. 8.

[0075] Considering the practical engineering application, the following requirements were
needed to select an optimal combination of design parameters: (1) an extension spring, (2} less

components, and (3) symmetric structure to ensure the stability of the model. By applying these

constraints, the inventors chose type (1), and the two horizontal springs were merged together

with the value doubled (k, =2k,).
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[0076]  FIG. 13 illustrates dynamic analysis of two mechanical metamaterial frameworks 14

(e.g., separated unit cells 26) using Lagrangian mechanics to shield energy in the horizontal

direction.

[6077] The schematic of two metamaterial frameworks 14 to shield the energy in the
horizontal direction 1s shown in FIG. 13. The masses of payload 18 and the metamaterial

frameworks 14 are M and m, respectively. The generalized coordinates g are horizontal
coordinate x and rotational angle ¢, and ¢, .ie., 4= {x,@ﬁz} . The same geometry parameters

and spring constants as that used in FIG. 4B were used in FIG. 13 and the mass of the

metamaterial framework 14 was also considered at the centroid.

[0078] The kinetic energy 7 and potential energy U of the composite are given by:

— —12

d —(x+2asing, +asinb,) |
L dr 1 22)

2 —12
Tzﬁ[i(;\n%{sm@)} +£[i(x+2asm6') +ﬂ
rf 21 d 12

21 df

:%(iuracosé?I 3% +¥(i‘+2dc0891 ‘5% +%(A’7+2000591 -8, +acosb, -6,

-

U= k—(”acosé’) +2- —[2]) (1- smé?)i +—(7ac<>56) +2. b, [”b(i siné )11
2 2 S (23
=20k, (cos” 6 +cos’ 6, )+ 4%k | (1-sin )" +(1-sing, )’ |
Since ﬁ: '/I— Y , Eq. (23) becomes
k, \“J

U=4a’k (1-sin6, -sind,) (24)

The Lagrange function is

L=T-U (2%
Apply the Lagrange equation
d oL, oL
a5q) e "% @
{ G oqj
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Where Qq/ = {Fl ( t) - F,(1),0, 0} is the generalized force, and one yields

m(,'r'JracosHI -6, —asin§, ~65‘712)+M(55+2£ZC0591 -8, —2asiné, 92)

+m(J\;+ 2acos6, -6, —2asinb, -6 +acosb, -6, —asiné, -H'j:)zFl’(z)—Fz (1) @7
m(i?qLacosé’1 -8, —asin 6, ~6.’f)+2]\/{(5€'+2acosé’1 -6, —2asin 6, ~6"f) 28)
+2m(§c’+2arc0561 -6, —2asiné, -0 +acosb, -6, —asin b, -9;)—4&/{1 =0

m(%+2acos@, -6, - 2asing, - 67 +acos, -0, - asing, -éf)—tlalg =0 (29)
[{0079] Combining Egs. (28) and (29), one obtains
m(i‘wta'cosé’1 -6, —asiné, -Q2)+ 21’\1(.3c'+2ac0561 6 —2asin @, Qz) (30)

+m(j¢+2acost‘9} 91 —2asin@ _g‘lz +ec0s b, .652 —asing, 61_-): 0
Eq. (30) actually is

%[m(fwacos@ -9'1)+211'1(.\‘7+2acost9I -491)ﬁ.L}'n()'ch2a«;3056?E -6, +acos€z~92)]:() (31)

[0080]  Using initial conditions XLZO =0, 9'1| =0, and 6,

=0, Eq. (31) becomes

m(.\?+acos¢91 ~Q)+2M(5c+2acosc91 ~9'1)+m(/5c+2ac059{ - +acos6, ~92):0 (32)
Eq. (32) actually 1s

;—it[m(‘erasin 6,)+2M (x+2asinf, )+ m(x+2asinb +asinb, )] =0 (33)

[0081]  Using initial conditions XLO =X,, 6’1|?:0 =6,,.and 6, =6, ,Eq. (33)becomes

(x+2asin€l)+i(x+asin¢91)+i(x+ 2asin 6, + asin 6, ) = constant (34)
2M 2M ’
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From Eq. (34), if the mass of metamaterial m is much smaller than the mass of the dead load M,

X+ 2asin 6, = constant (35)

suggesting a stationary position of the payload under dynamic force (l ) and F, (t ) . The

metamaterial shields the input force.

(2M +m)g

{0082] Applying Eq. (28) to Eq. (27), and using k, = 1
a

, the relationship between

F (1) and F, (1) can be rewritten as

FEO-F(@)= (M +?)g+?(jé+acos€1 -6, —asing, 6’;} (36)
2) 2
[0083] Mechanical metamaterial frameworks 14 can be designed for tunability with two
more adjustable parameters. FIGS. 14A-14E illustrate a design of mechanical metamaterial
frameworks 14 with adjustable exerted force. In FIGS. 14A and 14B, two new design
parameters Ag and Ab are introduced to describe the positions of the springs. FIG. 14C shows
constant and adjustable exerted force. FIG. 14D shows a linear relationship between the constant,
adjustable exerted force, and the adjustable position of the spring. FIG. 14E includes images of

the fabricated metamaterials with tunable exerted force (only one longer spring £/ and one

shorter spring %, were mounted).

[0084] In some embodiments, to shield the force from the payload Mg in the vertical
direction when the gravitational potential is presented, the present mechanical metamaterial

frameworks 14 need to satisfy one requirement, i.e.. 20k = Mg . In other words, a given

geometry (FIG. 14A and 14B) and spring constants (£; and &) can only shield a payload 18 with
specific weight Mg. Here two new design parameters Aa and Ab are introduced for tunable
weight or tunable exerted force (as shown in FIG. 14A). Now the location of the four springs can
be adjusted and characterized by Ag and Ab. A similar quasi-static analysis was conducted to
show that this design also provides a constant force output. Az and Ab in FIG. 14A denote the

deviation of the position of springs from their original positions as shown in FIG. 4B. A¢ =0
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when two central springs are together and Ab =0 when two short springs go to their original

positions.

[0085] As shown in FIG. 14A, the length of each rod is exactly the same as with the previous

design. The only difference is that, the original spring with stiffness k; is split into two identical

springs with stiffness of kT , and here we note it as %, whose mitial length is still a. The initial

length of the short springs with stiffness of k» is ¢-26. FIG. 14B shows the configuration of the
metamaterial framework 14 at an arbitrary position when the bottom of the metamaterial
framework 14 moves by a distance A4. The mass of the metamaterial framework 14 is m. The
angle between the long rod and the horizontal line is 8, which ranges from 0 to 90°. The applied
force on the bottom of metamaterial framework 14 is noted as F(7). Since it is a quasi-static
process, it is easy to know that F(1) =(M +m)g . The objective is to keep the payload 18 {i.e., mass
block Mg) static all the time, so it is easy to determine that all the work done by /77) totally
transfers into the potential energy of the metamaterial framework 14, which includes the
gravitational potential energy of the metamaterial framework 14 and the potential energy of the

springs. To simplify the calculation set: 6 =h—Ab, and y =& — A« . The increase of total

potential energy of the metamaterial shown in FIG. 14B is

W

potential —

mga(1—sin6)+ 4k, (b —Ssin 0}2 +4y°k! cos’ 8 (37)

[0086]  With the position of the payload Mg not changing, then Ad =2a{1-sin8), so the work
done by F(7) can be calculated by:

W = F(1)-Ad = 2(M + m)ag (1-sin6) (38)
Equate Eqgs. (37) and (38), one obtains

2 (A/[ +mYag(l—sin 6) = mga (I —sin @)+ 4k, (b —&sin 9)2 +4y° k! cos” 8 (39)

Eq. (39) must be valid for all 8, which leads to two requirements
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2

Yo (h-ABY
/lzzta—AaJ (40)

(2M +m) g =8k/(a—Aa)=4k (a—Aa) (41)

[0087] Egs. (40) and (41) show that by adjusting the locations of these four springs by
following this relationship, the constant exerted force can be tuned. Though two parameters are
introduced, only one is independent. When the mass m of the metamaterial framework 14 is

much less than the mass of the object M, m can be ignored, and Eq. (41) becomes:
Mg =4k (a —Aa) =2k (a — Aa) (42}

ak!

1

[{0088] In FIG. 14C, the normalized exerted force remains constant with the vertical

displacement and varies as the changing positions of the central springs. When the two central
springs are tied together at the center, i.e. Ad =0, Afg = 4k/(a — Aa) = 2k, (a — Aa) = 2ak, »

meaning that the exerted force reaches maximum and is identical to the original design given by

FIG. 4B. FIG. 14D shows that the normalized constant exerted force linearly depends on’. FIG.
4

14E shows the fabricated metamaterial with tunable but still constant exerted force.

{0089] Mutltiple mechanical metamaterial unit cells 26 or frameworks 14 can be assembled to
form an array. Compared with a one unit cell 26, an array of cells 26 has merits on insensitivity
to some manufacturing uncertainties since the discrepancies among elements can be attenuated
by the metamaterials array and load bearing capacity could be greatly improved. Besides, the
reliability of the system could also be enhanced since, as shown by the simulation results in
FIGS. 15A-15D. The mtroduction of a damping coefticient C and deviation of spring stiffness
Ak> will cause a much greater damage on the performance of the element than the metamaterial.

FIG. 15A illustrates the normalized output displacement when an uncertainty of stiffhess was

mtroduced into one of shorter springs in a metamaterial unit cell (17 = }{—‘) and a metamaterial

2
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!

array (77’ :TF)’ respectively. Both 7 and »' varied from 0.25 %o to 1 %o. FIG. 15B illustrates
Uy

the normalized output displacement when damping of one of shorter springs was introduced into
a metamaterial unit cell ( ¢,) and a metamaterial array (¢ ), respectively. Both ¢, and ¢ varied
from 0.02 to 0.1 N/(mny/s). FIG. 15C illustrates the change of the transmissibility of a
metamaterial unit cell 26 and a metamaterial array with the increase of 1. FIG. 15D illustrates
the change of the transmissibility of a metamaterial unit cell 26 and a metamaterial array with the

increase of C.

[{0090] FIG. 11 illustrates an electro-mechanical metamaterial, including charges Q on the
boitom and upper plates of the isolator and springs k; and k>. When the metamaterial is

compressed with an angle #, the capacity of the element is calculated by:

o &S

= (43)
4kd

where d =2asiné . and k = 9x10°N - m?/C?, & =1. The electrical potential energy of the

metamaterial is given by:

n _ O 2k

==—.0"d (44
eleciric 2(w 5S L ( )

Here, S =al , with L the out-of-plane length of the element.

Let 3= # and Eq.(44) 1s written by:
&L

E»
glectric

=B-Q*-d (45)

[0091] The mass of the metamaterial framework 14 is also constidered. In some
embodiments, the potential energy of the metamaterial must be conserved to shield the input

energy. So the following equation must be satisfied:

AL, HAE

electric ~ elastic

+AE

< gravitational

=0 (46)
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Which is
40k, (1-sin @) +2a’k, cos® 6 - BO* 2a(1 -sin §) — mga(l -sin@) =0 (47)

[0092] Equation (47) must be satisfied for all #. So it can be written as:

dak,-2BQ* -mg =0 (48)

Therefore
kl N b 3 .
— =2{—) 49
. (a) (49)
2BO +n
k=200 me
4a '
where B = imk _ 27k .
EAY af.

[{0093] From equation (50),

0= Hark1 —mg 51)
2B

[0094] In one embodiment, a Finite Element Simulation software (Solidworks® 2016, motion
module) was used to establish an element model, and to simulate its vibration isolation
performance. A dead load with appropriately designed weight was placed on the top surface of
the mechanical metamaterial unit cell 26 and an excitation of vibration in a frequency range of
[0.1 Hz, 25 Hz} was applied on its bottom surface. The input and output displacement, recorded

on the bottom and top surface of the model, respectively, were calculated and compared.

[0095] In the example, a genetic algorithm (GA) was performed in Global Optimization
Toolbox™ in MATLAB®. The algorithm finds all possible combinations of the design variables

to minimize the difference between the total input energy and the change of potential energy of
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the metamaterial. A prescribed mass of the dead load was 7 kg and the length of the hexagon was

0.09 m.

{0096} In the example, the metamaterial framework 14 was fabricated by a 3D printing
process. Curable resin was used as the component material to print the framework 14 of the
sample and stainless-steel rods were adopted as hinges to joint elements together. Rubber
stoppers were installed on each end of rods to keep the hinge not loosened. The springs utilized
here were from MiSUMi-VONA, with the model numbers UFSP12-1.2-90 for the primary one
and WFSP9-1.2-30 for the secondary one.

[0097] The vertical and horizontal experimental setup of the example is shown in FIGS. 10A
and 10E, respectively. In the vertical experiment, one metamaterial unit cell 26 was installed on
an electromechanical shaker (S 51120 from TIRA vibration Test Systems Inc.). The payload 18
was appropriately adjusted by standard weights and is attached on the surface of the
metamaterial framework 14. Two identical accelerators (352C33 from PCB Piezotronics Inc.)
were attached on the top and bottom surfaces of the metamaterial framework 14, just locating at
the excited and output positions, respectively. In the horizontal experiment, the payload 18 (a
cart with wheels to reduce the influence of friction) was connected by two horizontal shakes (the
right one: S 51120 from TIRA vibration Test Systems Inc,, the left one: ET-139 from Labworks
Inc.). Three acceleration meters (two of them: 352C33 from PCB Piezotronics Inc. the
remainder: 356A25 from PCB Piezotronics Inc.) were attached on excited positions and the
payload 18. The random/sweep signal(s) were generated by the signal generating module
mcluded in dynamic signal collecting system (LabGenius IM1208H from Inter-Measure, Inc.),
and then amplified by power amplifiers (BAA 120 from TIRA vibration Test Systems Inc. & pa-
138 from Labworks Inc.). The acceleration signals were measured and directly acquired by the

dynamic signal collecting system.

[0098] Although aspects have been described in detail with reference to certain preferred
embodiments, variations and modifications exist within the scope of one or more independent

aspects as described.
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CLAIMS

What is claimed is:

1. A metamaterial system for protecting a payload from external energy flux generated by
an energy source, the metamaterial system comprising:
a mechanical, metamaterial framework configured to circulate the external energy flux

between the metamaterial system and the energy source.

2. The metamaterial system of claim 1, wherein the metamaterial framework includes a
plarality of elastic elements, wherein the external energy flux is configured to be stored in the
elastic elements and then released and returned back to the energy source.

3. The metamaterial system of claim 2, wherein the elastic elements include at least one of a

spring, a rubber band, or an elastic rod.

4. The metamaterial system of claim 1, wherein the metamaterial framework includes a

plurality of inelastic elements, wherein the plurality of inelastic elements include rigid bars.

5. The metamaterial system of claim 1, wherein the metamaterial framework includes a unit

cell having a plurality of inelastic elements and elastic elements.

6. The metamaterial system of claim S, wherein the plurality of elastic elements of the unit

cell include at least one of a spring, a rubber band, or an elastic rod .

7. The metamaterial system of claim 5, wherein the plurality of inelastic elements of the

unit cell include rigid bars.

8. The metamaterial system of claim 5, wherein the unit cell is one of a plurality of multiple

unit cells that are assembled in an array.
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9. The metamaterial system of claim 5, further comprising the payload, wherein the payload
is coupled to the unit cell, wherein a state of the payload is independent from the input energy

applied to the unit cell.

10.  The metamaterial system of claim 5, wherein the unit cell has absolute zero stiffness.

11.  The metamaterial system of claim 5, wherein isolation performance of the unit cell is

adjustable in-situ according to a change of loading.

12, The metamaterial system of claim 5, further comprising the payload, wherein the payload
is coupled to the unit cell, wherein the unit cell is configured to isolate vibrations in an ultra-low

frequency band below 20 Hz for the payload.

13, The metamaterial system of claim 5, wherein the unit cell is configured to isolate

vibrations in a full frequency band.
14.  The metamaterial system of claim 5, further comprising the payload, wherein the payload
is coupled to the unit cell, wherein the unit cell is configured to provide an energy shield for

payload.

15.  The metamaterial system of claim 14, wherein the unit cell is tunable based on the

payload.

16.  The metamaterial system of claim S, wherein the elastic elements have adjustable

positions.

17.  The metamaterial system of claim 1, further comprising the payload, wherein the payload

is disposed within the metamaterial framework.

18.  The metamaterial system of claim 1, further comprising the payload, wherein the payload

is disposed outside of the metamaterial framework.
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19.  The metamaterial system of claim 1, further comprising the payload, wherein the
metamaterial framework is a first metamaterial framework, wherein the metamaterial system
further includes a second metamaterial framework, and wherein the payload is disposed between

the first and second metamaterial frameworks.

20.  The metamaterial system of claim 19, wherem the first and second metamaterial

frameworks are identical in size and shape.

21.  The metamaterial system of claim 1, wherein the metamaterial framework includes a unit

cell having a hexagonal outer shape.

22.  The metamaterial system of claim 21, wherein the unit cell includes six inelastic elements
forming the outer hexagonal shape, and wherein pivot points are disposed between the six

inelastic elements.

23.  The metamaterial system of claim 22, wherein the unit cell includes four additional
inelastic elements, each additional inelastic element extending inwardly from one of the pivot

points.

24.  The metamaterial system of claim 23, wherein the additional inelastic elements have
lengths that are shorter than lengths of the six inelastic elements that form the outer hexagonal

shape.
25.  The metamaterial system of claim 24, wheremn the unit cell includes a first elastic spring
element extending between two of the additional inelastic elements, and a second elastic spring

element extending between two of the pivot points.

26.  The metamaterial system of claim 25, wherem the first elastic spring element has a first

spring constant and the second elastic spring element has a second, different spring constant.
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