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Figure 1 (Color online) Schematic view of the contents in this review
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Figure 2 (Color online) Electromechanical metamaterial with resonant shunts™. (a) Electromechanical metamaterial beam with resonant shunts and
its unit cell; (b) variation of the axial stiffness of the metamaterial beam with frequency; (c) variation of the bending stiffness of the metamaterial beam

with frequency
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Figure 3 Electromechanical metamaterials with negative capacitances by directly bonding piezoelectric patches on the surfaces of host structures
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(a) Smart structural lens based on piezoelectric patch arrays shunted with negative capacitances; (b) the focusing effects of flexural waves

(b) 1.6
1.4+
1.2

. 1.0
]
0.8
0.6

0.4

— = PMMA tubey
Open circuit
——/=-1.065
——1=-0.905

A

>

0.2

15 -10
FRF (dB) K P

5 0 1 2 35 0 5

B 4 HA SR T R A AR, (a) A S A R AR IRE (b) SR RIARA (Y By T S
Figure 4 Electromechanical metamaterials with microstructures and negative capacitance shunts”". (a) A electromechanical metamaterial with
microstructures and negative capacitance shunts; (b) the tuning properties of the effective mass density as well as the bandgap locations



@43 &

I R OR AR SE AR, BT, YifCollet™ i BRE 4
Mris T i 255 s B R AN B 4 S 2547 Y T Y
LI, I H AT HT 1 67 H 2RS4 A
A SGERERH, A PR A, RERE RN
GO RS, B 05 B FAIE ] T AR SEA AR N A
ARG P Bl 1% 8 B B i R

2.3 WSS oy it JIHURE S R

W4 ST I 43 A 104 e L B D R % DO 285 13- 3t L B A
TR, SR RE R AT LIRSS R TR, B RERE R
PO W o L R R R 4% T A . R I sh A
b, H A S A5 R rh D e e R T
FESONAEAER, P B i s 4.

dell’IsolaFTVidoli ™ 5% o4 i 2H AT 42 H 1
JEHLVE Sl # AL & 40 A B Rk e AL 2k i 12, T
KBS T RGN LA AL BFse R, il
AR L AR R U, REME TR T AL AR A T AR G
P AL B, I BAFE— I S B, (1S
1 HP AR U 5 2 A R R R R T . PR R A RO
k. FEIRFUIRES, — 290 shit ok e o i b 4 4,
e B R g | B T R AR AR AR G R DR AR, .
—3F,  dell’ IsolaZ A" GR b 2 0 R399 404 (4
HLBAGZ (BT T LB M 4%, JE TR D RS T A 4k
I TRSRIESE T 1 ARG R G AL R R R Rk 50
TR, WFSTFREH, AN H K X 45 0§ M TR s
RORARK I FER, 21 H % Do 265 v e A% 4 1 g o)y
SEF LIRS, BERSSRAE T, £
B HPRSIHNFIR. ZIH %, Lossouarn® Al
1 SR A, I FH E R 4% AP s R i M A 1
W shARSNEEE, REREAFR 1Y 2SR sh i IR
TEPRENIMH 2 4h, Yige NBFG T S ik M2 1 1
AR R AR R 25 S0, A i b e
25 LR AL BE, BERETHBRAR PR AL, BRI
SEBTR BRT 1 BR 7 5R

e 7T, BergaminiZe AN 8 14315
T 45 R 2 T8 14) e FE, BP0 ] P RO v L A 3 15 31
HL i D 2% (15 (a)), 300 3 51 3245 810 R v 2 ey D 0t
PR (EI5(b)), A3 rL I -5 2 P e s BT B
B, SRR AR A AR i
AT 2R T L & BR, 5T I X 245 5 3] 1) I8 S DRl 2R
SR L AR A WL BN R, Lids AN VO E R 2 H
FEM RO I T, FERE e HE AT R e BHL )

6

ZEAH (KIS (0)), TR FRIT T A5 B 2.
SIRT R IR, AR A B4 (locking phenom-
enon) ¥ S EGH A 254 1977 AR (K15(d)). BR T4 MEHLES,
Bao%: \"E L B4 T | AR T AR ME L, 35
37 SRR HL BT SER A ARAT,  FAT S A0 I Bl IR
B FE, Zhenge N FH B R 9 Wl S L B I 4%
SRS E, R T AR B 5 1Y 25 AL
RO

3 ST i SRS SR

BT P A% IR Sh 45 ) SR e AR TR . TR
YEShaRSE . LA R A5 1 R s il e 0 i
A, ARG AMG S DS AHrp p Pl de A4
iR, EHEEECE R AR Shds L o8 R e 1
R AN, XFhEEREAR T 2R EH TR
MY STARSR, Mok BT Se il T
T AR FH T I T FAS A A ) A5 2 P R A 1
PE, anEefs. FT E s HE AR M 7 AR A AR
EARRM TS, HA R s s D il 18
LRSI R, LA HIE N A

FETAEJR-VE BN B 5 T RE RS SE BB AT B0t
(g, Wang5E AR EGR bR 2 M XA
FEHL R, Horp— R VR RS, — R e fEshes, 1%
TR FE B 2% 2 [A) 7 B & A B A8 R 45 i LB 3E
T e AL B 25 b o T R B P e AR 2R,
AT R A B R A Z2 A B 2363 B N A T R AR 1 55
SR, ST RS IR S IN IR, B eHE RS
] 5 R R B ) A AR SR Ok S B, RT3 2o 0
JRHE PR T UM FUFR, SR I P L AT 445 ) — P P
JCI X, AT LATE R HL PG H AR 2 [R) ST AT R 2
HLEE BT, SCEUXHRBA RIS SUE s, ST
JC A A% SRS 21 B 5 4 o 11 B8 R o T g A B H
ST A0 e R BEL 4 TR T B P R R A
Vi O R AT g T RS T UK 7 (a) s Y
FIH A BT R, 38 o 7T L R — B
1 PR IR F B AT, FEE A R TP AR T
RS . WA PR s il s i 2k, w] LS
AR AR B, TR AN R 8 e A A I R (K1 7(0)).
Ah, AT RO, £ XT100~1100 Hz A9 E4%,
[l SEBE T 15 dBRA L A8 fRAsR. 3Rl mT gt i 44 e
FIMESTT ORI BIM . STaghM, TR R ARk et
F 35 N A eSS P Y 2 A



P ik

(a) (b)
Inductor o~
.............. £
| I— T
' 8
Piezo [S
-
o
[
]
=
©  Host piat
ost plate .., (@) 40 Bragg BG  Coupled BG
e 3
| +] (= E) g
-E W'E !
Q
4
g’ r"i;rj»g’ £
1000 1500 2000
Frequency (Hz)

B 5 (PR () 36T 1B 2 1 1 R 5 P RS (a), (b) BT HL IR 2% 1 1) R G PRV BTG R (0), (d) BETHL s 45 1Y
IR RARR SRR
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Elastic metamaterials can be used to manipulate wave propagation in many unprecedented ways. Passive metamaterials are
first being widely studied and have been used to prohibit wave propagation, realize negative refraction, focus waves or
achieve cloaking effects. Such abilities make them very useful in applications like low-frequency vibration and noise
reduction, structural health monitoring and wave energy harvesting. However, passive metamaterials are difficult to be
modified after being fabricated, which restricts their practical applications in various engineering situations.
Electromechanical metamaterials have the abilities to overcome such limitation. Unlike passive metamaterials, the
unconventional properties of which mainly come from the components and micro-structures, the properties of
electromechanical metamaterials can also be modified via external electric fields. On one hand, one can obtain
extraordinary wave propagation effects in electromechanical metamaterials with properly designed coupling effects
between the metamaterial and electric field. On the other hand, the properties of such metamaterials can be tuned by
modifying the external electric field.

In this review, the basic conceptions of electromechanical metamaterials are introduced first. According to the features of
the applied external electric fields, electromechanical metamaterials are then divided into two different types. Research
history and trend of them are introduced, respectively. This review mainly clarifies three basic issues concerning each type
of electromechanical metamaterials: What is the mechanism behind the unprecedented properties realized with electric
field? How to design the unit cell for the applied electric field on the metamaterial? What kind of wave controls can be
achieved?

The first type of electromechanical metamaterials is realized by periodically bonding piezoelectric patches on the
surfaces of structures, like beams and plates. The patches are shunted with external circuits. When inductors are used in the
shunts, there will be low-frequency bandgaps in the metamaterials, which are results of the resonances of the shunts. The
patches can also be shunted with negative capacitances to design metamaterials with tunable properties. Also, the shunts
can be interconnected to form electrical networks. In such metamaterials, energy can be transported in the mechanical
structures in the form of elastic waves; it can also be spread in the form of electromagnetic waves, which propagate in the
electric network. Waves in the mechanical part and electrical part interact with each other, leading to peculiar wave
propagation phenomena, such as coupled bandgap, nonreciprocal wave propagation. The second type of electromechanical
metamaterials is designed using active control strategies. In a basic active control loop, there are sensor, actuator and
controller. The sensor measures a particular signal, which is used as the input of the controller. The controller generates
output signals according to the input signal and the implemented control law, and such output is applied on the actuator to
control the properties of the metamaterial. By precisely designing the measured and controlled physical quantities, as well
as the control law, one can design programmable metamaterials, whose properties can be modified in real-time. Also, one
can realize programmable meta-layers to control the elastic wave propagation. Even the momentum or potential energy
conservations of materials can be violated with active designs to obtain odd micropolar elasticity.

Finally, it is suggested that, the future studies on electromechanical metamaterials should be focused on multi-functional
and adaptive materials, exploring more unconventional wave propagation effects, which are difficult to be realized using
passive metamaterials. Also, to overcome the drawbacks of current electromechanically metamaterials, efforts should be
devoted to design metamaterials with broadband and low-frequency wave control properties. Dynamic homogenization
methods and efficient numerical tools to predict wave propagation properties should also be developed to facilitate the
development of electromechanical metamaterials.

electromechanical metamaterials, active metamaterials, piezoelectric materials, elastic wave propagation control,
vibration and noise reduction

doi: 10.1360/TB-2021-0573

15


https://doi.org/10.1360/TB-2021-0573

