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Abstract: To address the inherent contradiction between lightweight design and low-frequency
broadband bandgap performance in lightweight metastructures, a synergistic design theory and
method for ultra-low-frequency broadband bandgaps in lightweight two-stage inertial amplification
metastructures based on the motion decomposition and conversion mechanism are proposed. By
coupling a linkage-based inertial amplification mechanism with a screw-type inerter mechanism as
the specific physical configuration, a lightweight two-stage inertial amplification resonator with
ultra-low-frequency characteristics is constructed and introduced into the metastructure, whereby

a synergistic design of lightweight characteristics, ultra-low-frequency performance, and broadband
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bandgap is achieved. It is revealed by the research results that a large equivalent inertial mass is
generated by the two-stage inertial amplification mechanism excited by the dominant mode of the
resonator. This substantial mass not only endows the resonator with ultra-low-frequency characteristics
but also produces a strong inertial effect and strong modal suppression forces, whereby an ultra-low-
frequency broadband bandgap is established within the lightweight metastructure. It is further
demonstrated that the bandgap starting frequency of this type of metastructure can be reduced to
6. 32 Hz, which is decreased by 77. 6% compared to a single-stage inertial amplification metastructure
with identical parameters, while the relative bandwidth is broadened by a factor of 26.3. The
inclination angle of the inclined rod, the geometric parameters of the flywheel, and the screw lead
are identified as the key parameters for regulating the inertial amplification factor. Through
multi-parameter synergistic design optimization, precise regulation of the target bandgap can be
achieved. By enhancing the inertial amplification factor, the inherent contradiction between
structural lightweighting and ultra-low-frequency broadband bandgaps is effectively overcome by
the synergistic design method for lightweight two-stage inertial amplification metastructures
proposed in this paper.

Keywords: ultra-low-frequency broadband bandgap; metastructure; inertial amplification; lightweighting

FAR A (10 Hz LAY Ik 3l 1) 58 2 15 15 1 5 0 4
P Aol R TR iR B 4 A 400 g S R X RS 5 T
2401 G i R R 56 A 1 T R AR B 5 IR A T S
2 G2 4041 SR s 52 R T B 5 L RE AR B R S 0 A
P X DL 0 L L e SSOR B0 BT EOR . IE AR
oK S Tl B A ) 45 R S AR AR 0 4 ) B AR TR
T, ORI ey e A2 A Al 55 R B R Y ] )
S B AT R e 28 A o A7 s 12 ek s 2% D b A

R B TR B A B A A R 45 A L I U
KRB I J B IR A (10~ 100 Hz) 41 21 (14410 il 8
T3t B R ™ HOBCT IR R T AR
Sy S5 B AR B AT B R O A A 0 IR )
L XS SR AR F AR AR vh 5 5 S B B
A DRI A5 5t R SR AR AL 1 7 S B AR L IR
WG IR AR 5 TR AT [ A SR BIR R R e R L 2
SRS B BT e NS P B

o i R 3 SRy BR 3 A SRS TR R ML A 5 A
A BT B T AT R R AR A B A5 . %
HLH 8 1 4 RE R ML 32 2l oz sl e e, nT R R 42
F A58 AR o 5, T G 3 8 S5 45 g AR A 1, 4%
o 45 R 1 ) SO R SR L T AR B S OB R B
F AR S AR 30 4 B . R S BB P R Y T B
AR AL A T ILA (S B R B FE 2R ORI i
TV Fe Blis B e e i) U B 2K L TE AT O
FEHp PR O PR 2 T A A A 4 B ) I ik
e TORE BRI B LB A A TP RO 1Y
RO E PR A2 R TR R A IR S AL A A A
P A L SHE BT 5 A AT IR sl 4 R oK . AL L 5

zkxb. xjtu. edu. cn

PETCRAIL A 5 1A 2544 S 00 A B3t v, 0 o e Jo
S5 04 AR S AU L B SE BRI TR AT BE

TEFF R BVREE M J5 10, A Yilmaz 555 IF 8114 1
H AT 28 2540 77 AR AR R 200 DA 5 BRARR Al 9 LA o
WEFE 8 3 51 A ZE I S FF BT T S5 B 5 R
SRR A e — 2D R AR T R 0 A<
J& T AT BE  [R]  AE B R R A5 A
Bk T AR A AR R R . SR LA 32 B
TSR, DLZE TR BOR RO S R A8
FHIZ 2 BB R A5 A AT HE LA S B 10 Haz LAY B3 B AR
P B, AL Z T A BDE S5 R 1 BF S A I
AR R W 4R L BV W 5T R W] - % 45 F REA SR R
BRI 0 SE kIR A L O B AT R /N B R
wI L H =] S5 R U B DAt — 2 e T
RECT L SR, A WS 2 R T LIS R S )
Br. ot = RERIHLER R W BESC B 5 S g ik . [
I, A Al L AR BT 58 0 B A P[] S BLATS H Bk
Mo PRI g Bk — 25 R TSR R I R S
PARMEROR IR T (B 1)) 88O My g dfe L4 T L
R a7 B e B o 1 A B 25 4 R TR e A
AP U I 1 ek P — 0 X

I 7R SCHR Y — o T2 Bl O ik 5 A 4 HL
B GBI O B o A5 A B B 507k . il
WS FT 2 P R LA 5 22 AT 152 AL D B A A
ey ELAT i B P ORS8O0, B9 IR T T AR R A
CASTTE NN R Y €18 01 LA
AHREE R 3 g 4 s HG AR AR 3l 4 B A IE A
DL I P2 ML Sl ST T ) 30 B A B IR T T i




244 [ S N %60 %
W IT B A i R T OR R [R] I S BAR J BRFT AR RNEL A1 s re o 220 0 IRAT LA AR s m
AR AT N G B 5 Ay % T B Al R AR %*/DZ B T e B IR 1 0 S B 5 ML, A R R AR R
I A9 BLA Ry FR 2 B8 1 e S8 5 B0 7 ik TR i . b TR, T Sl i 22 0 DY i

— j R 5% 4 o 158 LT 1) ) /N0 RS B Al DR oK F-
1 RN LU IR 2 FFRLAG (B 1 ()
e A R 0 N i A P

FHE DL o R A 2 22T A LR L 1 (b))

B 1R TR GO R T IEMR S b T o (b o R B AT 52 B —
FERERLIRBERD . [0 1) MR R RERIRERF Kk % A B I W S R — S04 i K B T (7 1
SEEINE R0 BT AR FRIERT SO T 0 () s hbfe 75— . — S i B 22 B 7 £
BT s, /2 N SR B s, SOk T F R P SR TR T O 1 (o)) BB R ¥
BORCEE U (10 5 007 10 7 B0 S O (o BT (1 B B L 53 T 8195 ) 25 20 1 I
s e S BEE LGB TR L a A CE 1)) AT S SRR B S A

r

m,— |
mz-]z-lz k
FRo

N = - .
L, L., L Loy
(DRI RV (D) R FLIR SN (OB TR T (DB FBTE T ()RR R RIET
Bl 1 525 B R IR T8 A5 R h Ry Pk HL AR 1Y

Fig. 1 Lightweight secondary inertial amplifier vibration mechanism model of ultra-low frequency characteristics
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Fig. 2 Synergistic effects of screw lead and inclined rod angle

on normalized frequency
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Fig. 3 Synergistic effect of screw lead and flywheel radius

on normalized frequency
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Fig. 4 Lightweight inertial amplification beam-pipe metastructure

and its formation process
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Fig. 6 Lightweight inertial amplification metastructure sample

and experimental testing platform
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Fig. 8 Lightweight inertial amplification metastructure unit
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Fig. 10 Experimental transmission characteristic curve
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