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Fig. 1. Geometries of arthropods’ limbs and the bio-inspired M-shaped structure.
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Fig. 2. Bio-inspired M-shaped structure: (a) Static equilibrium without mass; (b) static equilibrium with mass; (c) oscillating state.
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Table 1. Parameters of M-shaped structure.
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Fig. 3. Static characteristics of MQZS structure: (a) Potential energy; (b) equivalent restoring force; (c) equivalent stiffness.
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R AT L L

4 WK EHFERIE
4.1 E{UKfE

N T oA MQZS HEZ R EEZ5H I 3h =451k,
AR SR 10 HatE AT T RSR . et T
W 73T Z 81, B eis 2 UG T o &
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21 --- QZSUEHBE - oo QZSBHME
---QZS 7  ---QZS
£ E j00f \'
& £ QZs
0 ~
X N
= % 50
# &
&
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0 -y -
el
—4 —50 .
—50 0 50 —50 0 50 MQZS
x/mm x/mm
B4 MIBHERNIBEZ Y (MQZS) 5 = E R NI 45 (QZS) # SRt 1L (a) SFRUIKE 15 (b) S RLHI B

Fig. 4. Static characteristics comparison between MQZS and QZS: (a) Equivalent restoring force; (b) equivalent stiffness.

Giiz o 75 R P AR LR IR R T S AR L B e kAT
SFRFR. ARG T AR A
E = h1 ($)k1 +h2 (z)szrmg

~ Asad 4+ Agx? + Az, (20)
Hp, Ay, Ay, Ay ¥R ZI0H0E R
¥ (20) XMCAZB R (14) J5, IR
mi + ci + Azx® + Agx® + Ayx = —m3. (21)

P 5 % L TG 2 R SR R (451 S 800
#1). IE 5 a] A, =B 20U T A T
DI B R 45 3. IuRT, JEZemENIEE LA R
B A, = 0.4066, A, = 153.9943, A, = 19633,
Hrp, ZRIRES =R R BN IE. X ERE,
— 5 T FRGEAE I F5 1 T 4 5 B0 o Rl o R
D3 — 5 10, TRV A T R i, =5
B[] 2% P — U AN IR Y 520

5, 28 5 B ) 1 5 A2

2.0
e
1.5F ° j\%gljﬂ:
1.0
Z
~
R 05f
Ei(
® O
#
—0.5
—1.0
—1.5 L L
—40 —20 0 20 40
z/mm
Kl 5 SRR D AT AR S 2 IS 2R L

Fig. 5. Comparison of analytical solution and fitted results

of the restoring force.

x = ay (t)sin (wt) + by (t) cos (wt)
+ ag (t) sin (2wt) + bs () cos (2wt) ,
For, ay(8), by(t), ax(D), bo(t) RN R KL, T4
TR AR B9 R E PR 0 A, 3 HELARR i HG 2 G T ]
t F— U PRI AR
BER (57 R A2 -

(22)

z = Zysin (wt), (23)
e, Zy SRR A% PRl A MR
B (22) 2RI 1) 73 505K — UM O 58, it

A DI B AR GE R I, R (23) sU—
IR (21) U, BEATIRBCF, I 20m =k K LA
IR, A
(Q1 — 4A3b3) a1 + (4Az2a2 — 4we) by

+dmZy = —4caq + Smwi)l,
(Q1 + 4A3b3) by + (4A2a2 + 4we) ay

= —4051 — 8mway,

(24)
(QQ — 12mw2) as — 8wchy + 4A5a1b1
= 16mwby — 4cas,
(Qg — 12mw2) bo + 8wecas — 2A4 (a% — b?)
= —16mwas — 4cbs.
Hrp,
Q1 = 3A; (ai +b7) + 4A; — dmw?
+ 643 (a3 +b3),
(25)

Q2 = 343 (a§ + b%) + 44, — dmw?
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TEREIRAS, RGN REL ¢ = [ay, by, ag, bo)"
R A, HOCT R R ACh . I, (24) 0]
AR V|

(Q1 — Q2) a1 + (4Azas — dwe) by + 4mZy = 0,
(Q1+ Q2) by + (44202 + dwe) ag =0,

az (Q1 — 12mw?) — 8weby + 445a1b; = 0,

)
b (Q1 — 12mw?) + 8weay — 245 (af — b3) = 0.

(26)
(26) R —MAELMET A, 5/ 4 DARIEL
AR, E R, T LIS R N R AL g =
[y, by, ag, b7 O HEFCIRA (22) ST RGEHY
AT R MR N .
FRYGE L X RS M L Ay
x4 z = ay sin (wt) + by cos (wt) + ag sin (2wt)
+ by cos (2wt) + Zp sin (wt) . (27)
2 XF WRAE N

Tabs = [(al + Z())2 + b% + a% + b%

+ 2\/(@1 + Zo) + bf\/ag + b3 ] (28)

RGN 38R F G X B W 1 5 A 67 7%
Wi 2 L, B

T =20lg <“TZabs> . (29)
0

N T i RS EVEREAT 20 A, R (24) XL
HEFERIE A

Gq=F(q), (30)
HApMME G5 F(q) BEARSE AR % A .
(30) 2RI LA iR S R T 2
qd="P(q), (31)
Hrp, P=G7'F(q). Rt e T P(q)
Tl HLAR . 8 (26) 2T BN IR A P(g) 1
AT O B, I HATE) N T R R
TR FE, WEATE M.

4.2 HEFERIE
4.2.1 L PARR K AR P 3G

R T W UE ST AR RS B, B S () B
HHATIRAIE. BEREPURY JRAK RIS TR RSt iz sl i iR
ARG SR A, T R 1 Ta) 0 A00URN S 1 94045 L. HE

o JEREIORD A = 1.0 m/s?, U RN, H
WA R 1—4 He, F50 BE 344 0.005 Hz/s, &
SLERMBHNG 1 Fs. B 6 X T TR S
Bafi 5as R MICRIREIZ B, B 507
HARW AT G, BA B r TR R, P tn]
DU TR S S2 40 4T.

0.06
— fRAT AR

0.05 - — BT E
- - - RIFE

WK/HZ

Pl 6 RGeS0 N7 4 AR BT A S RO A X 1L
Fig. 6. Comparison between analytical solution and numer-

ical simulation.

4.2.2 DA

T WESE M OB A A= 2544 1 Sl 25 e g AR, 3R
XS HOr SRR TIRFE. DNIEL 6 W0, 243800
WA 2.2 Hz B, REAFEZ N REM, RGN
MR . ik, SEERUNIE 2.2 He, ¥4
BOMIEIEI A = 0.5 m/s? BWHEE A = 2.0 m/s2,
13BN RGN IRIE 3 72 & (] 7).

0.03

0.02

0.01 |

ok —

z/m

—0.01 ——_

—0.02

—0.03 L L
0.5 1.0 1.5 2.0

A/(m-s=2)

B 7 M A 4540 1 B IR AEL 43 25 &L (f = 2.2 Hz)
Fig. 7. Bifurcation diagram of MQZS induced by excitation
amplitude (f = 2.2 Hz).
H T WA [R5 Bl B e R, R T 34
AN FE AR R (A = 0.8 m/s?, 1.1 m/s? DU &
1.8 m/s?) FEATHUE DT L. 18] 8 Ay 3 Fiah &1
S SN SN N S DA LB T s b
IE{E A = 0.8 m/s? B}, RGALT/NRIE A —iz
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50 50
(a) A=0.8m/s? (b) A=0.8m/s? 500 F(c) — A=0.8 m/s?
40
T
30 F @
g g :
g
= AW S E O ©
8 5 20 =
)
o
10 |
| —500 -
0
_50 A " n n n
0 5 10 0 2 4 6 8 —50 0 50
t/s f/Hz z/mm
50 50 t .
(d) A=1.1m/s? (e) A=1.1m/s? 500 F(f) — A=1.1m/s?
40
T
£ = 30F :
E of E 0
< ~ g
8 8 20 =
o)
S
10 |
] —500
0 . 0 b . . .
0 5 10 0 2 4 6 8 —50 0 50
t/s f/Hz z/mm
50 50
(g) A=1.8 m/s? (h) A=18m/s? 500 (i) — A=1.8 m/s?
40
7
g g 30 | 2
E 0 £ 0r
< < g
8 8 20 =
)
o
10 |
—500
|
50 . ot : : - .
0 5 10 0 2 4 6 8 —50 0 50
t/s f/Hz z/mm

B8 NIRRT RGWN (f = 2.2 Hz)  (a), (), (g) BHRIEL (b), (o), (h) BRI (c), (D), (i) M
Fig. 8. Dynamic responses at different excitations (f = 2.2 Hz): (a), (d), (g) Time-history response; (b), (e), (h) spectrum responses;
(c), (f), (i) phase diagrams.

By, Hom S EATR Aok 2.2 Hz, BEHT RE045H BT 3R (f= 1.5 Hz, f= 3.3 Hz, f= 3.8 Hz)

MR MR/, RIS 2 A = 1.1 m/s?
W, RGN JE A —2 ghi AR i T A = s gy, o
7 (P Y S 386 K O L R B 4 ik 2.2 Hz Al
0.733 Hz (1/3 f540), 25 R AE ety 2 mm -+ o

HEAT Sl AW WA EL A, NI A LA KA [ 2
&1 10 Pos. S f= 1.5 Hz B, REE TR
PR FE M —iz 3, Hom R Y B 1.5 He

PR R, MR A — 1.8 m/s B, R " f—

S5 IR ST [ B R 32 3, (R RS 002 f°

Wi o7 IR (B % v, OF HL B B R fr o8 2.2 Hz Al 0.01F

6.6 Hz. fILATA, ZEMIAIRIEH A = 0.8 m/s2 P .~

%A = 1.1 m/s? I, RGN — iz 37 o el 1 ' .

SSED, AT R A WG R I (PO 24 o e

LR AR T i —iz 8. 0.2} : c - 3""' "
S A 2, 2 A 2R 55 0 25 W £t

9 iR oo, He iR s A = 2 m/s?,
BRI AREL 1.0—4.0 Hz. )AIE 9 A1, Bl 552
WK, RE S BRI — R =2 5. 530k

B9 BUmBEAL AR R (A = 2.0 m/s?)
Fig. 9. Bifurcation diagram as the excitation frequency
changes (4 = 2.0 m/s?).
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10 SFBIBSE T RGN (A = 2 m/s?)

trum responses; (¢), (f), (i) phase diagrams.

F1 4.5 Hz( = A5M); WS EU A Hy f= 3.3 Hz
5, RGAE TR =z 3, e IR 3 IE )N, wi
IO ) E AR N 3.3 Hz M1 1.1 Hz (1/3 f54);
T YRR N f= 3.8 Hz i, RGEALT/NRIR
S —i2 3y, PRBE AR /N, I L Ry A 32 28 43
oA 3.8 Hz. 5 LRI L, BEE WURIAIE M 1.0 Hz I
LRI RIS, 2R G5 o] 3 7 ) = J] S g i 4 A5
RAET EIEAC S 20 TSI R B R g R
XA, ZR G0 LL/MIRIE R —i2 5.

5 R IRk 1 e 5 HLEE AT

RS FR R N P REXT L
N T e tE MOBHEZ MBS i B fig,
PR FE 5 28 i Y = 59 T NI B R GE AT R L.
11 RN A = 1.0 m/s? IS, PIRhEEH 1%
AR, B e, MEAL R g, =k QZS

5.1

(a), (), () BHIIAL; (b), (e), (h) BUREL; (c), (£), (1) A
Fig. 10. Dynamic responses at different excitation frequencies (A = 2 m/s?): (a), (d), (g) Time-history response; (b), (e), (h) spec-

GERFALIR AR RN AT 1.82 Hz, f54E MQZS
SE R FRAL 3 RN B AR N 1.72 Hz, HOHTH BRI
T 5.49%; MIGEATMEE, =508 QZS L5 1
WA T 3.14 Hz, 54 MQZS G544 1wl 17 I {2
fI T 2.86 Hz, LEETERRR T 8.92%; M A& i%AIE(H
MEE, =58 QZS G5 i KA% 8% K 54.07 dB,
MQZS W K3 %558 T 51.66 dB, HLAETH K
T 2.41 dB. )&, KRR PR PN i o) B 5 A%
B, MQZS 45t iy 153 3 5 =003k QZS 45+
YR, LA f = 3 Hz AP, =505 QZS 45k Hf%
i % h-49.90 dB, MQZS #E % W B 1 1% 33 %k
~49.94 dB. FZF P RAEMCRERIIE [, REAYMAN;
TRIEAR /DN, 52 2N 25 AR PR B ma AR /N, ]
I, MQZS T4 8 =305 QZS, HALRIET
FAAR I ELATR AN AL . DA K B AR PR it B AR %
FAERAR I, W6 A PR PR RE R Y.
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100

—-— =HEQZS
80— MQzs

{3 /4B

B 11 MQZS #5195 =53 QZS 5B AR XT L (A =
1.0 m/s?, ¢ = 0.1 N-s/m)

Fig. 11. Transmittance comparison between MQZS and
QZS (A =1.0m/s? ¢= 0.1 N-s/m).

5.2  HEMIEEFIZSHIRE BRI E2 A

Al 2P AT o i 45 4 1) B B M BB A A 45 9
R (R AN 25 44 L 25 DI AH oG, Bk, B 12 XFHe T 4
s BE iR 4512 (A = 0.1 m/s?, A = 0.25 m/s?,
A=05m/s?, A =1m/s?) F, MQZS 4t fil =
W QZS Z5 M AL AR . IR R, fEX
4 PR AR, 5 A MQZS 45 46 11 B I B 45
R UG AT S5 R I (I ) 97 R (L Y AIK T =998 QZS
ShHy. HRHL, FE SN R B B 0.1 m/s2,
0.25 m/s?, 0.5 m/s? Fl 1 m/s? B, MQZS 45 ¥4 19
T AL BT R AY HH 0.86, 1.12, 1.39, 1.73 Hz; —
P QZS S5 H B ZAE B R AR 4350 0.95, 1.21,
1.48, 1.82 Hz.

TEA% 36 R WA 5 T, MQZS 45+ fih s i 451 2
AL 336 R 43 5] & 0.96 Hz F1 30.32 dB. 1.43 Hz
F138.45 dB, 2.03 Hz fil 45.02 dB. 2.86 Hz i
51.66 dB; — 5 QZS 45 k) i) I (B A0 5 F 4% 326 o
435 1.05 Hz 1 32.78 dB. 1.60 Hz 1 40.81 dB.
2.23 Hz 1 47.32 dB. 3.14 Hz 1 54.07 dB. H1 7]

1, MQZS 45K 1A [ 0 58 30 i (T ¥ RE RS
FEARPR IR LA IR A (AR 548K, IF H %
I Al R P A, e (A R R AR AR Al
n#E.

100
80 - Increasing A

60 e 08 m/s?

40 [ /s

20 1
o Z

—20 +

T/dB

o Conventional QZS
MQZS
40+

—60 F

0 . . . . . . . .
05 1.0 1.5 20 25 3.0 3.5 4.0 45 5.0
f/Hz

Bl 12 K[OR8 T MQZS e 58 QZS & Gifl i R ks
PEXF LB (¢ = 0.1 N-s/m)

Fig. 12. Transmittances comparison of MQZS and QZS un-
der different excitations (¢ = 0.1 N-s/m).

13 PR T ASRIBJE 2500 T R QZS
RGBT (A = 1.0 m/s?). BAK &, BEEFHER
B, PRRhZE R 1 1% 328 R0 B A RO B4 23 K
/N, JF H MQZS 85K 1% 18 3003 | Wi L) e
LR PR IR AR IR T =503 QZS 454, 4FHJE ¢ =
0.1 N-s/m B, MQZS 25 #4 bk = 515 QZS M 1g (g
WA | W A 3B 23 LA BB B PR R A1 32 4 Sl B AT T
0.28 Hz, 2.4 dB #10.09 Hz; *4fH)€ ¢ = 0.15 N-s/m
if, MQZS Z544 b =535 QZS A (E M5 | IE(H
1% 32 32 L) RS U B R A 32 23 | IR T 0.248 He,
2.32 dB 1 0.098 Hz; 4244 & ¢ = 0.2 N-s/m
fF, MQZS 458 Lt = 558 QZS MY IE{E A% | W (H
1% 388 36 DL KR B B I 431 3 4 3 B AR T 0.22 Hz,
2.2 dB 1 0.099 Hz. AT %1, MQZS Z544 1) 32 %2

100 100 100
(a) ----MQZS, ¢=0.1 (b) -MQZS, c=0.15 (c) - MQZS, ¢ =0.2
° QZS,c=0.1 > QZS, ¢c=0.15 ° QZS,c=0.2
L 3 50 - 50 -
o 4 kel y <= /
= - q & of & op
\g ‘\ ‘\
B \ | \_ 501
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
f/Hz f/Hz f/Hz

B 13 ANFEFE T MQZS filfs 4 QZS & Gifs i FAEMEXT LA (A = 1.0 m/s?)
Fig. 13. Transmittances comparison of MQZS and QZS with different damping (A = 1.0 m/s?).
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Design and dynamic mechanism of M-shaped low-frequency
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Abstract

Arthropods, including spiders and mantises, can maintain their body stability on shaking surfaces, such as
spiderwebs or leaves. This impressive stability can be attributed to the specific geometric shape of their limbs,
which exhibit an M-shaped structure. Inspired by this geometry, this work proposes an arthropod-limb-inspired
M-shaped structure for low-frequency vibration isolation. First, the design method of the M-shaped quasi-zero-
stiffness (QZS) structure is presented. A static analysis of potential energy, restoring force, and equivalent
stiffness is conducted, showing that the M-shaped structure enables a horizontal linear spring to generate
nonlinear stiffness in the vertical direction. More importantly, this nonlinear stiffness effectively compensates for
the negative stiffness in large-displacement responses, thereby achieving a wider quasi-zero-stiffness region than
the conventional three-spring-based QZS structure. Subsequently, the harmonic balance method is employed to
derive approximate analytical solutions for the M-shaped QZS structure, which are well validated through
numerical simulation. A comparison between the proposed M-shaped QZS structure and the conventional three-
spring-based QZS structure is performed. Results show that the M-shaped QZS structure is advantageous for
reducing both the cut-in isolation frequency and the resonance frequency. In particular, under large excitation
or small damping conditions, the performance improvement of the M-shaped QZS structure in terms of reducing
the resonance frequency and maximum response becomes more pronounced. The underlying mechanism behind
this feature is primarily attributed to the expanded QZS region induced by the M-shaped structure. Finally,
since the M-shaped structures vary among different arthropods, the effect of the geometry of M-shaped
structures on low-frequency vibration performance is investigated. Interestingly, a trade-off between vibration
isolation performance and loading mass is observed. As the M-shaped structure becomes flatter and the QZS
region expands, the cut-in isolation frequency, resonance frequency/peak, and loading mass all decrease. This
occurs because a flatter M-shaped structure leads to a reduction in the equivalent stiffness generated by the
horizontal stiffness. Therefore, as the loading mass capacity decreases, the low-frequency vibration isolation
performance is enhanced. This novel finding provides a reasonable explanation for why most arthropods possess
many pairs of limbs, allowing the loading mass to be distributed while achieving excellent low-frequency

vibration isolation.
Keywords: bio-inspired structure, low-frequency vibration isolation, nonlinear vibration, arthropods
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