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Research on vibration characteristics of bionic limb-like
quasi-zero stiffness isolation system
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(Engineering Research Center of Impact Protection and Damage Assessment Technology in Liaoning Province,

Shenyang University of Technology, Shenyang 110870, China)

Abstract: In the field of low-frequency vibration isolation, aiming at the issues of insufficient bearing capacity of linear system and
stiffness hardening and instability caused by nonlinear jump of traditional quasi-zero stiffness vibration isolation system, a mechani-
cal model of the bionic limb-like quasi-zero stiffness isolation system was established by using the bionic limb-like structure as the
negative stiffness element and the positive stiffness spring in parallel. The static characteristics of the system were analyzed; A dy-
namic model was established based on the Lagrangian equations, and the harmonic balance method was used to analyze the dynam-
ics equations of the system analytically; Through theoretical analysis and experimental research, the isolation characteristics of lin-
ear and traditional quasi-zero stiffness isolation system and bionic limb quasi-zero stiffness isolation system were compared and ana-
lyzed, as well as the influence of excitation amplitude on the isolation performance and stability characteristics of the system. The
results show that compared with the linear system and the traditional quasi-zero stiffness isolation system, the bionic limb-like qua-
si—zero stiffness isolation system not only ensures the system has a higher bearing capacity, but also effectively reduces the displace-
ment transmissibility and expands the vibration isolation through the design of structural parameters. The frequency bandwidth im-

proves the stability and vibration isolation performance of the system in complex excitation environments.
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before and after deformation
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Fig.5 The variation curves of dimensionless force and

stiffness of composite structure with displacement

B 6 3t — 25 o0 B 1 4540 2 00 05 28 JBOIR 45 4 i
J1EA R R 1E] HR # Sk 48 1) D 20 K7 1R

Hi B 6 Ca) /T, Bl 2 80 L, B9 388 K, TE B0 )
Fy W (B NG~ NG 19 38 2R B 2, 39 52 2 1k 496 i A
e, L, SIS 8L, AR T R SR 2 e
T AR T 6 W8 DX, L 67 P RE X ) 2 P 97 M 2
Fe AN B Ly, ) 385 00 2 2R A8 AR 5 6 (b) R, B R
SR O W, A AR G Y R 3 BE 1 R R R B 1
W J3E DX 3 i 22 9 /b i EL B B RE XA £ I
(B BB Z 36/ 5 i P 6 () AT, B 2 80 L 9 H
ARG R AE T RIRE IR, L L =185, 2%
L T 9 0 72 Al ) 3 0 T 2 X3l i/ AR 2 A2 7
JEE ke A B3SO

Zf L SEIAT R Ly 38 R0 22 2 AR JE o R 2
W/ L LA T o R ST ) 2 PR RE

Z
(a) ZHUL ISR

(a) The influence of parameter L,

0 L L L 1 1 \n i
0 05 1.0 15 20 25 3.0 35 40
7
(b) ZH D KT
(b) The influence of parameter @,

0.3

02

0.1F

0

0 05 10 15 20 25 30 35

A
(c) ZHLIIR M

(c) The influence of parameter L_
K16 45K 2 BO 07 A O 45 K 0 27 PR RE 52 i KL
Fig. 6 Theinfluence of structural parameters on the mechanical

properties of the bionic limb structure

2 HMAOFEFENEISKE

TEBN S22 o3 M b, 28 8T 05 A IROIR o 2 B 4k &
Gei) I [ 2R R o e B ¢, DL RORFBE i
PR, 220 W T T JoH 52 i, ) A 299 B 57 R
GLgh 1507 B JF SR NS WP ik 2 AT OoR A . e
o PV A R AR L B4 R D , oy R i 0 0T 57 A% T
IO, = A LA R XL RS R, BT 2=y — y,o

A BIRE AT LI RN -

T=—my’ (10)
1

) 1 ) ) 1
V:Ekh(z.l ) —O—E/e\,zzz 2k, 1° —I—Ekvzz (11)



X L 45 005 A TR R T ik AR 4 IR SRR A AT 5 33

5514
R Fi s B H A
d dL aL
O 25 *ay—*(DﬂLDngDs) (12)
:Et[:'j,L:T_ijEﬂ$%EEB@ﬁ,DnDz}nD?,%%u

iz gl A v 2 ) e 1k BEL S e % EE 45 BH JE RTK SR
LEPERH JE R FERLRE , 1 g Al 45 .

1 , 1
LZT*VZEmfAQhﬁfghf (13)

D, ,=c¢2
D,—c, (da)+6<d€)
dz dz (14)
D_‘(dx)z,
3— C3 de R

R (13), (ADAARK(12) 7T 45
mi+fi(z)thztcaitefilz)i+

s f3(2)2=—mj, (15)
Horfr:
()= 4k 2 dx dz
u e dy
da o\’
fZ(z)_8(dZ') +6(dz) (16)
dr \’

FKRAZEFEE 16O (), () F (%)
Ji& FE A5 2 H U LA 2 o 51k
L)~ filz)=n 2+ n,2" + ny2’ + 2t

L)~ f,(2)=po+ piz+ p,2° (17)
fi(2)x=fi(2)=ps+ piz + ps2°
K, n~n h i () BIF XS RRE po—p N
Lo () REIT KA & R RE po—ps N [ (2) EIT 2%
I EY 8

B IDRAK(L5) A 15
mE+(n,+h)z+n" + 2 gzt +

12t e, (potprztp.2®)e+

cs(pst piz+ ps2?) 2 =—my, (18)

$aU(18) o A vl LIS 3] .

Ftwirt ot 262+

26,22+ 253222':*370 (19)
/\EF]:
zié ,  nit ok _n _ny
w17m7 Wy — kh ) r27kh? rsikh\/ E)
- M _ClJVCzPoJVC:aPs
1=, &1— ,
kh 2/\/mkh
6 — copr T eapa &= C2pot CsPs

2 mkh 2 QY mkh

H1 T 2R G A8 % A0 8 B A 3R X B WIS FBE
Je . DR 800l 5 A A o 1 5 AR R
yo=A cos(wt)=A cos(£2r)
=B, + Bcos(Qr+ ¢)
A r=wt;0=w/w,; A N FEREE R I AE ; B, o A7
T Al E 5 B F g 3 531 S W 52 W) S 8 L 0 A 2 4
X (20)ARA(19) , 38 5 38 A7 75 3R 75

B() + Bgrg + Bgrg + Bgr4 + EBZrZ +

(20)

EBZB(>7’3+3BZB(Z)V4+§B4F4:O (21)

(28()7’2 _'_ 3337’;; + 4337’3 + ]. - QZ>B COSgD +
3B*Byr,cos ¢ — 20B( &, + £, B, + & B?)

1 . ,
singp—l—Zf;g()B“' sing =—AQ° (22)
20B( &+ & B, + & B})cos ¢ +
1
E&(ZBS cos ¢ + 3B Byr, sing + (23)

(2Byr, + 3Birs+ 4Bir;+1—0°)Bsing =0
637 3 (21) ~(23) 0] IR AR 2 Q7R 10 7
{8 B MR & Boo
1A% A% 33 Fe A R DT B ik 2R Gt I e 1 7 17 i 22
R R - R RIS R @i RN
{H, B

T, =2

(24)

/A“rB“r 2ABcos¢
Yo A?

MR B L,=1, L=1, h=1,0=0.5, [d i} 1
B 5 & A S50 B2, R0 4 00 AN ) X043 331 ik
FE— PR T 2 RN X R 2,=0.5 1 Q, &4, i
TWIEE XN Z,=1.50 Q. , MEFNIEIX K Z,=2.5
49 QA5 ) oF L gd A3 i 157 1 A7 % A2 386 2R AR PR HEAT T F

58, AR 7,8 B R o

p 7 AT 0 O AR SOIR B R 3R 4 A 4 X R Y AL
AR5 0 AR LM NI DR U ok e T A% G oE R W B
PR AR LMk BB S A RUE B GL o X T KNI EE X 1 4R
BT A5 QW A e 1o W 1 55K, A0 S D I 52 W
85 Bl A ST A5 1) A B B W X QN R
A i U P RS2 A% i B A R A I 5 Y iR B o Al
Y 2 B DX Qe T T A0 i 7 A B 3k 3 fe /N, 67 A%
i B 42 0 S 2, U T 2 B DX 47 A BBOIR B iR R
SRR (VE5 i o WA 11 N s L 51 < S8 SR 6]
15 M2 5 8 DT A vk A5 0 1 i BT il 2k LA A
) — S0t TTAT R UE T BRI TSR B R M

w1 & 8 T, AHXT TR M B AR R g L O AR R
7 I B i B 3% G0 4 0 6 8 A% 38 A SRR A {1 22 /D B AR
T 74% CHREE 26 1 FT R ) |, I B Rl % 3R 35 F i
S QB B B Q,, AR R ) A2 RS Bl dE AR g
(B E — 20 W/ | B A B 0 A 3 i — D B AIR , QS A%




34 & F T

T

%38 %

0.15
| N Q, HBM° Q, RK4
. i, - Q,HBM-°Q,RK4
o 0091 ;o s, T QHBM:Q,RK4
006 7 T BRGo SN U
0.03F i |
0 Lo L 1 1
0 0.5 1.0 1.5 2.0
Q
(a) AR L 1%
(a) Amplitude-frequency response curves
0.25
0 .
§ -0.25 \5 50— = 0~ &0 0000}
S -050} e
~ -0.75} I Q,HBM*Q, RK4
™ -1.00f v —Q, HBM - Q, RK4
-1.25¢ 5 -+--Q, HBM - Q, RK4
_1'50 1 1 1
0 0.5 1.0 1.5 2.0
_Q
(b) RLFE M BT LR

(b) Displacement bias curves
P75 A TR v 22 T 2 R A1 2% 49 T 430 o 7 5 162 % fi 25
Fig.7 Amplitude-frequency response and displacement offset
of the bionic limb quasi-zero stiffness vibration isoca-

tion system

20.00
10.00 5
1.00 - N
e
=i Q)
010 —Q
-=Q
------ gt
0.01 ; ;
0.01 0.10 1.00 10.00

8 Ay A IR v 22 I B2 Bl 1R 3% 8 ) 6 7 A% 18 ¢
Fig. 8 The displacement transmissibility of bionic limb quasi-
zero stiffness vibration isolation system
o 25 L IR U B 1A 111, B 4R A 6 A5 4 0.085,
(] If B AT BB Y SRR AR PERE o PR b, D7 2B JROIR v
T R AR 2R G AR R 1 3 AT R DN Y B AR M B X 10
TERPERR IR R G, 17 HAE 2 MR DI, A A S B
AR AT AR B B L DR IE 1 R4 1 i AR IR P T

x1 RBiRMEREHE

Tab.1 The vibration isolation performance data

IR Q  (GHRRE T, EIRRRmE
E g 1.0 10.973 1.414
QA 0.50 2.813 0.752
Q, i, 0.214 1.696 0.336
Q5 0.061 1.109 0.085

3 RIREBENSITSITR

3.1 HMSHRINMERE T

TS HE 5 7 A TR A R TR IR AR S Y
RS RIE, e B ST R G4 F-Z R 2
Wi Z,=1.8 X BL 1Y Q. s AF 0 B Ik 2R 48 4k 2 F

AL T ) 2R PR B JE ¢, =0.5 g 5% BLJE ¢,=0.5 LA B 7K
FBHJE ¢=5.0, e A=0.10, 5381 T L &N =
B L, P,(D,=cosa,) Fl L, X] B IE 5 88 46 XA 7 4% 1%
RREME R L, i 9 B o Hoh #/i Sk AR
] kg 2 B8 K 05 1] o

5

Al “ - L,=0.5

N —L=1.0

A L=2.0
3T int L=1.0,c,=0.5
B i £=1.0,¢,=0.5
2r ; $=0.5,c,=0.5

1 _____________________________________

OI.6 08 B Vl.O
Q
(o) BHLARB BRI

(a) The influence of parameter L, on displacement transfer rate

0 1 1
0.0 0.2 0.4

3.6 ;

o ’.l R @=0.6
1o i — @=0.5
2 R d=0.4
20} L=10,670.5

B 1.6 L=1.0,¢,0.5
12} F=1.0,6,~0.5
08f N
0.4 [ N ‘~\~ .........

0.0 : : 1
0.00 0.25 0.50 0.75 1.00
Q
(b) SE DX RGBT

(b) The influence of parameter @, on displacement transfer rate

6
st i ~=L=0.9
A — =10
4r 2 L=11
) L=1.0,¢=0.5
@ L 1 3 b s | -
L FY kE10,605
sl % @=05,05
A ¥ \b
1 .\‘:A\‘:-\.

000 025 050 075 100 125
Q
(¢) ZEULXRS BRI

(c) The influence of parameter L_on displacement transfer rate
E9 S5 S BOSFRIR R G0 1% 14 R
Fig.9 The influence of structural parameters on the displace-

ment transfer rate of the vibration isolation system

i P9 (a) AT, B 3 280 Ly B/ B IR R 42
F14 IR WAL K I A A, PR IR A1 A5 21042 17 5 vl 1 9 (b)
AR B 2R, B B/ ORIV A6 25 A o B 5
R, A AL RE 8 87 B Pk 2 5 A ik 06 Lm0 /) | T
H B8 PR AIE i W IX B AT R4 A B AR PR BE 5 il 1] 9 ()
AL, TR HE R S /NS L L, 32 S BURAR R
G A T LR G B A IR 3 0, 7B U6 B IR OB A 7S T
PRA AT A7, DR IR A SR A TR 9 2 I B 4R &R
Gimf ek PSR L =1 AT S T .

g5 LTI A8 B A RO T P M B R R S
Bf L, E e S B ATF R L L =1 1 S 8GR AT 45 %



1l

T R JE B NS Ly, 386 K0 46 225 A e Rt —
A B v A IR 2R S8 Y B IR 1R BE

3.2 54 EREZRERKRRZHX LS

g 1 20 U A5 A IROIR T R M E R R R g B
A AL R B4R VERE |, A% S0k 5 20 i — o 3 A5 A A
1 58 1 2 W FE B ik 32 e kA7 0 b o A, BAR TR S
B 2 s o A i SCRRES-7 TR, 76 % il 8
T =R W B R R R S Bl s R T LR

TR Duffing 77 2T LR R R -
ms + ks’ + 2= —mj, (25)

®2 RIR#BITESY

Tab.2 The calculation parameters of vibration isolator
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Fig. 10 The comparative analysis of vibration isolation

performance of three vibration isolation systems
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Fig.11 The influence of excitation amplitude on the
transmissibility characteristics of vibration isolation

system with different quasi-zero stiffness
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Fig. 14 The comparative analysis of test results and theoreti-

cal calculations
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