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Abstract. A nonlinear vibration isolator with High-Static-Low-Dynamic-Stiffness (HSLDS)
characteristic comprised of vertical spring and horizontal spring is presented in this paper.
Response of the nonlinear vibration isolator under three different kinds of base shock excitations
is considered, the dynamic motion can be approximately described by the classic Duffing
equation. A transformation function and ultra-spherical polynomial approximation method are
employed to determine the shock response and compared with numerical method. Then
performance of the nonlinear vibration isolator under shock excitations is evaluated by three
performance indicies (Maximum Absolute Displacement Ratio (MADR), Maximum Relative
Displacement Ratio (MRDR) and Maximum Acceleration Ratio (MAR)), and also compared with
a linear one. Results show that the analytic method suits for weak nonlinearity and the performance
of the nonlinear vibration isolator under shock excitations is greatly influenced by the input shock
magnitude and structural parameters.
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1. Introduction

Passive vibration isolators are widely used to attenuate unwanted vibrations in the engineering
industry [1, 2]. A simple linear spring-damper passive vibration isolator can provide an effective
isolation when the excitation frequencies are greater than v2 times the natural frequency of the
isolation system. As is well known, in order to achieve a better isolation performance, one can
reduce the spring stiffness or increase the mass. But these two strategies are undesirable in
practical engineering. Reduce spring stiffness can cause a larger static displacement on the
application of a static load, increase the mass is limited by practical conditions. In order to
overcome this limitation, nonlinear vibration isolator with High-Static-Low-Dynamic-Stiffness
(HSLDS) can be used. HSLDS means the nonlinear vibration isolator have a high static stiffness
with a small static displacement to withstand a static load, and a small dynamic stiffness to achieve
a low natural frequency [3].

Nonlinear vibration isolators that have HSLDS property have been studied by many authors.
Ibrahim [4] summarized many different kinds of nonlinear vibration isolators in detail. Carrella
and Kovacic et al. [5-8] proposed a nonlinear vibration isolator using a vertical spring in parallel
with two oblique springs to get the HSLDS property, and studied force and displacement
transmissibility of this nonlinear vibration isolator. Zhou and Liu [9] used a mechanical spring
and magnetic spring to build a tunable HSLDS vibration isolator. Le and Ahn [10] considered a
vibration isolation system in low frequency excitation region with HSLDS property for vehicle
seat isolation. Liu et al. [11] used a vertical spring in parallel with Euler buckled beam to build
this nonlinear vibration isolator. A. D. Shaw et al. [12] proposed a HSLDS vibration isolator using
nonlinear spring mechanism incorporated with a bistable composite plate.

In these previous researches, they studied response and transmissibility of this HSLDS
vibration isolator under sinusoidal excitation for both force and displacement excitations, few
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studies have drawn attention to the random excitation [13,14] and shock excitation [15,16], which
are common forms of excitations in practice. Shock excitation is considered in this paper. Linear
shock isolation problems are studied fully by many authors [1, 15]. Snowdon [16] presented the
response of nonlinear shock isolator and concluded that a soft spring performs better than a hard
spring. Balandin [17] reviewed optimal shock and vibration isolation including mathematical
foundations of both optimal open-loop and optimal feedback isolation systems. N. Chandra
Shekhar et al. [18] considered the response of nonlinear dissipative shock isolators with non-linear
spring and non-linear damper, and showed that the non-linearity in the stiffness has less effect on
the response of the isolator than the non-linearity in the damping. They [19] also considered the
performance of four different types of non-linear isolators and absorbers to shock excitations, and
concluded that the three-clement and two-stage isolators are preferable in the presence of
non-linear cubic damping. Liu et al. [20] investigated the performance of a zero stiffness isolator
under shock excitations using numerical methods, but failed to consider using analytic methods
to indicate the shock response.

Various analytic methods have been studied for transient analysis of nonlinear systems. In this
paper, a transformation function with ultra-spherical polynomial approximation method [21, 22]
are used. In Section 2, a nonlinear passive vibration isolator with HSLDS characteristic comprised
of vertical spring and horizontal spring is presented and three different kinds of base shock
excitations are considered. In Section 3, analytic results obtained by using ultra-spherical
polynomial method are compared with numerical results. In Section 4, three performance indices
are considered to evaluate the performance of the nonlinear isolator and compared with a linear
one. Conclusions are drawn in Section 5.

2. Modeling of nonlinear vibration isolator with HSLDS characteristic
A nonlinear vibration isolator with HSLDS characteristic comprised of vertical spring and

horizontal spring is shown in Fig. 1. This model has been studied in detail in [5, 8], so only brief
description is presented in this section.

Fig. 1. Model of a nonlinear vibration isolator with HSLDS characteristic

The force-displacement characteristic of the system is given as:

lo
F =K,x + 2K, (1—\/362:#))6, @)

where K, is the stiffness of the vertical spring, K, is the stiffness of the horizontal spring. [ is the
initial length of the horizontal springs, [ is the length when they are in the horizontal position and
x is the displacement from the static equilibrium position.

When the amplitude of the displacement is limited to about 40 % of the static displacement,
the approximation of Eq. (1) is given by:

l l
F, = (KV—Z(TO—1>Kh)x+l—gKhx3 = K;x + K3x5. (2)

Eq. (2) can be written in non-dimensional form as:
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. 1=\ [~1-1*\_ A
FEE=(1-2k E T+k 7 %23 = ax +y%3, (3)

where % = x/x;, F =F/Kyx,), [=1/l,, ®=x/xs, x;=(%—1*)Y? is the static
displacement of the system after being loaded with mass.

It can be seen from Eq. (3) that if [ < 1, the horizontal springs reduce the linear stiffness of the
isolator such that the stiffness is less than the stiffness of the vertical spring alone. If k = 1, then
[ must be greater than or equal to 2/3 so that the stiffness of the isolator can keep positive and have
a snap-through characteristic [6, 8].

The non-dimensional force-displacement curves and stiffness-displacement curves of the
nonlinear vibration isolator for various values of [ when k = 1 are shown in Fig. 2. It can be
clearly seen that when k = 1, decrease [ can reduce the linear stiffness which is less than the
stiffness of the vertical spring alone, but with the penalty for an increase in the nonlinearity and
the stiffness region where the dynamic stiffness smaller than the linear one reduces. Overall, the
nonlinear vibration isolator with HSLDS characteristic can expand the isolation frequency range
without losing the support capacity, which is superior to the linear isolator.

04 1.6

e o ©
= v w

Non-dimensional force
(=] o
N = o

o
w
Non-dimensional stiffness

S
=S
(4]

Non-dimensioral displacement 05 Non-dfmension%l displacement 0e

a) b)
Fig. 2. Non-dimensional force-displacement and stiffness-displacement curves of the nonlinear vibration
isolator for various values of [ when k = 1

When the base of the system is subjected to shock excitations, the dynamic motion equation
of the system is given as:

m(E — ) + (it — 9) + Ky (x — y) + K5 (x — y)* = 0, “)

where x and y are the absolute displacements of the mass and base respectively, and the dots
denote derivatives with respect to time t. The initial conditions on x are taken as t = 0,
x = x = 0. Eq. (4) can be written in non-dimensional form as:

Z" + 207"+ aZ +92yZ3 = f(T), 5)

where Z = (x = ¥)/Ym, { = ¢/2Cmwy), wy, = VEK,/m, a =K /K,, vy = K3x2/K,, T = wyt,
Ym = Ym/%s, f(T) = —=y" /Y. The primes denote derivatives with respect to T, y;, is the
maximum magnitude of the shock input.

Three common kinds of base shock excitations [18,19,23] are considered: rounded
displacement step, rounded displacement pulse and oscillatory displacement step. The three
common base shock excitations are used to represent a discrete irregularity on the road, such as a
bump or a vertical mismatch between sections of the pavement. The three shock excitations are
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shown in Fig. 3 and the mathematical expressions are given as:

y(@) = (1 = (1 + rwyt)e™™nb), (6)
2

y(@t) = Ym ez) (rwyt)?e™"vnt, (7

y(£) = 1,,(0.68684)(1 — (cos(rwyt) + 0.25sin(rw,t))e~025wnt), )

The non-dimensional function f(T) can be obtained as follows:

f(T) =-r2(1—rT)e 7, ©)
2,.2

f(T) = - ¢ 4 (2 —4rT + TZTZ)E_TT, (10)

f(T)=- (%) (0.68684)12(cos(rT) — 0.25sin(rT))e 0257, (1n

where r is the severity parameter. Greater r means a more severe shock signal.

20 T 30

a)
Fig. 3. Three common kinds of base shock excitations: a) rounded displacement step; b) rounded
displacement pulse; c) oscillatory displacement step

40 50

3. Response of the nonlinear vibration isolator under shock excitations
Eq. (5) can be expressed in a general form:
Z" + 202"+ aZ + e®(Z,Z") = f(T), (12)

where ®(Z,Z") denotes the nonlinear function. The initial conditions of Eq. (12) are taken as
T =0,Z = Z' = 0. The solution of Eq. (12) can be solved by using the transformation:

Z=Y+F. (13)
Substitution of Eq. (13) in Eq. (12) yields:

Y'+F" +20Y' +2(F +a¥Y + aF + ed(Y + F,Y' + F") = f(T), (14)
Choosing function F (T satisfies the condition:

F" 4+ 20F + aF = f(T). (15)
Substituting Eq. (15) into Eq. (14) gives:

Y"'+20Y' +a¥ +e®(Y +F,Y' +F) =0, (16)

where Eq. (16) subjected to the initial conditions Y| 7o = —F| 7=¢, Y'| 720 = —F'| 7=0.
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Ultra-spherical polynomial approximation method [21, 22] can be applied to Eq. (16). The
solution of Eq. (16) is assumed as:

Y(T) = A(T)cosy, (17)
where Y(T) = wT + 6(T),w = Ja — &2

Then gives:
A+ (A= %(b(T,Acoszp, —{Acosy — wAsiny)siny, (18)
o' = ﬁcb(T,Acosz,b, —{Acosyp — wAsiny)cosy, (19)

which subjected to the initial conditions:

AgcosOy = —F| 7—¢, (20)
JAycosOy + wAysiny = F'| 71—, 21)

where Ay = A| 7—¢, 89 = 0| 7—¢. The right-hand side of Eq. (18) and Eq. (19) are periodic
functions of Y with period 2m. The left-hand side of Eq. (18) and Eq. (19) are proportional to the
small parameter €, so they are slowly varying functions of time. So the right-hand sides are
expanded in ultra-spherical polynomials in range [0, 27], the expansions are only restricted to the
first term, which gives:

A+ QA= %P(T,A,/l), (22)
=&
0 =— Q(T, A, %), (23)

where A is the ultra-spherical polynomial index. Combining Eq. (20)-(23) and Eq. (15) can
determine the function Y (T), F(T). Then the response of the system can be obtained.
The nonlinear function ®(Z,Z") in Eq. (5) equals Z3, using the transformation gives:

3 2

e (A3 A3 3F24
A"+ (A =—|—=sindy +
w

sin3y + <— +

8

- )sinZt/J + <F3 + %AZF) simp>, (24)

/A3 A +3A2F 30+ A3+3F2A 2\
|3 cos4y 7 cos3y > > cos2y

0 =— .
wA 5,9 5 34% 3AF?
+(F +ZA F)cosz,b+ T-l_ >

Expanding the right-hand sides of Eq. (24) and Eq. (25) in ultra-spherical polynomials and
retaining the first term yields:

(25)

A'+7A=0, (26)
o= (B, 3 e (A3 +(F3+9A2F>C e 27
“wal8 Tt 4 T2 2 z 4 ! 8 2 ) @D

where C, = T(A + 1)],(nm)/(nm/2)*, T(A + 1) is the gamma function, J;(nm) is the Bessel
function of the first kind of order A.
The solution of Eq. (26) can be easily obtained:
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A= AgedT. (28)

Response of the nonlinear vibration isolator under rounded displacement step shock excitation
is first considered. Combing Eq. (6) and Eq. (15) gives:

F' + 2{F] + aF; = (—r?> + r3T)e "7, (29)
Then F; (T) can be obtained:
Fl(T) = ((11 + blT)e_rT, (30)

where a; = (r* —r2a)/(r? = 2{r + @)?, b, = 1r3/(r? = 2{r + a).
Combing Eq. (15), Eq. (27) and Eq. (30) yields:

p_E((C, G 3, -2 3C; | 9G, —(+nrT
01 _W<(E+7+§)Aoe +(T+T>A0(a1+b1T)e

3 c (31)
F2(+ 0y + BTV e+ oy + blT)3e‘(3T‘OT>,
0
where € = $2y. Integrating Eq. (31) and applying the initial conditions lead to:
91 = 911 + 90, (32)

where 8,4 is defined in the Appendix.

Using Eq. (13), Eq. (28), Eq. (30) and Eq. (32), the response of the nonlinear vibration isolator
under rounded displacement step shock excitation can be obtained.

Response of the nonlinear vibration isolator under rounded displacement pulse shock
excitation is then considered. Combing Eq. (7) and Eq. (15) gives:

2,.2

4

Fy + 2{F, + aF, = — Q2= 4T +7r2Te™™ = (Ayy + Ay, T + Ay T?e 7. (33)

Then F,(t) can be obtained:

Fz(t) = (az + sz + CzTZ)e_TT, (34)
where:
w = 1 B 2(¢—1) _2(r2—2{r+a)—8((—r)2A
2T r2—2r+a ! (2-2r+a)?® (r2 = 2{r + a)3 2%
b, = Ay 4({ —1)Ay; _ Az
2 = € =

2 —20r+a (?2—-2r+a)? 2 r2-2r+a

Combing Eq. (15), Eq. (27) and Eq. (34) yields:

e((Ci C; 3 3C; 9C
0y =— (—4 +=+ —) AZe T + (—3 + —1) Ag(ag + byT + ¢, T2)e~ 0T
w\\g " 2"8 4 g 35)

3 C
+§ (14 C)(a, + byT + c,T?)?e 2T +A—1(a2 + b,T + c2T2)3e_(3T‘5)T>.
0

Integrating Eq. (35) and applying the initial conditions lead to:
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92 = 921 + 90, (36)

where 0, is defined in the Appendix.

Using Eq. (13), Eq. (28), Eq. (34) and Eq. (36), the response of the nonlinear vibration isolator
under rounded displacement pulse shock excitation can be obtained.

Finally, response of the nonlinear vibration isolator under oscillatory displacement step shock
excitation is considered. Combing Eq. (8) and Eq. (15) gives:

17
Fy' +20F3 + aFy = = -0.6868472(cos(rT) — 0.25sin(rT))e 025
= (A31cos(rT) + A3zsin(rT))e—o.25rT_

(37)

Then F;(t) can be obtained:
F3(t) = (ascos(rT) + bysin(rT))e 02577, (38)

(a= (2 +5) a0 (
(e~ (Er+)) + (2r-5)
(«= G+ )
(a_(mrz fr)) +(2r =)

Combing Eq. (15), Eq. (27) and Eq. (38) yields:

as =

b3=

¢, C, 3 3C; 9C

03 = %((g + 72 + 5) Ae=%T + (T3 + 41> o(aszcos(rT) + bssin(rT))e” (c+3)r
3 r

+E(1 + C,)(azcos(rT) + b3sin(rT))ze_7T 39)

. 3
N Cl(agcos(rT)A+ bssin(rT)) e_(%Tr_z)T)
0

Integrating Eq. (39) and applying the initial conditions lead to:
93 = 931 + 90, (40)

where 03, is defined in the Appendix.

Using Eq. (13), Eq. (28), Eq. (38) and Eq. (40), the response of the nonlinear vibration isolator
under oscillatory displacement step can be obtained.

The ultra-spherical polynomial index A = 1/2 is used. Choosing the parameter k = 1,
[ =0.7,r =20, = 0.05 and different §,, are used when conducting the following investigation.

Approximate results using ultra-spherical polynomial method are compared with numerical
results. The numerical results can be obtained by solving Eq. (5) using the classical fourth order
Runge-Kutta method. The comparison is shown in Fig. 4. It can be seen that when the magnitude
ratio J,,, is a smaller one (9, = 0.1, 0.2), which indicates that the nonlinear parameter € is small,
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the ultra-spherical polynomial approximation method gives very well results compared with the
numerical results for the three base shock excitations cases. When the magnitude ratio 9,
increases to a lager one (9, = 0.5), which indicates that the nonlinear parameter ¢ becomes larger,
the analytic results depart from the numerical results, the error becomes larger for the three base
shock excitations cases. But compared to the rounded displacement step and rounded displacement
pulse cases, the error between analytic results and numerical results for the oscillatory
displacement step is smaller than these two cases. So from these comparisons, it can be seen that
the ultra-spherical polynomial approximation method suits for the smaller nonlinear parameter
and weak nonlinearity.

—Numerical
nalytic

G = 0.1

0 10 20 7 30 40 50 "o 10 20 7 30 40 50 -1

0 10 20 T 30 40 50
cl) c2) c3)
Fig. 4. Comparison between analytic and numerical results: a) rounded displacement step; b) rounded
displacement pulse; c) oscillatory displacement step

4. Performance of the nonlinear vibration isolator under shock excitations

As is shown in Eq. (5), the responses of the nonlinear vibration isolator under different base
shock excitations are determined by the stiffness ratio k, the length ratio I, the magnitude ratio 9,,,
and the severity parameter 7. When the stiffness ratio k is fixed, the response are determined by
the other parameters.

In this section, considering two cases: (1) k =1, [is taken as the value [ =2/3,1=0.7,
[ = 0.8, investigate the performances of the nonlinear vibration isolator under varied severity
parameter r with same [ and different magnitude ratio 9,,, the value of ¥, is varied with
Ym = 0.1, ¥, = 1, 3, = 5. The effect of the magnitude ratio ¥, on the performances of the
nonlinear vibration isolator is studied and compared with a linear one. (2) k = 1, §,,, is taken as
the value ¥, = 0.1, §i,, = 1, $, = 5, investigate the performances of the nonlinear vibration
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isolator under varied severity parameter r with same 9, and different length ratio [, the value of
[ is varied with [ = 2/3,1 = 0.7, I = 0.8. The effect of the length ratio [ on the performances of
the nonlinear vibration isolator is studied and compared with a linear one. For all of the cases
considered, the damping ratio coefficient is taken as ¢ = 0.05.

The performances of the nonlinear and linear vibration isolator are evaluated by three
performance indices [19, 20], which defined as follows:

Maximum absolute displacement ratio (MADR) = |x|max/Yms

Maximum relative displacement ratio (MRDR) = |x — V|max/Vm = 1Z|max;

Maximum acceleration ratio (MAR) = |x" | max/1V" lmax-

The Maximum acceleration ratio (MAR) is expressed in dB scale as
2010g10(|x”|max/|y”|max)~

As is shown in the previous part, the ultra-spherical polynomial approximation method suits
for weak nonlinearity and small nonlinear parameter, so the numerical method using Runge-Kutta
method is used in this section.

4.1. Maximum absolute displacement ratio (MADR)

The MADR curves of the nonlinear vibration isolator under rounded displacement step shock
excitation of the two cases are shown in Fig. 5 and Fig. 6. The MADR curve of the linear one is
also plotted in the same figure for comparison.

linear
m——g =01

Fig. 5. MADR curves of HSLDS vibration isolator under rounded displacement step excitation varied with
shock parameter r when [ takes a fixed value and ¥, varies

=
o e | sssosnrssman linear P
18y ===l =2/3 18 "TTi=2/3 18r | ===i=9/3
i=07
16 16 6
a @ .
Q x &
i I AR I 14 D 14
= — g g
12 12 .
1 e , 1 h
4 e 0 f =1 G = 5
sl v .
10" 10° r 10’ 10° 10" 10° P 0 10° 8 0 P " -
a) b) 9

Fig. 6. MADR curves of HSLDS vibration isolator under rounded displacement step excitation varied with
shock parameter r when ¥, takes a fixed value and [ varies

As can be seen in Fig. 5, when the length ratio [ is fixed, the effect of the magnitude ratio 9,
on the performances of the nonlinear vibration isolator under rounded displacement step is almost
the same in the three cases. When the severity parameter r is a small one (r < 0.2), the MADR of
the nonlinear vibration isolator is lower than the linear one; but when r increases to a certain range,
different [ and #,, corresponds to the different range (e.g. [=2/3, 9, = 0.1,
0.2 < r <0.8), the MADR of the nonlinear vibration isolator is higher than the linear one; when
r continues to increase, the nonlinear vibration isolator can have a lower MADR over the linear

3390  ©JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2014, VOLUME 16, ISSUE 7. ISSN 1392-8716



1427. RESPONSE AND PERFORMANCE OF A NONLINEAR VIBRATION ISOLATOR WITH HIGH-STATIC-LOW-DYNAMIC-STIFENESS UNDER SHOCK
EXCITATIONS. YONG WANG, SHUNMING LI, JIYONG LI, XINGXING JIANG, CHUN CHENG

one; if r reaches to a higher value, the MADR of the nonlinear vibration isolator maintains a
constant value, the MADR becomes larger with the increase of magnitude ratio $,,,, when ¥, is a
smaller one, the MADR is lower than the linear one and falling the most, this is because smaller
Y provides a larger lower dynamic stiffness region and the overall actual damping ratio is larger.

As is shown in Fig. 6, when the magnitude ratio ,,, is fixed, the effect of the length ratio [ on
the performances of the nonlinear vibration isolator is not the same in each case. When J,, is a
small one, the MADR of the nonlinear vibration isolator can reach a lower value than the linear
isolator after r approaches to a value, the MADR becomes larger with the increase of the length
ratio [; When 9, = 1, the MADR of the nonlinear vibration isolator is always higher than the
linear one; When J,, is a larger one , the MADR of the nonlinear isolator is higher than the linear
one except r increases to a certain range (about 1 < r < 10), and the MADR becomes larger with
the increase of the length ratio [.

The MADR curves of the nonlinear vibration isolator under rounded displacement pulse shock
excitation of the two cases are shown in Fig. 7 and Fig. 8. The MADR curve of the linear one is
also plotted in the same figure for comparison.

linear

Fig. 7. MADR curves of HSLDS vibration isolator under rounded displacement pulse excitation varied
with shock parameter r when [ takes a fixed value and ¥, varies

linear
===i=2/3

linear
===l=23/3

b)
Fig. 8. MADR curves of HSLDS vibration isolator under rounded displacement pulse excitation varied
with shock parameter r when ¥, takes a fixed value and [ varies

As can be seen in Fig. 7, when the length ratio [ is fixed, the effect of the magnitude ratio 9,
on the performances of the nonlinear vibration isolator under rounded displacement pulse is almost
the same in three cases, but is different from the rounded displacement step shock excitation. For
[ = 2/3 and small magnitude ratio $,, = 0.1, the MADR of the nonlinear vibration isolator is
always lower than the linear one. Except this special case, the MADR of the nonlinear vibration
isolator first increases, reaches a peak value and then decreases with the increase of . For small
parameter r, the MADR of the nonlinear vibration isolator is larger than the linear one; when r
increases to a certain range, different [ and 9, corresponds to the different range (e.g. [ = 2/3,
Ym =1,0.3 < r < 1.6), the MADR of the nonlinear vibration isolator is lower than the linear one;
when r continues to increase, the nonlinear vibration isolator can have a higher MADR over the
linear one, the MADR becomes larger with the increase of magnitude ratio y,,,. The maximum
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response of the linear isolator occurs at r = 1 approximately, but the maximum response of the
nonlinear vibration isolator will shift to greater r with the increase of magnitude ratio ¥,,,.

As is shown in Fig. 8, when the magnitude ratio ,,, is fixed, the effect of the length ratio [ on
the performances of the nonlinear vibration isolator is not the same in each case. When ¥, is a
small one (¥, = 0.1), the MADR of the nonlinear vibration isolator can reach a lower value than
the linear isolator after r approaches to a value, the MADR becomes larger with the increase of
the length ratio [; When #,, increases, the MADR of the nonlinear isolator is higher than the linear
one except r increases to a certain range, and becomes smaller with the increase of the length
ratio [.

The MADR curves of the nonlinear vibration isolator under oscillatory displacement step
shock excitation are similar to the rounded displacement pulse one, so it is no longer described in
this paper.

4.2. Maximum relative displacement ratio (MRDR)

The MRDR curves of the nonlinear vibration isolator under rounded displacement step shock
excitation of the two cases are shown in Fig. 9 and Fig. 10.

linear

Fig. 9. MRDR curves of HSLDS vibration isolator under rounded displacement step excitation varied with
shock parameter r when [ takes a fixed value and ¥, varies

1 1 1

08

o 06 Q; 06
& g
= 04 ——linear linear =04 linear

===i=9/3 ---i=19/3

-==i=29/3

Fig. 10. MRDR curves of HSLDS vibration isolator under rounded displacement step excitation varied
with shock parameter r when J,, takes a fixed value and [ varies

As can be seen in Fig. 9, when the length ratio [ is fixed, the effect of the magnitude ratio 9,
on the performances of the nonlinear vibration isolator under rounded displacement step is almost
the same in the three cases. When ,,, is a small one (3, = 0.1, 1), the MRDR of the nonlinear
vibration isolator is always higher than the linear one; but when J,, increases, the trends are
opposite, the MRDR of the nonlinear vibration isolator is lower than the linear one when r
increases to a higher value (r > 0.6), and becomes smaller with the increase of magnitude ratio
Y-

As is shown in Fig. 10, when the magnitude ratio 9,,, is fixed, the effect of the length ratio [ on
the performances of the nonlinear vibration isolator is not the same in each case. When ¥, is a
small one (¥, = 0.1, 1), the MRDR of the nonlinear vibration isolator is always higher than the
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linear one and decreases with the increase of the length ratio [; when ¥ increases, the trends are
opposite, the MRDR of the nonlinear vibration isolator is lower than the linear one when r
increases to a higher value (r > 0.6), the MRDR becomes larger with the increase of length
ratio 1.

The MRDR curves of the nonlinear vibration isolator under rounded displacement pulse shock
excitation of the two cases are shown in Fig. 11 and Fig. 12.

12} i=2/3 - 12} =07 .

Fig. 11. MRDR curves of HSLDS vibration isolator under rounded displacement pulse excitation varied
with shock parameter  when [ takes a fixed value and #,, varies
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linea.r
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——linesr 4 linear
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===l=2/3 04 o -==i=2/3

Fig. 12. MRDR curves of HSLDS vibration isolator under rounded displacement pulse excitation varied
with shock parameter » when ¥, takes a fixed value and [ varies

As can be seen in Fig. 11, when the length ratio [ is fixed, the effect of the magnitude ratio 9,
on the performances of the nonlinear vibration isolator under rounded displacement pulse is almost
the same in the three cases, but is different from the rounded displacement step shock excitation.
For small parameter r, the MRDR of the nonlinear vibration isolator is larger than the linear one;
when r increases to a certain range, different [ and §,, corresponds to the different range (e.g,
[=2/3,9, =1,0.67 <r < 6.7), the MRDR of the nonlinear vibration isolator is lower than the
linear one; when r continues to increase, the nonlinear vibration isolator can have a higher MRDR
over the linear one, the MRDR becomes larger with the increase of magnitude ratio ¥,,; when r
reaches a higher value, the MRDR is more or less the same for both isolators. The peak response
of the nonlinear vibration isolator will shift to greater r with the increase of magnitude ratio ¥,,,.

As is shown in Fig. 12, when the magnitude ratio ,,, is fixed, the effect of the length ratio [ on
the performances of the nonlinear vibration isolator is almost the same in each case. The MRDR
of the nonlinear vibration isolator is higher than the linear one except r increases to a certain range,
and becomes larger with the increase of the length ratio .

The MRDR curves of the nonlinear vibration isolator under oscillatory displacement step
shock excitation are similar to the rounded displacement pulse one, so it is no longer described in
this paper.

4.3. Maximum acceleration ratio (MAR)

The MAR curves of the nonlinear vibration isolator under rounded displacement step shock
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excitation of the two cases are shown in Fig. 13 and Fig. 14.
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Fig. 13. MAR curves of HSLDS vibration isolator under rounded displacement step excitation varied with
shock parameter r when [ takes a fixed value and ¥, varies
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Fig. 14. MAR curves of HSLDS vibration isolator under rounded displacement step excitation varied with
shock parameter r when ¥, takes a fixed value and [ varies

As can be seen in Fig. 13, when the length ratio [ is fixed, the effect of the magnitude ratio 9,
on the performances of the nonlinear vibration isolator under rounded displacement step is almost
the same in three cases. When ¥, is a small one, the MAR of the nonlinear vibration isolator is
lower than the linear one; but when ¥, increases, the trends are opposite, the MAR of the
nonlinear isolator is higher than the linear one, and becomes larger with the increase of magnitude
ratio ¥,,.

As is shown in Fig. 14, when the magnitude ratio ,,, is fixed, the effect of the length ratio [ on
the performances of the nonlinear vibration isolator is not the same in each case. When ¥, is a
small one, the MAR of the nonlinear vibration isolator is lower than the linear one and becomes
larger with the increase of the length ratio I. When $,,, increases, the trends are opposite, the MAR
of the nonlinear vibration isolator is higher than the linear one and becomes larger with the
decrease of length ratio 1.

The MAR curves of the nonlinear vibration isolator under rounded displacement pulse and
oscillatory displacement step shock excitations are similar to the rounded displacement step one,
so it is no longer described in this paper.

5. Conclusions

In this paper, a nonlinear vibration isolator with HSLDS characteristic comprised of vertical
spring and horizontal spring is presented, and the response of the nonlinear vibration isolator under
three different kinds of base shock excitations is considered. A closed form solution has been
approximated by using a transformation function and ultra-spherical polynomial approximation
method, and then compared with numerical results. The compared results show that the method
suits for weak nonlinearity, when the nonlinear parameter is a small one, the method gives very
well results compared with numerical results and can predict the shock response well; but when
the nonlinear parameter increases, the error between analytic and numerical results becomes
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larger.

Three performance indices are defined to evaluate the performance of the nonlinear vibration
isolator and compared with a linear one, results show that the shock performance of the HSLDS
vibration isolator depends on not only the performance indices, but also the structural parameters
and input shock magnitude. When designing the nonlinear vibration isolator with HSLDS
characteristic for shock isolation, the excitation type and input severity parameter should be
considered, and choose the structural parameters based on the performance indices and input
shock magnitude ratio to satisfy the requirements and provide a better shock isolation performance
than the linear vibration isolator.
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