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In this study, to solve the problems of shock environment and shock isolation, about which there is still a lack of reasonable
description, an isokinetic shock distinguishing method (ISDM), which can quantitatively distinguish between shock and forced
vibration state, is presented. And the shock isolation performance of an opposed disc springs (ODS) shock isolator with
pretightening under boundary friction condition is investigated. The static and dynamic stiffness properties of the ODS shock
isolator are discussed. Relying on ISDM, a shock dynamic model of the ODS shock isolator with pretightening under boundary
friction condition is established. The average method is adopted to solve the model theoretically. The shock acceleration ratio
(SAR), shock displacement ratio (SDR), and relative displacement ratio (RDR) of the model are calculated using the numerical
method and verified by experiments. Both numerical and experimental results show that ISDM is effective. And the effects on
isolation efficiency of the number of disc springs, additional supporting force, pretightening force, load, and the shock velocity
constant of the ODS shock isolator are discussed, which provide guidelines for its further practical application.

1. Introduction

Shock is a general problem existing in various occasions, such as
landing of aircraft, firing of artillery and missiles, sudden un-
dulation of road surface in transportation, explosions caused by
the attack of weapons on ships, and earthquake. Usually, shock
is defined as the transient excitation experienced by a system
and sudden changes in its force, displacement, velocity, or
acceleration [1]. How to reduce the damage caused by shock to
equipment and personnel is a common engineering problem
[2]. In general, the basic rule of shock isolation is that when
shock occurs, the energy of shock is stored by the elastic element
of the shock isolation system and quickly dissipated through its
damping element, and residual vibration is reduced as much as
possible. The fundamental theory of shock analysis and isola-
tion, which basically deals with linear systems, has been studied
in [3, 4]. Passive nonlinear isolation systems capable of resolving
the contradiction between bearing capacity and low natural
frequency of linear systems have been attracting extensive

attention. In particular, in terms of shock isolation, nonlinear
isolation systems with soft characteristic stiffness and less
damping have better shock isolation performance than linear
isolation systems [5, 6]. In recent years, in view of the excellent
vibration isolation performance of quasizero stiffness isolation
systems, many scholars have conducted extensive research on
them and applied them in various fields [7-10]. Especially, there
is a mature method to realize the quasizero stiffness charac-
teristic by using semiactive control [11]. It is also found that
quasizero stiffness isolation systems have better shock isolation
performance for shock excitation with low amplitude [12].
However, notwithstanding the ability of a low-stiftness structure
to absorb the energy of shock and vibration efficiently, it is very
sensitive to external excitation load and has poor robustness at
the static equilibrium position of the system. This may affect the
normal operation of the device. Moreover, the response dis-
placement caused by shock in practical engineering is generally
much larger than the effectively protection displacement by
low-stiffness isolation systems.
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The study by Duan and Singh [13] has shown that an
elastic element with a certain initial pretightening force can
effectively improve the stability of the isolator at the static
equilibrium position, and it is held that nonlinear elastic
elements can endow a shock isolation system with greater
rigidity at the static equilibrium position. This ensures that
the equipment and the base remain relatively stationary
when the system is subjected to low-frequency and small-
amplitude disturbances and that the shock isolator main-
tains a good shock isolation effect when the system is
subjected to a high shock load. A disc spring, as the elastic
element of isolation systems, is characterized by small size,
high bearing capacity, uniform loading, variable stiffness,
superior isolation performance, and self-damping. Multiple
disc springs can be combined in different stacking ways to
form a variety of nonlinear elastic elements with different
stiffness. Elements of this type have the damping charac-
teristics of Coulomb and viscous damping due to the de-
formation of disc springs [14]. Therefore, this study presents
an ODS shock isolator with pretightening, which ensures a
good shock isolation effect and stability at the static equi-
librium position and can be applied in strong shock envi-
ronment with large displacement response.

At present, many scholars have performed significant
analysis and research on disc springs and vibration isolation
devices with disc springs. Theoretical analysis and calcula-
tion research have been carried out on conical disc springs
with equal cross-section by Almen and Laszlo [15]. They
found that the internal structure had the minimized Cou-
lomb damping coefficient when disc springs had opposite
forms. The calculation relationship between the geometric
properties of disc springs and the bearing capacity was also
given. Relying on the theoretical research of Rosa and
Messina [16] and Saini et al. [17], the relationship between
the bearing capacity and deformation of disc springs with
linear varying and parabolic cross-sections through calcu-
lation and analysis, respectively, is investigated. Ozaki et al.
[18] performed static and dynamic analysis on the friction
boundary of disc springs using the numerical method.
Patangtalo et al. [19] and Fawazi et al. [20] also used the
numerical method to study the load-displacement curves of
combined disc springs and slotted disc springs. Gao and
Yang [21] established a nonlinear stiffness model of disc
springs element to meet the shock and vibration isolation
requirements of the artillery system and explored the vi-
bration isolation performance of this model.

Thus far, the expression of shock is only transient and
intense excitation. It is often reported that the severity
parameter is used to describe the severity of shock, but the
response performance of the system after shock is closer to
the response performance of forced vibration with the de-
crease of the severity parameter [22, 23]. So there is a lack of
reasonable quantitative expression about the shock and the
forced vibration. When calculating the shock response, the
shock load is often equivalent to the step velocity as the
shock input. Therefore, there is also little reasonable de-
scription of shock environment or shock isolation. At the
same time, as a nonlinear elastic element, disc springs have
excellent nonlinear shock isolation performance. However,
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existing studies mostly focus on static performance, quasi-
static performance under boundary friction conditions of
single disc springs, and theoretical research and simulation
analysis on the loading processes of conventional and
special-shaped disc springs. The analysis of the isolation
system in combination with disc springs is also limited to its
equivalent linear model or nonlinear vibration character-
istics. And few references have investigated the thorough
shock isolation performance of the isolator with disc springs,
especially the effects of pretightening, boundary friction,
load-bearing, and other factors on shock isolation perfor-
mance. These factors are of great importance for the further
practical application of shock isolators with disc springs.

This study is organized as follows: an ODS shock isolator
with pretightening is developed, and its shock isolation
performance theoretically and experimentally is investi-
gated. In Section 2, the structure of the ODS shock isolator is
introduced, and its static stiffness, dynamic stiffness, and
stiffness characteristics under boundary friction conditions
are theoretically investigated. In Section 3, ISDM is pre-
sented. The effects of different systems on ISDM are ex-
plored, and then, the shock state of the system is
quantitatively distinguished the other states. In Section 4, the
shock isolation performance of the ODS shock isolator
under base excitation of ISDM is explored though mathe-
matical simulation. The effects of the number of disc springs,
additional supporting force, pretightening force, load, and
the shock velocity constant on ODS shock isolator are
discussed. In Section 5, shock isolation experiments of ODS
shock isolator under base excitation of ISDM with different
shock velocity constants are performed using a drop shock
test table, which validates the simulation results. Conclu-
sions are drawn in Section 6.

2. Structure and Stiffness Characteristics of the
ODS Shock Isolator

The ODS shock isolator (Figure 1(a)) is mainly composed of
several opposed disc springs (ODS). A structural feature of
the shock isolator is that ODS are placed in series as elastic
elements. Flat washers are arranged at the contact surfaces of
opposed disc springs to ensure sufficient friction and uni-
form stress during tension and compression (Figure 1(b)).
The disc spring is an A-series unsupported disc spring made
of 60Si2MnA. In the initial state, pretightening is applied on
the ODS shock isolator to ensure high static and low dy-
namic stiffness characteristics. Depending on different
loading conditions, the initial pretightening force of the ODS
shock isolator can be regulated through adjusting the
thickness of the pressure plate. An appropriate amount of
silicone oil is applied between the upper and lower pressure
plates for lubrication. The axial tension and pressure
transmitted from the outside to the ODS shock isolator can
be converted into the pressure on ODS, thus ensuring a
compact structure and an inseparable ODS unit.

Another special feature of the shock isolator is that the
system has a strong ability to resist microdisturbance
caused by the pretightening force. The base and the iso-
lation equipment are connected rigidly when the base is
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FIGURE 1: Schematic diagram of the floating shock platform. (a) Schematic diagram of the ODS shock isolator. (b) ODS unit.

affected by small-amplitude and low-frequency excitation.
At this time, the external excitation force is within the limit
range of the equipment and will not cause damage to the
equipment. The shock isolator appears to have a shock
isolation effect when the excitation force with high am-
plitude is greater than the preset pretightening force. The
preloaded ODS in the upper cavity are compressed to the
maximum point of the downstroke by the downward
outside rod and the pressure plate 1#. Then, the system
returns to the static equilibrium position under the elastic
force of the ODS in the upper cavity. Under the action of
inertia, the preloaded ODS in the bottom cavity are
compressed to the maximum point of the upper stroke by
the upward inside rod and the pressure plate 2#. Similarly,
under the elastic force of the ODS in the bottom cavity, the
system returns to the static equilibrium position, and the
single periodic movement is completed. The system will
move periodically according to the above rules until the
energy from external excitation is exhausted through
Coulomb and viscous damping of ODS. One advantage of
this design is that the force of external load is converted
into the axial pressure on the ODS by this isolator, re-
gardless of the axial tension or pressure transmitted from
the outside to the shock isolation system. This also ensures
high reset precision after shock.

2.1. Static and Dynamic Stiffness Characteristics of the ODS
Shock Isolator. According to the theory presented by Almen
and Laszlo [15], the derivation of the bearing load and
deformation of the disc spring must meet the following three
assumptions: the cross-section of the disc spring does not
distort, but merely rotates about a neutral point. The loads
are concentrically distributed, the radial stresses are negli-
gible, and the material property of the disc springs is
completely elastic. The friction between contact surfaces is
ignored. Therefore, the theoretical calculation formula for
the elastic force and deformation of the A-series disc spring
without support surface is as follows:

F_4Et4fh0fh0f1 1

"_m Dt |\t )\t 2t)\Kk, +E’ ’
(1)

where K, = (1/7) (((C = 1)/C)*/((C + 1)/(C - 1)) — (2/

In C)), K| = (6((C - 1)/C)*/m In C), F; is the elastic force
provided by the disc spring, E is the elastic modulus, u is
Poisson’s ratio, f is the deformation amount of the disc
spring, C is the diameter ratio of the disc spring, and the
value is C=D/d.

In order to reduce calculation load, equation (1) can be
simplified as the following equation for calculation:
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The pressure and deformation curves (axial displace-
ments) of single disc springs with different thicknesses are
shown in Figure 2. These disc springs have an outer diameter
D=28mm, an inner diameter d=10mm, a free height
Hy=1.15mm, and a flattening height hy=0.7 mm (the rel-
evant geometric parameters of disc springs mentioned below
are the same here). It can be seen that the bearing capacity of
a disc spring is positively related to its thickness. If a disc
spring is thin, there will be a negative stiffness region near
the flattening displacement, and the thinner the disc spring,
the larger the negative stiffness region. However, if the
thickness of the disc spring increases, the negative stiffness
region will gradually disappear.

According to the structure of ODS, these disc springs are
connected in series. Therefore, under the same load, the
displacement of the ODS shock isolator is # times that of a
single disc spring, and the stiffness becomes 1/n times that of
a single disc spring, where # is the number of disc springs in
the ODS shock isolator. The dynamic stiffness of the ODS
shock isolator is defined as

AF,

ke = As’ ®
where AF is the increment of the elastic force, As is the axial
displacement increment of the ODS shock isolator, and its
value is nAf.

Figures 3(a) and 3(b) show the force-displacement di-
agram and dynamic stiffness curve of the ODS shock isolator
with different numbers and thicknesses of disc springs. It can
be seen that, given the thickness of the disc springs in the
system, with the increase of the number 7 of the disc springs,
the bearing capacity of the ODS shock isolator increases and
the initial dynamic stiffness decreases, but the decline of
dynamic stiffness slows down. Similarly, with the increase of
the thickness of the disc springs, the bearing capacity of the
ODS shock isolator increases, and the dynamic stiffness
intersection points with different numbers of disc springs
move towards the direction of large displacement. The re-
lationship between the elastic force and the axial displace-
ment x for the ODS shock isolator can be accurately fitted by
a cubic function:

Fr = kyx + kyx® + kyx°. (4)

The fitting coeflicients are denoted by kj, k, and kj.

To investigate its effects on static stiffness, the variation
of the ratio of dynamic stiffness to static stiffness with
displacement, and the shock performance of the ODS
shock isolator, pretightening force F. is set as 15N, 30N,
45N, and 60N and the thickness of the disc springs as
0.5 mm, respectively. Theoretically, the smaller the ratio of
dynamic stiffness to static stiffness is, the better the low-
frequency isolation performance of the nonlinear isolator is
[2]. Figures 4(a)-4(d) show the force-displacement curve of
the ODS shock isolator under different pretightening forces
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FIGURE 2: The pressure and deformation curves (axial displace-
ments) of single disc springs with different thicknesses.

and the variation rule of the ratio of dynamic stiffness to
static stiffness with displacement. It can be seen that, with
the increase of the displacement of the ODS shock isolator,
the ratio of dynamic stiffness to static stiffness first in-
creases and then decreases, and the maximum value ap-
pears around the displacement of 0.005m. With the
increase of the number # of the disc springs, the maximum
value of the ratio of dynamic stiffness to static stiffness
moves to the direction of large displacement. When the
pretightening of the ODS shock isolator is increased, the
variation rule of the ratio of dynamic stiffness to static
stiffness remains almost constant with the change of dis-
placement, but the peak values decrease. Therefore, it can
be obtained that the low-frequency vibration isolation
performance of the ODS shock isolator changes with
displacement. The low-frequency vibration isolation per-
formance of the ODS shock isolator under small and large
displacement vibrations is obviously better than that under
vibrations with an amplitude of 0.005m, and with the
increase of pretightening, vibration isolation performance
of the ODS shock isolator is improved. For ODS with
different thicknesses, the variation rules of stiffness and
isolation performance are similar to those described above.

2.2. Effect of Boundary Friction on the ODS Shock Isolator.
Since each pair of ODS has four joint surfaces and friction is
generated between each combination of joint surfaces, when
the number n of the disc springs is sufficiently large, the
friction generated between joint surfaces should not be
ignored. According to the analysis of friction dissipation
during disc spring loading in [18], the diagram of the force
principle of a single disc spring during axial loading is shown
in Figure 5.

In this figure, [ is the diagonal length of the cross-section
of the disc spring, 0 is the angle between the normal of the
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disc spring is 0.55 mm.

constraint surface and the diagonal of the cross-section of
the disc spring, « is the rotation angle of the disc spring
section around the neutral point O, Fyis the friction force
generated by the contact surface after compression under
load, u, is the coefficient of system friction, and u, is the
horizontal sliding distance of the disc spring.

The geometric relationship between the deformation of
the disc spring and its horizontal sliding distance is ap-
proximated by the following equation:

1
u, = E\/212(1 —cos ) - f7,

(5
a= arccos(cos 0 - i) - 6.

I

Thus, the relationship between the energy increment AE
of the friction loss and its horizontal sliding distance in-
crement is as follows:

AE = 2F jAu, = 2Fy,Au,. (6)

According to equation (6), under the boundary friction
condition, the additional supporting force F,; provided by
the friction force is

k k
F, =(k1 + kfl)xs +(k2 +%>x§ +(k3 +#)x§,

M-

Il
—

ut

So under considering the condition of initial bearing ca-
pacity F, and the boundary friction conditions, the total load of
the ODS shock isolator is shown in the following equation:

F <(x+xs):kf1(x+xs)+

5
180 - 16.0k

N ’
= 150 [ _
5 : {120k E
ERPIS Z
= 2
.
2 90 180k &
T g
ks 9
8 60 E
= o
S 140k £
)
2 30
=

0 s s 100

0.00 0.01 0.02 0.03
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(b)

(a) The thickness of the disc spring is 0.5 mm. (b) The thickness of the

AE
F, = Af (7)
Therefore, under different friction coefficients, the re-
lation curve between axial compression distance f and the
additional support force F,; during loading and unloading of
a single disc spring is shown in Figure 6, where the thickness
of the disc spring t=0.5mm.
The relationship between addition supporting force-
axial compression distance (f = (x/n)) can be accurately
fitted by a cubic polynomial function:

X x\2 x\3
Fa=kn(5) k() +n(3)-

The fitting coefficients are denoted by kg, kp, and kg, and
the specific values are given in Table 1.

It is assumed that the compression displacement of the
ODS shock isolator is x, when this system is preloaded. Then,
according to equations (4) and (8), the sum of the initial
bearing capacity F, of the ODS shock isolator considering
the friction between the disc springs and the additional
support force provided by the disc spring can be obtained.

(8)

(9)
n
k k
L x) S x) (10)
F(x)=Fk(x+xs)+iFw-(x+xs). (11)

i=1
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FIGURE 5: Diagram of the force principle of a single disc spring during axial load.
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TaBLE 1: Fitting coeflicient of additional supporting force-com-
pression distance curve.

He kn ke kg3

0.1 5661 -1.21x107 7.18%10°
0.2 11322.34 —-2.43x107 1.44 x10'"
0.3 16983.52 -3.64 %107 2.15x10'°

Therefore, when the ODS shock isolator is in the loading
state, the direction of the additional supporting force caused
by friction is consistent with the direction of the spring force
of the disc springs. At this time, the bearing capacity in-
creases and the stiftness of the ODS shock isolator increases.
When the ODS shock isolator is in the unloading state, the
direction of the additional supporting force caused by
friction is opposite to the direction of the spring force of the
disc springs, and the stiffness of the ODS shock isolator
decreases. These lead to that the ODS shock isolator generate
hysteresis characteristics.

The relationship between the elastic force Fy and the axial
displacement x curve of the ODS shock isolator under
different pretightening forces and the number of the disc
springs can be accurately fitted by a cubic polynomial
function, where the thickness t of the disc springs is 0.5 mm.

Fr = Kix + K, x> + K + . (12)
The specific values are given in Table 2:

3. Isokinetic Shock Distinguishing
Method (ISDM)

For the shock isolation system with base excitation, the shock
excitation has a short duration, and the shock input is over
before the system response reaches the maximum value. After
that, the system is in a state of attenuation of free vibration. This
process can be seen as during the duration of the shock, the
shock isolation system is in the forced vibration state, and after
the shock is over, the system is in a damped free vibration
attenuation state [24]. To simplify the analysis process of shock,
in the theoretical analysis process, most [25-27] equates shock

TasLE 2: Fitting coeflicient of elastic force and axial displacement of
the shock isolator.

n E. (N) K, K, K B
30 1.02x10*  —351x10°  4.06x10° 30
45 45 9.27x10°  -3.35x10°  4.06x10° 45
60 8.10x10° -3.13x10°  4.06x10° 60
30 9.17x10°  -2.84x10°  296x10° 30
50 45 834x10°  -271x10°  296x10° 45
60 729%x10° -2.53x10°  2.96x10° 60
30 834x10°  -235x10°  2.22x10° 30
55 45 7.58%x10°  -224x10°  222x10° 45
60 6.63x10°  -2.09x10°  222x10° 60

excitation with an ideal step velocity load. But, such an
equivalent process inevitably leads to errors in the calculation
results. It can be seen that the transient process of shock is a
special strong forced vibration process. However, there are
essential differences between shock and forced vibration in
dynamic and response characteristics. As we all know, few
documents can effectively distinguish between the shock state
and force vibration state of a system. Therefore, shock state and
shock isolation problems still lack a reasonable description. In
this section, an isokinetic shock distinguishing method
(ISDM), which can quantitatively describe the difference be-
tween shock state and other states, is presented.

The isokinetic shock model is established as shown in
Figure 7, where m; and m, are the masses of the isolated
object and the base, respectively. k and ¢ are the stiffness of the
elastic element and the damping coefficient of the damping
element in the shock isolation system, the shock excitation
acts on the base, x and y, respectively, represent the absolute
displacement values of the isolated object and the base after
shock excitation, ¢ is the relative displacement between the
isolated object and the base, and its value is § =x-y.

Acceleration time-domain curves of a set of shock loads
in the abovementioned isokinetic shock model are shown in
Figure 8. The curves I-V are standard half-sine acceleration
shock signals with different peak values and duration time,
and it is guaranteed that the following equation is constant.

(mlwo) . .
J Vimag SIN(@eT)AT =C, i=1..V, (13)

0

where wy and T are the angular frequency and duration
time of the half-sine acceleration shock signals, C is the
velocity constant after integration, and its value represents
the final velocity of the base m, of the shock isolation system

at the end of the shock.
According to the isokinetic shock model, the motion
differential equation of the system can be written as follows:
M+ ¢ +ky 0+ kyy8° = { =M Pinax S0 (@0, T), 0 < Tswl, 0,T> wl’
0 0

(14)
where kg;, and ks, are the linear and nonlinear coefficients of

the stiffness of the shock isolation system, respectively. The
following dimensionless parameters are introduced:

w2 = (ksy/my), w,-T =7, 6= (c/m; - w,), 5= (5/g), 5=(8
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w,/g), 8= (8w?lg), y= (kpg*lmwl), Q= (wyw,), Y =

(~Fmax/9), C' = Iéﬂ/m Y sin (Qr)dr, where g is the constant
of gravitational acceleration. Equation (14) can be rewritten
as follows:
=L o 3 (= s s
5+ed+0+7 :{Ysm(QT),O<TS5,O,T>5. (15)

From equation (15), it can be seen that the shock re-
sponse & mainly depends on the dimensionless damping
coeflicient ¢, the dimensionless nonlinear stiffness coefficient
y, and the dimensionless velocity constant C’ of the system.
The dimensionless velocity constant C' is determined by the
dimensionless shock excitation peak value Y and the ratio Q
of the angular frequency of shock excitation to the linear
angular frequency of the shock isolation system.

To investigate the effects of damping coeflicient on shock
distinguishing, the dimensionless nonlinear stiffness coef-
ficient y and the dimensionless velocity constant C' are set as
0 and 6.66, respectively. Figure 9 shows the ratio of the
maximum relative displacement response to the ratio of the
angular frequency Q.

In Figure 9, the ordinate represents the relative displace-
ment ratio (RDR), defined as the ratio of the maximum value of
the absolute value of the relative displacement response under
the isokinetic shock load of Q2 =i to the maximum value of the

absolute value of the relative displacement response under the
isokinetic shock load of Q=1 (i.e., RDR). It can be seen that
when the value of () increases, the curve can be roughly divided
into three states. When Q) approaches 0, the RDR of this system
also approaches 0. This is because, when the value of Q) is small,
the duration time 7 of isokinetic shock excitation is much
longer than the linear natural period of the shock isolation
system. At this time, isokinetic shock excitation is more similar
to the static loading process. The base m, is pushed up with a
small acceleration increment, and the elastic force provided by
the elastic element in the system is almost unchanged. That is,
the spring length is almost unchanged, and the isolated object
m; only makes small free vibrations in the equilibrium posi-
tion. The damping force will increase the relative acceleration
between the base and the isolated object. Therefore, the larger
the damping ratio ¢, the more violent the vibration of the
isolated object m; and the greater the amplitude. When the
value of Q) continues to increase, the system enters the tran-
sition stage of static loading and shock state. This stage is more
similar to the forced vibration of the system under isokinetic
shock loads and also to the free attenuation vibration of the
system under damping. Its remarkable feature is that the RDR
increases rapidly and that the damping has almost little effect
on the RDR of the system. When the value of Q is greater than
or equal to 5, the RDR of the system is stable to that caused by
equivalent step velocity load (ESVL). At this time, considerate
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F1GURE 10: The effects of the system parameter on shock distinguishing. (a) Changing the dimensionless velocity constant C' of the system.
(b) Changing the dimensionless nonlinear stiffness coefficient y of the system.

can be concluded that when the value of Q is greater than or
equal to 5, there is little difference between the system response
and the response caused by ideal impulse excitation. The shock
isolation system enters the shock state, in which case the larger
the damping ratio ¢, the smaller the RDR under the same
condition.

To investigate the effects of the dimensionless velocity
constant C' on shock distinguishing, the dimensionless non-
linear stiffness coefficient y and the dimensionless damping

coefficient ¢ are set as 0 and 0.1, respectively. Figure 10(a) shows
the effects of the dimensionless velocity constant C' on the
system. Similarly, to clarify the effects of the dimensionless
nonlinear stiffness coefficient y on shock distinguishing, the
dimensionless velocity constant C' and the dimensionless
damping coeflicient ¢ are set as 6.66 and 0.1, respectively. The
dimensionless stiffness y endows the system with different
characteristics. When y = 0, the system is linear stiffness, when
y >0, the system is “gradually hard” stiffness, and when y <0,
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the system is “gradually soft” stiffness. Figure 10(b) shows the
effects of the dimensionless stiffness y on the system. It can be
seen from Figures 10(a) and 10(b) that the distinguishing of the
shock state by different dimensionless velocity constant C' and
the dimensionless stiffness y uniformly appears around Q =5.
The influence of the dimensionless velocity constant C' on the
system is mainly reflected in the shock state, where ) is greater
than 5. Compared with that caused by a larger C' value, the
response caused by a smaller C' value makes the system similar
to the equivalent step velocity load (ESVL), but its RDR
fluctuates more significantly. The above shows that the higher
the instantaneous energy received by the system, the more
obvious the shock state. This can also be explained by the
theory of momentum theorem [28]. For the dimensionless
nonlinear stiffness coefficient y, the change of stiffness char-
acteristics will only change the response value, but not the state
reflected by the system. In conclusion, the state of the system is
only related to the frequency ratio Q.

Shock and Vibration

4. Dynamic Model and Simulation Analysis of
the ODS Shock Isolator

4.1. Shock Dynamic Model of the ODS Shock Isolator. It can
be seen from the analysis in Section 2.2 that the boundary
friction provides additional F; for the system and that the
direction of the additional support F,; is opposite to the
velocity direction of the system. So, the sign function can be
used to describe the additional support F,;. The base exci-
tation shock model of the ODS shock isolator with variable
stiffness is established, as shown by the schematic diagram in
Figure 11.

X is the displacement change of the balance position of
the system after static load is applied. On the basis of in-
troducing the total displacement of the system y = x + xo, the
motion differential equation of the ODS shock isolator
under the base excitation can be expressed as follows
according to equation (12):

myj+ (i =)+ Y Fusgn(f = )+ [K (t= ) + Ky (x = )" + Ky (x = )" + B] = my g, (16)
i=1
1’ (X_)-/)>0:
sgn(¥-y)=10, (x-») =0, (17)
-1 (X‘}’)<0

Assuming A = x — y, it can be substituted into equations
(16) and (17) to obtain equations (18) and (19) through
simplification:

n
md+ch+ ) Fsgnd +(K, + 2K,x, + 3K3xg )A +(K, + Kyxg )V + K3\ = —m, 3, (18)
i=1

y =<|j/'max sin(wOT),OST<w£,0,T2

After introducing the linear angular frequency of the
ODS shock isolator w? = ((K; + 2x,K, + 3x2K3)/m,) and
the dimensionless parameters 7=w,T, Q= (0y/w,),
8=Wg), 6=0Nguw, 6=Ngw: Y= (-Jn/9)
e= (c/mw,), vy, = (g(K, + 3K3x2)/m wl), y = (g*°Ks/m,
w?), and & = (O Fm/mlw,,), equations (18) and (19) can
be nondimensionalized to obtain equations (20) and (21).

S+ed+ £55gn @) +3+ %(—Sz + y(_33 =F, (20)

= 7 s
F=1Ysin(Q1),0<7<—,0,7>—. 21
[Tsin@n.0<r<Zor>2 (21)
It can be seen from Section 3 that when Q > 5, the system
enters the shock state, and its response is approximately
equivalent to a free vibration system with initial velocity.
That is, equations (20) and (21) are equivalent to

T (19)
0 Wy
S+ed+ sgsgn(g) +8+p,0 + 90 =0,
B (7/QY) =
5(0)=C' = J ¥ sin (Qr)dr.
0

Relying on the idea of the average method, the solution
of equation (22) is as follows:

5+0=Ef(3,9),
_ = 1 - - - 3 (23)
(8.9 = §<88 +essgn(3) + 7,0 +0 )
The forms of the solution of equation (22),

d=a- cos(y) and y = 7+ 0, can be introduced:
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T mJo
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2
g = —% Jo f(a cos y,—a sin y)cos ydy
. _il J-ZTI
o2& )y
= 3—ya2
8

Thus, the solution of the first-order differential equation
can be obtained and substituted into the forms of the so-
lution. The vibration equation of the ODS shock isolator
with initial velocity can be obtained:

4ex 4es 3
[(ao + ﬁ)e(s/z)f - ﬁ]cos[(%az + 1)7 + 90],

TIE TIE

where the values of g, and 0, are determined by the initial
conditions 6 (0) and 8 (0) of the system. It can be seen from
equation (25) that the shock response of the nonlinear
system is related to the first-order and third-order coefficient
of the stiffness, the bearing mass m1, the magnitude of the
initial velocity, the viscous damping of the system, and the
additional support force. To evaluate the shock isolation
performance of the ODS shock isolator under the base
excitation, a Matlab program based on the fourth-order
Runge-Kutta algorithm is established to simulate the shock
isolation response of the ODS shock isolator.

8:

(25)

4.2. Effect of the Number of Disc Spring and Pretightening
Force on Shock Response. It can be seen from Section 2.2
that the number of disc springs # and the pretightening force

F, not only affect the stiffness characteristics of the system
but also influence the sum of the additional supporting force
Yi1 Fy; of the system and the value of the linear angular
frequency w,.. However, these two parameters are important
in the calculation of shock response. So, it is necessary to
analyze the effects of the number of disc springs and pre-
tightening force on the additional support force.

According to equations (10) and (12) and the data in
Tables 1 and 2, the curve of the sum of the additional
supporting force-axial displacement of the system under the
same number of disc springs and different pretightening
forces can be calculated as shown in Figure 12(a). The curve
of the sum of the additional supporting force-axial dis-
placement of the system under different numbers of disc
springs and same pretightening force can be calculated as
shown in Figure 12(b).

The thickness ¢ and the friction coefficient y, of these disc
springs are 0.5mm and 0.2, respectively. As shown in
Figure 12(a), under the same number of disc springs and
different pretightening forces, although the sum of the
additional support force-axial displacement curves varies,
the equivalent average of additional support forces F, re-
mains almost constant, with a value of about 60 N. Addi-
tionally, under different numbers of disc springs and the
same pretightening force, with the increase of the number of
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different pretightening forces and (b) different numbers of disc springs and the same pretightening force.

disc springs, the equivalent average of additional support
forces F, also increases. These rules still apply when the
thickness of disc springs t and the friction coefficient y, of
the system are changed. Therefore, to simplify the model, the
equivalent average of additional support forces FH is applied
to the system and introduced into the calculation, that is, the
dimensionless parameter &5 is a fixed value that does not vary
with axial displacement and that is only related to the
number of disc springs n.

Therefore, the calculation parameters of the ODS shock
isolator are as follows. The thickness ¢ of the disc springs is
0.5mm, the friction coefficient g, is 0.2, the linear viscous
damping coefficient ¢ is 2, and the system load m1 is 4.46 Kg.
The shock input is the shock loads of the isokinetic shock
introduced in Section 3, and the dimensionless velocity
constant C' is set as 5.55. The equivalent average of addi-
tional support forces with different numbers of disc springs
in the system are specified in Table 3.

To evaluate the shock isolation performance of the
ODS shock isolator, shock acceleration ratio (SAR),
shock displacement ratio (SDR), and RDR are used
[23, 29, 30].

itlnes _ 10+ F

SAR = — max
|y|max |F|max
) Fdr)d
s _ Phoss [0 I Fanar,
|y|max UJ (FdT)dT|max
RDR = IX B ylma.x _ |6|max

Wloa  |[] (Fdoyde|

Figures 13(a) and 13(c) show the SAR, SDR, and RDR
spectra of the ODS shock isolation system under a

dimensionless velocity constant C' of 5.55. When Q ap-
proaches 0, the system shows a quasistatic loading state. At
this time, there is almost no deformation of the elastic el-
ement in the system, and the dimensionless relative dis-
placement § is negligible relative to the absolute
displacement of the base. So, SDR = RDR + 1 and SAR =1 are
established in the system, and this system has no isolation
effect. With the gradual increase of Q) to around 1, the system
enters the transition state of forced vibration, and the du-
ration of shock excitation is close to half of the natural period
of the system. This causes resonance of the system, and the
value of SAR is obviously greater than 1. The isolation system
is in the isolation amplification area. It can be clearly ob-
served in this area that the ODS shock isolator with a large
number of disc springs n and large pretightening force has
significantly smaller magnification in the SAR and SDR
spectra than those with a small number of disc springs n and
small pretightening force. According to Section 3, when
Q > 5, the system enters the shock state. At this time, it can
be seen that with the increase of ), the SAR values of
different ODS shock isolators are smaller. In addition, the
ODS shock isolator with less disc springs and smaller
pretightening force has slight advantage in displacement
isolation compared with those with a large number of disc
springs and large pretightening force. The values of RDR and
SDR increase with the increase of ), and the relationship
between RDR and SDR is RDR = SDR + 1. This shows that
when the ODS shock isolator system enters the shock state,
under the isokinetic shock, with the increase of the fre-
quency ratio Q, the ability of the ODS shock isolator to
isolate the shock acceleration becomes stronger, but the
ability of the ODS shock isolator to isolate the displacement
weakened. And with the increase of the frequency ratio Q,
the influence of the number of disc springs and pre-
tightening force on the isolation efficiency of the ODS shock
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TasLE 3: Fitting coefficient of elastic force and axial displacement of the shock isolator.
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FiGure 13: The SAR, SDR, and RDR spectra of the ODS shock isolator system of isokinetic shock load with different numbers of the disc
springs and pretightening forces. (a) SAR spectra of the ODS shock isolator system. (b) SAR spectra of the ODS shock isolator system and
linear and nonlinear shock isolation systems under the same parameters. (c) SDR and RDR spectra of the ODS shock isolator system. (d)
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as the ODS shock isolator. NSLD represents the nonlinear stiffness and linear damping shock isolation system with the same corresponding
parameter terms as the ODS shock isolator).
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isolator is also weaker. Figures 13(b) and 13(d) show the
SAR, RDR, and SDR spectra of the ODS shock isolator and
different shock isolation systems under the same corre-
sponding parameter terms and a dimensionless velocity
constant C' of 5.55. Comparison reveals that the ODS shock
isolator has certain advantages in isolating shock loads.
Although the shock isolation performance of the ODS shock
isolator is slightly weaker than that of the NSLD shock
isolation system in the shock state with Q > 5, the isolation
performance of the ODS shock isolator is obviously better
than that of the NSLD shock isolation system in the tran-
sition state with Q <5. This reflects the excellent isolation
characteristics of the ODS isolator within the whole fre-
quency domain.

4.3. Effect of the Payload on Shock Response. The bearing mass
m; of the ODS shock isolator system not only affects the
dimension parameters but also influences the static load-
displacement compression xy. From the initial bearing ca-
pacity F, of equation (9), it can be known that when the
gravity of the bearing mass m;g<F,, the static load-dis-
placement compression xq is zero. But when the gravity of
the bearing mass m,;g>F,, the static load-displacement
compression xo should approximately conform to the fol-
lowing equation:

m g = K,x, + K,xg + Kyx + p+F,. (27)

Therefore, to investigate the effect of different bearing
masses on the ODS shock isolator system, when m,g<F,,
the bearing masses m; are set as 2.46 Kg, 3.46Kg, and
4.46 Kg, respectively. Similarly, when m, g > F,, the bearing
masses m; are set as 11.46Kg, 12.46Kg, and 13.46Kg.
Figures 14(a) and 14(c) show the SAR, SDR, and RDR
spectra of the ODS shock isolator system with different
bearing masses under the loads of the isokinetic shock,
where the thickness ¢ and the number # of the disc springs
are, respectively, 0.5 mm and 45, and the value of F,, is 60 N,
as given in Table 3, the pretightening force F, is 45N, the
friction coefficient p, is 0.2, the linear viscous damping
coefficient c is 2, and the dimensionless velocity constant C’
is 5.55.

Figures 14(a) and 14(c) show that when m, g <F, in the
ODS shock isolator system, for the forced vibration tran-
sition area and quasistatic loading area with Q <5, the
absolute acceleration, relative displacement, and absolute
displacement magnification of the system with small bearing
mass are smaller, but the resonance frequency will move to
the high frequency direction. In the shock state of Q > 5, the
bearing mass only exerts weak effects on SAR, SDR, and
RDR. The system with large bearing mass has a little ad-
vantage in isolation of absolute acceleration, but it is slightly
worse than the system with small bearing mass in isolation of
relative and absolute displacement. When m, g > F,, within
the whole frequency domain, the isolation effect of the ODS
shock isolator system with large bearing mass is better than
that of the system with small bearing mass. For displacement
isolation, the ODS shock isolator system with large bearing
mass is significantly worse than the system with small
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bearing mass. Moreover, large bearing mass will lead to large
static load-displacement compression X, which is incon-
ducive to the shock isolation of the large dimensionless
velocity constant C' and easy to cause secondary shock. In
addition, it is found that when the system enters the shock
state and Q > 10, for any value of m;,, the relationship be-
tween RDR and SDR is RDR = SDR + 1. Figures 14(b) and
14(d) show the SAR, RDR, and SDR spectra of the ODS
shock isolator, LSD shock isolator, LSND shock isolator, and
NSLD shock isolator. The corresponding parameter terms of
these four kinds of shock isolators are equal, and the di-
mensionless velocity constant C' is 5.55. The bearing masses
m; of these four shock isolation systems are set as 4.46 Kg
and 12.46 Kg. It can be found by comparison that the ODS
shock isolator has more balanced isolation performance
than the other three commonly used shock isolation systems
with the change of Q) from zero to infinite, regardless of the
load state.

4.4. Effect of the Dimensionless Velocity Constant C' on Shock
Response. The dimensionless velocity constant C' represents
the amount of input energy to the system. Although it has been
fully verified in Section 3 that the dimensionless velocity
constant C' has a little effect on the system in the shock state,
after the system enters the shock state, the response caused by
the small dimensionless velocity constant C' is still different
from that caused by the large dimensionless velocity constant
C’. Therefore, the shock responses of the ODS shock isolator
system with different dimensionless velocity constants are
calculated, and the SAR, SDR, and RDR spectra are compared.
The calculation parameters of the system are as follows: the
thickness t and the number 7 of the disc springs are 0.5 mm and
45, the pretightening force F. is 45 N, the friction coefhicient y,
is 0.2, and the linear viscous damping coeflicient c is 2, and the
bearing mass m; is set as 4.46 Kg.

Figures 15(a) and 15(c) show the SAR, SDR, and RDR
spectra of the ODS shock isolator system with a different
dimensionless velocity constant C’. It can be seen from
Figure 15(a) that when the system is in the quasistatic load
and forced vibration transition state (Q <2), with the de-
crease of the dimensionless velocity constant C', the ac-
celeration amplification ratio of the ODS shock isolator
system decreases. However, when the ODS shock isolator
system is in shock state, i.e. 2> 5, the absolute acceleration
isolation ability of the system with small dimensionless
velocity constant is obviously weaker than those with large
dimensionless velocity constant. Figure 15(c) shows that
when the ODS shock isolator system is in shock state, the
absolute displacement isolation ability of the system with
small dimensionless velocity constant is better than those
with large dimensionless velocity constant. When the fre-
quency ratio Q > 10, the relationship between the RDR and
SDR is RDR=SDR+1 for any dimensionless velocity
constant. Figures 15(b) and 15(d) also show the excellent
isolation performance of the ODS shock isolator compared
with common isolation systems within the whole frequency
domain through SAR, SDR, and RDR spectra under different
shock environments.
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FIGURE 14: The SAR, SDR, and RDR spectra of the ODS shock isolator system of isokinetic shock load with different bearing masses. (a) SAR
spectra of the ODS shock isolator system. (b) SAR spectra of the ODS shock isolator system and linear and nonlinear shock isolation systems
under the same parameters. (c) SDR and RDR spectra of the ODS shock isolator system. (d) SDR and RDR spectra of the ODS shock isolator
system and linear and nonlinear shock isolation systems under the same parameters.

5. Shock Experiment and Result Discussion

5.1. Experiment Setup. To investigate the accuracy of the
isokinetic shock distinguishing method and the performance of
the ODS shock isolator with boundary friction and pre-
tightening, an ODS shock isolator is proposed. The parameters
of the DOS shock isolator are as follows. The outer diameter D
and inner diameter d of the disc springs are 28 mm and 10 mm,
the free height H, and the flattening height A, of the disc
springs are 1.15mm and 0.7mm, the thickness t and the

number of the disc springs #n are 0.5mm and 45, the pre-
tightening is set as 45N, and the bearing mass m; of the ODS
shock isolator system is 4.46 Kg. Silicone oil is filled into the
pipe wall of the ODS shock isolator, and single-DOF isokinetic
shock test is performed on the ODS shock isolator.

The experimental system (Figure 16(a)) is composed of
three parts: a base excitation system, a data acquisition system,
and an ODS shock isolation system. The base excitation
system is the SY10-500 drop shock tester. The data acquisition
system includes three piezoelectric-type acceleration sensors
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FIGURE 15: The SAR, SDR, and RDR spectra of the ODS shock isolator system of isokinetic shock load with different dimensionless velocity
constant C'. (a) SAR spectra of the ODS shock isolator system (b) SAR spectra of the ODS shock isolator system and linear and nonlinear
shock isolation systems under the same corresponding parameter terms. (¢) SDR and RDR spectra of the ODS shock isolator system. (d)
SDR and RDR spectra of the ODS shock isolator system and linear and nonlinear shock isolation systems under the same corresponding

parameter terms.

(model DL112), one rail-type magnetostrictive displacement
sensor (model CMSD0180), one charge amplifier (model MI-
2004), one dynamic data analyzer (model MI-7008), and
personal computers (PC). The shock responsive acceleration
signals of the ODS shock isolator are collected with three
acceleration sensors. Two of them are connected to the charge
amplifier, and the acceleration signals of the base and mass
can be acquired. The third is connected to the control system
of the drop shock test as a monitoring signal of the base. The
ODS shock isolation system (Figure 16(c)) consists of the
ODS shock isolator, installation base, and load mass. The load
mass consisted of a cylinder, a support plate, and two linear
bearings. The ODS shock isolator is installed between load

mass and the base. Two linear guides are fixed to the in-
stallation base to keep the vertically translational motion of
the load mass.

5.2. Experiment Results and Discussion. To verify the accu-
racy of ISDM and the shock isolation performance of the
ODS shock isolator with the base excitation which is iso-
kinetic shock load in the simulation calculation, the di-
mensionless velocity constant C'=5.55 (the actual table
shock velocity is 1.2m/s) and C'=7.40 (the actual table
shock velocity is 1.6 m/s) are set as isokinetic shock exci-
tation, respectively, and a series of shock tests are carried out.
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F1GURE 17: Time-domain signal of isokinetic shock loads with the dimensionless velocity constant C' =7.40 and system responses. (a) A
series of the time-domain curves of isokinetic shock loads. (b) Absolute acceleration responses of bearing mass. (c) Relative displacement
responses of the ODS shock isolation system. (d) Frequency spectra of absolute acceleration and relative displacement signal.

Figure 17(a) shows a series of the time-domain curves of
isokinetic shock loads with the dimensionless velocity constant
C'=740 (the actual table shock velocity is 1.6m/s),
Figures 17(b) and 17(c) show the relative displacement and
absolute acceleration responses of bearing mass, and
Figure 17(d) shows the FFT spectrum of relative displacement
and absolute acceleration response of bearing mass. It can be
concluded that when the bearing mass of the ODS shock
isolator is 4.46 Kg and the dimensionless velocity constant
C' =7.40, the natural frequency value of the ODS shock isolator
is stable at 8.58 Hz from the FFT spectrum of relative dis-
placement and absolute acceleration response. Therefore, the

frequency ratio of the input loads with the dimensionless
velocity constant C' =7.40 can be calculated as 18.39, 12.95,
7.60, 5.15, 3.64, and 2.841, respectively, where A; (i=1...., 6) in
Figure 17(a) is the amplitude of the input load.

To display the characteristics and maximum value of the
time history signal of the absolute acceleration response
more clearly, the median filtering method is used to post-
process the original signal, and the continuous sampling
value is set as 15. Figure 18 shows the absolute acceleration
response time-domain signal generated by the acceleration
excitation with the dimensionless velocity constant C' = 7.40
and frequency ratio Q0 =18.39 isolated by the ODS shock
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isolator and the time-domain signal filtered by the median
filter. The same time-domain signal postprocessing method
is applied to the analysis of other absolute acceleration
responses.

Figure 19 shows the relation curve between the maxi-
mum absolute value of the relative displacement responses
and frequency ratio Q) of the ODS shock isolation system
after shock. The shock input is a series of isokinetic shock
loads with the dimensionless velocity constant C' =7.40 and
C' =5.55, respectively. From the curve trend, it can be clearly
observed that when the frequency ratio Q < 5, the maximum
absolute value of the relative displacement response in-
creases with the increase of the frequency ratio. However,
when Q) > 5, whatever the value of the dimensionless velocity
constant C’, the ODS shock isolation system reaches the
shock state. Although the maximum absolute values of the
relative displacement response fluctuate, the values are
generally stable near a certain value. This experimental
results show the same law as the simulation results in
Section 3. This suggests that a shock isolation system has a
shock state. The system reaches this state when the du-
ration of the base excitation is less than 1/5 of the natural
period of the shock isolation system. In this state, the
shock load of the isolation system is approximately
equivalent to the step velocity load with the same di-
mensionless velocity constant.

In the actual shock process, there is always a negative
wave effect in the shock isolation system, so the ideal half-
sine shock input cannot be obtained. The absolute dis-
placement values of the base, which are obtained through
quadratic integration of the actual acceleration signal, are
quite different from those under the ideal half-sine shock
input. Thus, it is of little significance to compare the SDR
spectra of simulation and experiment. In this section, the
SAR and RDR spectra obtained by experiment and simu-
lation are comparatively analyzed. Figure 20 shows the SAR
and RDR spectra of the ODS shock isolation system under
shock by a series of isokinetic shock excitation. The
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Ficure 19: The relation curve between the maximum absolute
value of the relative displacement responses and the frequency
ratio Q.

dimensionless velocity constant C’ values of these isokinetic
shock excitation are 5.55 and 7.40, respectively. It can be
seen in this figure that under the experimental conditions,
the response values corresponding to the same frequency
ratio in the SAR spectra decrease with the increase of the
dimensionless velocity constant C', while those corre-
sponding to the same frequency ratio in the RAR spectra
increase with the increase of the dimensionless velocity
constant C’. With the increase of the frequency ratio , the
response values corresponding to the same dimensionless
velocity constant C' in the SAR spectra are gradually re-
duced, while those in the RAR spectrum are gradually in-
creased. This shows that with the increase of the frequency
ratio Q, the isolation performance of the system for accel-
eration becomes better, while that of the system for relative
displacement gets worse. The rules of the isolation
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performance of the system are the same in experiment and
simulation.

6. Conclusion

Relying on the above numerical and experimental results,
conclusions can be drawn as follows:

(1) An additional supporting force is generated by the
internal friction of the ODS shock isolator. The
direction of the additional supporting force is op-
posite to that of the system’s movement velocity; the
magnitude of this force first increases and then
decreases with the increase of the axial displace-
ment x.

(2) For any shock isolation system, when the duration of
the base excitation is less than 1/5 of the natural
period of the shock isolation system, the system enters
the shock state. In this state, the response form of the
system is approximately equivalent to the shock re-
sponse caused by step load with the same dimen-
sionless velocity constant C'. The base excitation at
this time should be expressed as shock loads. How-
ever, when the duration of the base excitation is more
than 1/5, the system is out of the shock state. At this
point, the system is closer to the forced vibration state.
When the duration of the base excitation is much
longer than the natural period of the shock isolation
system, the system enters the static loading state.

(3) The equivalent average of the additional supporting

force of the ODS shock isolator is related to the
number of disc springs and friction coefficient and
independent of the preload of the system. Under
isokinetic shock, when the system enters the shock
state, the ODS shock isolator with less disc springs
and smaller preload has a better isolation perfor-
mance for acceleration. With the increase of the
frequency ratio (), the system has a better isolation
efficiency for acceleration but a worse isolation ef-
ficiency for displacement.

(4) Under isokinetic shock excitation, when the gravity

of the bearing mass is less than the initial bearing
capacity of the ODS shock isolator, and the system is
in the shock state, the bearing mass exerts weak
effects on the SAR, SDR, and RDR of the system. The
ODS shock isolation system with heavier bearing
load has a slightly better isolation performance for
acceleration but a slightly worse isolation perfor-
mance for displacement. When the gravity of the
bearing mass is more than the initial bearing capacity
of the ODS shock isolator, with the increase of the
bearing mass, the isolation performance of the
system for acceleration becomes better, but the ef-
fective isolation displacement becomes shorter.

(5) The magnitude of the energy carried by the shock

loads have a certain effect on the ODS shock isolation
system. When the system reaches the shock state,
with the increase of the energy carried by the shock
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loads, the isolation performance of the system for
acceleration turns better, but the isolation perfor-
mance of the system for displacement gets worse.
Under isokinetic shock excitation, with the increase
of the frequency ratio Q, the isolation efficiency of
the system for acceleration becomes better, while the
isolation efficiency of the system for displacement
gets worse.
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