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A novel shock absorber with the preload structure and global negative stiffness is proposed for the shock isolation of sensitive
systems. ,e novel shock absorber is composed of a linear spring and permanent magnet sets. ,e preload force and negative
stiffness region are related to the attractive force between permanent magnet sets. ,e aim of this paper is to investigate the shock
isolation performance of the novel shock absorber. Firstly, a static analysis of the novel shock absorber is carried out. Secondly, the
motion stability of the NSA is analyzed by the JacobianMatrix and the shock response is calculated numerically compared with the
conventional preload structures. Finally, the shock test of the novel shock absorber is completed to verify the above results. It is
found that the novel shock absorber could be advantageous in improving shock isolation in terms of relative displacement and
absolute acceleration compared with conventional preload structures.

1. Introduction

,e sensitive systems, such as the inertial navigation system,
are particularly sensitive to the vibration and shock inputs
from the foundation [1]. ,ese inputs often lead to errors in
the inertial sensors of the navigation system, which could
result in velocity and heading errors. Moreover, the sensitive
systems can lose function under severe shocks caused by
various intensive impulsive loads [2]. To protect sensitive
systems, a shock absorber should be mounted between the
host systems and the foundation. However, a conventional
shock absorber is not enough to ensure the sensitive systems
work well in a complex environment. For example, during
spacecraft launch, a preload structure should be used to
maintain the sensitive systems support structure in a fixed
relationship with the spacecraft, and it can be released to
allow relative movement after launch [3]. ,us, a shock
absorber with preload structure is effective in protecting the
sensitive systems in such a complex environment.

,e nonlinearity of the preload structure has been in-
vestigated and the vibration characteristics can be analyzed
by the harmonic balance method [4]. Heimbs studied the

shock test and modeling of carbon fibre-reinforced plastic
plates with compression preloading at a low-speed shock
and found that the preloaded carbon fibre-reinforced plates
have lower energy absorption effects than the free carbon
fibre-reinforced plates [5]. Garcia studied the shock atten-
uation characteristics of a gasket with an initial compressive
load under repeated shock [6]. However, the elastic elements
of the preload structures mentioned above usually have
positive stiffness. ,e negative stiffness elements were often
used to obtain low-frequency or quasi-zero stiffness struc-
tures [7]. A cam structure, a precompression spring struc-
ture, and a magnet were used to generate negative stiffness
for obtaining a quasi-zero stiffness structure [8]. A shock
absorber with a negative stiffness element has advantages
compared with linear stiffness [9]. However, the vibration
absorber with a negative stiffness element mentioned above
generally is global positive stiffness or quasi-zero stiffness, so
that the force response of the sensitive systems increases as
the relative displacement response increasing.

,is paper proposed a novel shock absorber (NSA) with
the preload structure and global negative stiffness. ,e NSA
not only has the preload function but also can ensure the
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force response would not exceed the preload force with the
deformation increasing due to global negative stiffness. ,e
aim of this paper is to study the shock isolation performance
of the NSA. In Section 2, the prototype of the NSA is
proposed and the static analysis of the NSA is studied. In
Section 3, the dynamic stability analysis of the NSA is in-
vestigated by solving the eigenvalue equation of the system.
,e shock response of the NSA is calculated numerically
compared with a preload structure with positive stiffness
(PSPS) and a linear stiffness system (LSS). In Section 4, a
prototype of the NSA is fabricated and the shock test is
completed to test the shock isolation performance of the
NSA.

2. Static Analysis

A preload structure could improve the robustness of the
initial equilibrium position and protect equipment from
severe shock excitations. Generally, a preload structure was
composed of a precompressed or pretensioned elastic ele-
ment. In this study, a pair of permanent magnets are used to
generate the preload force.

,e schematic diagram of the NSA considered in this
paper is shown in Figure 1(a). It comprises a mass (5),
supported by a linear spring (6) k, guiding rod (8), and four
permanent magnet sets (1–1), (1–2), (2–1), and (3–1). ,e
magnet sets (1–1) and (1–2) are grouped into arrays on the
suspended plane (1), magnet set (2–1) is on the fixed plane
(2), and magnet set (3–1) is on the moved plane (3). ,e
mass (5) is the sensitive system to be isolated from the shock
excitation. Four permanent magnet sets were used to gen-
erate the negative stiffness.

,e permanent magnet sets (1–1) and (3–1) are sepa-
rated when mass moves down as shown in Figure 1(b).
Permanent magnet sets (1–2) and (2–1) are separated when
mass moves up as shown in Figure 1(c). ,e relative dis-
placement x is equal to y subtract z. ,e gap h between the
separated permanent magnets is equal to |x|. ,e Vakoun
studied the force between the cylindrical permanent mag-
nets and derived the relevant calculation formula and ex-
perimental verification [10]. ,e attractive force between
two magnet sets is the red dash-dot line shown in Figure 2,
and it can be written as [10]

Fm � − 8πKdR
2

􏽚
+∞

0

J
2
1(q)

q
2 sin h(qτ)

2
e

− qζdq. (1)

Due to the fact that the magnet pairs analyzed in this
paper were separated with a certain distance as shown in
Figure 1(a), the interference between magnet pairs could be
ignored. ,us, it is assumed that the attractive force of n
pairs of magnets is n times larger than a single pair of
magnets. And this assumption was verified by static testing
in Section 4 as shown in Figure 3(d). Here, to simplify the
following calculation process, an exponential function is
used to fitting equation (1):

Fm ≈ nAe
(− x/μ)

, (2)

where n represents the number of permanent magnets in
arrays and A and μ are the fitting parameters. It is found that
the attraction force Fm is closed to zero when the gap in-
creases to a certain value and the attraction force is maxi-
mum when the gap h is zero. ,e resilient force FL of the
linear spring is the blue dot line shown in Figure 2.,e linear
spring is used to make the mass back to the initial equi-
librium position because the attractive force Fm of the
magnet sets is unable to support the mass when the gap h is
large enough. ,e equivalent force Fk of the NSA is the
product of Fm and FL as the green solid line shown in
Figure 2. ,e equivalent resilient force is expressed as

Fk � FL + Fm � kx + nAe
(− x/μ)

, x> 0. (3)

In Figure 2, it is shown that the NSA has a preload force
Fmax at the equilibrium position, which is generated by
permanent magnet sets. Besides, it reveals that there are a
negative stiffness region and a positive stiffness region in the
force-displacement curve of the NSA. Equation (3) could
transform into a dimensionless form:

􏽥Fk � 􏽥FL + 􏽥Fm � u + 􏽥Ae
(− u/μ)

, (4)

where
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FL

kxmax
,
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x

xmax
,
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nAe

(− u/μ)

kxmax
,
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nA

kxmax
,

e
(− u/μ)

� e
(− x/μ)

􏼐 􏼑
1/xmax( )

.

(5)

,e dimensionless stiffness of the NSA can be obtained
by differentiating equation (4) with respect to 􏽥x:

􏽥K � 1 −
􏽥A

μ
e

(− u/μ)
. (6)

,e above relationship gives the value of the dimen-
sionless equivalent force or stiffness of the NSA as a function
of the preload amplitude 􏽥A, the relative displacement μ, and
the fitting parameter μ. ,e influence of these parameters on
the values of the 􏽥Fk and 􏽥K is shown in Figures 4 and 5,
respectively. In Figure 4(a), it is revealed that the values of 􏽥Fk

change profoundly depending upon the value of 􏽥A at the
equilibrium position. It shows that the shape of the di-
mensionless resilient force 􏽥Fk changes with different values
of μ shown in Figure 4(b). ,e influence of the preload
amplitude 􏽥A and the fitting parameter μ on the 􏽥K are shown
in Figures 5(a) and 5(b). It can be found that the stiffness of
the NSA is negative around the equilibrium position and it
decreases with the 􏽥A or μ increasing.
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3. Dynamic Analysis

In this section, the dynamic behavior of the NSA is analyzed,
including the motion stability, shock response, and the
advantages of the NSA compared to other preload
structures.

3.1. Problem Formulation. In Figure 1, the equation of
motion of the NSA can be given by

m €x + c _x + kx + nAe
(− x/μ)

� − m€z , (7)

where x � y − z.
To investigate the shock isolation performance of the

NSA, several types of shock excitation types have been
considered as the base excitation [11]. Here, the time-do-
main shock excitation wave presented in BV043/85 standard
is adopted as shown in Figure 6 [12].

,e shock excitation can be expressed as

m€z �

Fsinwt t< t1,

−
F

n1
sin n1w t − t1( 􏼁, t1 < t< t2,

0, t2 < t.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(8)

Equation (7) can transform into a dimensionless form:
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(10)

,e motion stability of the system can be assessed by
means of a “stability criterion” [13]. By replacing external
load with the initial condition, the free vibration of the
preload structure is expressed as
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Figure 1: Modeling of the NSA prototype as a spring-mass system.
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u″ + 2ζu′ + u + 􏽥Ae
(− u/μ)

� 0. (11)

And the initial condition is u(τ � 0) � u0,
u′(τ � 0) � u0′. ,e dynamic analysis equation of the system
is expressed as

u′ � f1(u, q) � q, (12)

_q � f2(u, q) � − 2ζq − u − 􏽥Ae
(− u/μ)

, (13)

where x and y are the status terms of the system. Based on
equations (3) and (4), the Jacobian matrix of the system is
expressed as

J �

zf1

zu

zf1

zq

zf2

zu

zf2

zq
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Figure 3: Schematic diagram of the static test. (a),e static test of three magnet pairs. (b),e static test of a single magnet pair. (c),e static
test of linear springs. (d),e static test curve of magnet sets. (e),e static test curve of linear springs. (f ),e static test curve of the NSA. (g)
,e static test of the NSA.
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And the eigenvalue equation of the system is

|A − λI| � 0. (15)

According to equations (6) and (7), the eigenvalue
equation of the system is expressed as

λ2 + 2ζλ + 1 −
1
μ

􏽥Ae
(− u/μ)

� 0. (16)

By solving equation (14), the eigenvalue expression is
obtained:

λ1,2 �
− 2ζ ±

�����������������������

(2ζ)
2

− 4 1 − (1/μ)􏽥Ae
(− u/μ)

􏼐 􏼑

􏽱

2
, (17)

where ζ, 􏽥A, μ, and u are positive values here. According to
the stability criterion, the real parts of λmust be negative for
stability [13]. Hence, the following criteria can be established
to ensure stability:

1 −
1
μ

􏽥Ae
(− u/μ) > 0. (18)

From equation (18), it can be seen that the NSA has a
microunstable range around the equilibrium position be-
cause of the negative stiffness region. According to equations
(12) and (13), a phase diagram of the NSA with different %A

and μ could be obtained as shown in Figure 7. In
Figures 7(a)–7(c), it can be seen that the motion stability of
the NSA becomes unstable with the %A increasing.
Moreover, the motion stability of the NSA becomes unstable
with the μ decreasing.

3.2. Simulation of Shock Response. ,ere is no explicit an-
alytical solution of equation (9). However, it can be solved
numerically. From equation (9), it is found that the solution
of the equation may be influenced by the natural frequency
ratio Ω, the shock excitation amplitude 􏽥F, damping ratio ζ,
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Figure 4: ,e influence of the preload amplitude 􏽥A and the fitting parameter μ on the 􏽥Fk. (a) Different values of the parameter 􏽥A.
(b) Different values of the parameter μ.
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and preload amplitude 􏽥A. ,e influence of these parameters
on the shock response of the NSA is investigated in the
following part.

,e shock response spectrum of the NSA under different
shock excitation amplitude 􏽥F can be calculated numerically
as shown in Figure 8(a). It reveals that the maximum ac-
celeration response umax″ of the system increases with the
shock amplitude 􏽥F increasing when Ω< 60. umax″ increases
under a specific 􏽥F with the Ω decreasing when Ω< 60 as
shown in Figure 8(a). In Figure 8(a), it is found that umax″ is
larger than 􏽥F when Ω< 6, an amplification area; it is smaller
than 􏽥F when Ω> 6, an isolation area; and it is a constant
value and equal to preload amplitude 􏽥A when Ω> 60, an
isolation static area. It also shows that the maximum ac-
celeration response is equal to 0.5 when 􏽥F � 0.5 because the
shock excitation amplitude is below the preload amplitude;
in this case, the preload force of the NSA can maintain the
sensitive systems fixed to the foundation. In Figure 8(b), it
can be found that the isolation static region of the NSA
increases with 􏽥A increasing. As the fitting value of μ in-
creases, the frequency range of the isolation static region can
be shortened as shown in Figure 8(c). It can be seen that the
higher the damping ratio is, the lower the maximum ac-
celeration response would be until Ω> 60 as shown in
Figure 8(d).

,e NSA is proposed to protect the sensitive systems
from shock excitation so that it is expected to work in the
isolation region. In Figure 8, the shock isolation perfor-
mance of the NSA can be obtained when Ω> 6. ,e time-
domain response of the NSA under different shock

excitation is investigated when Ω � 30, Ω � 50, Ω � 80, and
Ω � 120. ,e dimensionless resilient force-displacement
curves of the NSA are shown in Figure 9. It shows that the
linear stiffness of the NSA is hard when Ω is small and soft
when Ω is higher. ,e NSA has a small range of the negative
stiffness when the Ω is small.

,e shock response of the NSA under different shock
excitation amplitude 􏽥F is shown in Figure 10. In
Figure 10(a), it can be seen that the maximum acceleration
response is constant and equal to the preload under different
shock excitation amplitude 􏽥F in terms of Ω � 30, Ω � 50,
Ω � 80, and Ω � 120. For example, the time-domain re-
sponse of the NSA when Ω � 120 is shown in Figure 11(a).
However, in the case of Ω � 30, the maximum acceleration
response is over the preload when 􏽥F> 13, and the corre-
sponding time-domain response is shown in Figure 11(c). In
Figure 10(b), it is revealed that the maximum displacement
response increases monotonically with the shock excitation
amplitude increasing when Ω � 30 and Ω � 50 but there are
two turning points in the curve when Ω � 80 and Ω � 120.
,e corresponding time-domain displacement response is
shown in Figures 11(b) and 11(d), respectively. It shows that
the maximum acceleration response increases and the
maximum displacement response decreases with the
damping ratio increasing.

In Figures 11(b) and 11(f), it is shown that the maximum
displacement responses and the actual response frequency of
the NSA are similar when the NSA is subjected to 􏽥F � 3.65
and 􏽥F � 13. It is a jump phenomenon of a system with
nonlinear stiffness. To illustrate the jump phenomenon, a
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frequency ratio Ω1 is defined to calculate the frequency
response function. ,e Ω1 is expressed

Ω1 �
w

w1
, (19)

where w1 represents the actual response frequency of the
NSA under shock excitation.,e relation of shock excitation
amplitude 􏽥F andΩ1 can be calculated as shown in Figure 12.
It can be seen that the jump phenomenon happens when
linear stiffness of the NSA is soft, such as Ω � 120. ,e
unstable points as shown in Figure 12(a) can be judged by
equations (17) and (18). It can be found that Ω1 is closed to
the value of Ω when 􏽥F is higher enough as shown in
Figure 12(a).

,e influence of the preload amplitude and damping
ratio on the unstable region is investigated as shown in
Figures 12(b) and 12(c), respectively. It shows that the higher
value of preload amplitude, such as 􏽥A � 2, can lead to a wider
range of motion instability, shown in Figure 12(b), because
the negative stiffness region is wider in this case. Besides, the
increase of damping ratio can put the jump point forward as
shown in Figure 12(c).

3.3. Comparison of Different Preload Structures. To evaluate
the advantage of the NSA, the shock response of the NSA is
calculated compared to preload structure with positive
stiffness (PSPS) and linear stiffness system (LSS). ,e NSA,
PSPS, and LSS considered here have the same linear positive
stiffness and preload force. ,e calculation results are shown
in Figure 13.

In Figure 13, the shock acceleration response of different
systems is shown. And it is found that the NSA has a better
isolation performance compared to PSPS when the linear
positive stiffness is soft as shown in Figures 13(a) and 13(a).
,e maximum acceleration response of the NSA is equal to
the preload force and the average value of acceleration is
much lower than PPS. Although the NSA and PSPS have the
same preload force and linear stiffness, the response fre-
quency of the PNS is lower than PSPS and closed to LSS due
to the global negative stiffness. ,e maximum displacement
response of the NSA is slightly higher than PSPS as shown in
Figures 13(d) and 13(e). ,e maximum acceleration re-
sponse can exceed the value of preload force when the linear
stiffness is hard as shown in Figure 13(c), but it is still lower
than the PSPS.

In Figure 13, it is shown that the shock response of the
NSA is closed to LSS globally, but it is quite different around
the equilibrium position (x� 0) because of the preload force
and the global negative stiffness. Although the maximum
displacement of the NSA is slightly higher than PPS, the
shock isolation performance of the NSA is better than PSPS
due to the fact that the maximum acceleration response is
always lower. Moreover, the maximum acceleration re-
sponse is below the preload force when the linear stiffness is
soft.

To evaluate the damage level of the sensitive systems
installed on the shock absorber, the shock response spec-
trum (SRS) was used to analyze the shock isolation per-
formance [2]. ,e SRS is calculated by the acceleration
response curve shown in Figure 13. ,e SRS of the NSA is
compared to the PSPS and LSS as shown in Figure 14.
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Figure 9: ,e dimensionless resilient force-displacement curves of the NSA (ζ � 0, 􏽥A � 1, w � 200 π/s, μ � 6.7 × 10− 4).
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In Figure 14(a), it is shown that the SRS of the NSA is
smaller than the PSPS when the natural frequency is over
3 Hz. ,e SRS of the NSA is closed to LSS in the low-
frequency region but it is higher than LSS in the high-
frequency region. Besides, the SRS of the NSA is less than
the PSPS when the natural frequency is over 7 Hz as shown
in Figure 14(b). However, the SRS of the NSA slightly less
than the PSPS when the natural frequency is more than
10.2 Hz as shown in Figure 14(c). From the above, it can be
concluded that PNS has a better shock isolation perfor-
mance compared to PSPS and LS, even though the linear
stiffness is hard.

4. Shock Test

,e prototype of the NSA is fabricated and tested by a drop
table. ,e permanent magnets and the cylindrical coil spring
are the key components of the NSA. Before the shock test,
the static characteristic of the key components is tested by
static testing platform WANCE-ETM503A as shown in
Figures 3(a) to 3(c).

,e material of the permanent magnets is Neodymium,
which is the most important negative stiffness component of
the NSA. Since the permanent magnets are brittle material, it
can be broken up under the rigid collision. ,erefore, a
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Figure 10: ,e influences of different Ω on shock response of the NSA (􏽥A � 1, w � 200 π/s, μ � 6.7 × 10− 4). (a) Absolute acceleration
response. (b) ,e relative displacement response.
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rubber washer is placed on the contact face of the lower
magnet, as shown in Figure 3(b). ,e thickness of the rubber
washer is 2mm. It shows that the maximum attractive force
Fm between permanent magnets set is 37N when the n � 1,
and it is 111N when the n � 3 as shown in Figure 3(b). Two
linear springs with different stiffness are considered here, the
resilient force FL of the spring is as shown in Figure 3(e),
used to interact with permanent magnets sets (n� 3), and the
total resilient force Fk, the product of Fm and FL, is shown in
Figure 3(f).

A typical drop table machine (SY10-500) is used to
simulate the shock excitation as shown in Figure 6. ,e
prototype of the NSA with different linear stiffness is
mounted on the drop table as shown in Figure 15. ,e

acceleration sensor B&K-4384 used to measure the ac-
celeration signal is the product of Brüel and Kjær
company.

,ree different levels of shock excitation generated by
different drop heights are used to test the NSA as shown in
Figures 16(a)–16(c). It is shown that the corresponding
measured maximum acceleration peaks are 15 g, 28 g, and
46 g, respectively. ,e testing results of shock response are
shown in Figures 17(a)–17(f ). Figures 17(a)–17(c) show the
shock acceleration response of the NSA with the soft linear
stiffness under different shock excitation. ,e weight of the
mass used to simulate the sensitive system is 3.7 kg so that
the mass can move while the external shock acceleration is
over 3 g. It can be found that the maximum acceleration
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Figure 11:,e time-domain response of the NSA (􏽥A � 1, w � 200 π/s, μ � 6.7 × 10− 4ζ � 0). (a) Shock acceleration response under different
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Figure 13: Continued.
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response is always equal to preload. However, the maximum
acceleration response of the NSA with hard linear stiffness is
over the preload and increases with the drop height
increasing.

From the above, it is concluded that the NSA has the
advantages of shock isolation and the acceleration response
is always less than the safety limit under different shock
levels when the NSA with a soft linear stiffness. ,ese
conclusions are in agreement with the simulation results in
Section 3.

5. Conclusion

In this paper, the NSA has been presented and discussed.
,e aim of the NSA is proposed to protect the sensitive
systems in a complex shock environment. ,e NSA has a
preload structure used to maintain the sensitive systems in
a fixed relationship with the supporting structure and it can
be released to allow relative movement for shock isolation
the same as the PSPS. Moreover, ,e NSA has a global
negative stiffness characteristic that differs from the PSPS
and LS.

Global negative stiffness of the NSA is influenced by the
attractive force generated by permanent magnet sets. Region
of negative stiffness is increased with the attractive force
increasing and a jump phenomenon would become obvious
when the region of negative stiffness is large. Although the
global negative stiffness can cause a jump phenomenon
around the equilibrium position, the NSA has better shock
isolation performance than others because of the global
negative stiffness. In addition, a proper soft linear stiffness
can improve the shock performance of the NSA, because it
can ensure that the maximum resilience of the NSA is always
below the preload force under different shock excitation
levels.

From the shock test results, it is verified that the NSA has
good shock performance. And the simple structure of the

NSA is advantageous to the application for sensitive
equipment exposed to a shock environment.
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