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Abstract

Offshore wind platforms face critical low-frequency vibration challenges requiring ad-
vanced isolation solutions. This work develops a quadrilateral-shaped vibration isolation
platform (QVIP) with a quasi-zero stiffness property for floating structures, combining
negative stiffness elements and optimized damping to achieve high-static-low-dynamic-
stiffness. Theoretical modeling establishes the QVIP’s working principle and parametric
behavior, while numerical simulations validate its ultra-low frequency (<1 Hz) suppression
capabilities with time domain analysis. The design overcomes conventional trade-offs
between low-frequency isolation and load-bearing capacity, offering improved stability for
offshore applications compared to linear isolators. Results demonstrate effective vibration
control through tailored nonlinear stiffness characteristics (e.g., 48.17% isolation efficiency,
39.48% peak amplitude reduction, and 73.14% variance reduction), suggesting practical
viability for next-generation floating platforms.

Keywords: vibration control; isolation platform; offshore platform; quasi-zero stiffness;
ultra-low frequency

1. Introduction

The global transition toward green energy solutions has driven offshore wind power
installations into increasingly deeper and more remote marine environments [1]. While
this expansion promises greater energy yields, it introduces significant engineering chal-
lenges, particularly concerning low-frequency vibrations induced by extreme wave condi-
tions and complex hydrodynamic interactions [2]. These vibrations not only compromise
platform stability and energy conversion efficiency but also pose long-term structural
integrity risks through fatigue accumulation [3]. Effective vibration mitigation strategies
are therefore critical for ensuring the reliability and longevity of offshore renewable energy
infrastructure [1-4].

Various vibration control approaches have been developed to meet different mitiga-
tion requirements, including passive [5], semi-active [6], and active control methods [7].
While semi-active and active strategies can generate substantial control forces and achieve
superior performance, they demand significant energy input (e.g., piezoelectric materi-
als or electromagnetic components) and involve costly mechatronic systems with high
maintenance requirements. In contrast, passive vibration control offers superior stability
and cost-effectiveness, making it particularly attractive for engineering applications [5,8].
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The three primary passive methods include dampers for energy dissipation [9-12], tuned
mass dampers for energy transfer [13], and isolation platforms for energy isolation [14].
Among these, vibration isolation systems stand out for their broad effective frequency
range and exceptional high-frequency attenuation performance. These advantages have
established isolation platforms as the predominant passive control solution in practical
offshore applications.

Vibration isolation systems serve dual critical functions in this context, protecting
sensitive equipment from environmental vibrations and preventing machinery-induced
vibrations from propagating through supporting structures [5]. The fundamental challenge
lies in attenuating transmitted forces while maintaining system stability, particularly in the
low-frequency range characteristic of ocean wave excitations [2]. Conventional linear isola-
tion systems face inherent limitations in this regard, as achieving sufficient low-frequency
attenuation typically requires reducing system stiffness, which in turn compromises static
load-bearing capacity. This trade-off has motivated the development of advanced isolation
technologies capable of simultaneously providing high static stiffness for structural support
and low dynamic stiffness for effective vibration isolation [14].

Recent advances in quasi-zero stiffness (QZS) isolators have demonstrated particular
promise for ultra-low frequency vibration isolation in floating platforms [7]. By incorporat-
ing negative stiffness elements with carefully tuned linear springs, these systems achieve
high-static-low-dynamic stiffness (HSLDS) characteristics that effectively decouple static
and dynamic performance requirements [15]. Liu et al. [16] summarized the recent advance-
ments in QZS-based vibration isolators and isolation platforms, while also categorizing
and synthesizing the various approaches to achieving QZS characteristics. Theoretical and
experimental studies have validated various implementations, including oblique springs
or pre-buckled beam configurations that provide tunable negative stiffness [17-21], mag-
netic arrangements offering contactless stiffness modulation [6,22,23], bio-inspired designs
mimicking natural vibration-damping structures [24-31], cam mechanisms [32,33], and
metamaterials [34]. The effectiveness of QZS isolators stems from their nonlinear stiffness
characteristics, which enable significant extension of the effective isolation bandwidth,
maintenance of high static load capacity, and improved stability compared to conventional
low-frequency isolators. For instance, building upon the cam-roller spring mechanism,
Zhang et al. [33] proposed a nonlinear isolation system based on cam-roller-spring-rod
stiffness., Yan et al. [35] successfully implemented an effective nonlinear damping approach
to enhance the vibration isolation performance of electromagnetic structures. Liu et al. [36]
improved the stability of the three-spring QZS isolator in low-frequency by introducing
the inerter element. Jing et al. [14,24,27,31] developed X-shaped and limb-like structures
that exhibit beneficial nonlinear stiffness, damping, and inertial characteristics. Their stud-
ies revealed that careful parameter tuning could readily achieve a QZS region featuring
substantial load capacity, large stroke, broad vibration isolation bandwidth, and superior
stability. Similarly, Yan et al. [28] devised an innovative toe-like anti-vibration configu-
ration comprising two rods and a spring, with both theoretical and experimental results
confirming effective vibration reduction for excitation frequencies above 3 Hz.

Complementing these stiffness innovations, researchers have developed advanced
damping strategies to optimize isolation performance across different frequency regimes.
These include velocity-dependent nonlinear damping for resonance control [37],
displacement-dependent geometric damping for broadband attenuation [9,38], and hybrid
approaches combining multiple damping mechanisms.

In this study, to solve the ultra-low frequency vibrations of the floating platform, a
novel quadrilateral-shaped vibration isolation platform (QVIP) is proposed with tunable
and enhanced QZS properties. The mechanism of the QVIP for the QZS property based on
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three-spring element and its dynamic equation are shown in Section 2. Section 3 shows
parametric influences on static stiffness force and summarizes the key factors for achieving
the QZS property, while Section 4 builds up the simulation model of the QVIP and verifies
the vibration control effect on the offshore platform under harmonic excitations and ocean

wave conditions. Finally, a conclusion is given in Section 5.

2. Dynamic Modeling of the Proposed QVIP
2.1. Conceptual Design of QVIP

In vibration control systems, a standalone negative stiffness structure may destabi-
lize the platform. Hence, integrating positive stiffness structures is essential to achieve
stable and tunable QZS. Addressing this, we propose the QVIP with QZS for vibration
control of offshore floating platforms in ultra-low frequencies. Leveraging the foldable
parallelogram geometry, the QVIP combines a horizontal spring with two oblique spring
sets to realize stable and tunable QZS. Figure 1a illustrates the 3D design of the QVIP.
During compression, the vertical component force of horizontal/tensioned springs initially
increases then decreases, generating negative stiffness, while compressed springs consis-
tently provide positive stiffness. Adjusting their balance enables QZS design. Figure 1b
shows that horizontal /tensioned springs exhibit positive stiffness initially but transition to
negative stiffness with larger displacement, risking instability. To extend the QZS range
and enhance vibration isolation, this paper analyzes and optimizes the equivalent stiffness
of the three-spring system.
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Figure 1. Modelling and mechanism of the QVIP: (a) 3D design of the QVIP, (b) mechanism of QZS,
and (c) simplified mechanical model and the geometric deformation of the QVIP.

2.2. Deformation of the QVIP

The simplified mechanical model of the QVIP is shown in Figure 1c. M is the mass,
L; is the length of inclined rods, Lj is the length of horizontal rods, 6 is the initial angle
between inclined rods and vertical direction, kj, is the stiffness of horizontal springs, k), is
the stiffness of compression inclined springs, k;, is the stiffness of stretch inclined spring,
c is the damping coefficient of the horizontal damper, Ay is the total vertical displacement,
Ax is the total horizontal displacement, and ¢ is the rotation angle of the inclined rod. All
the parameters used in the modelling are listed in Table A1 in Appendix A.

Nondimensionalization is performed for L;, Ly, ky, kp, and k. The definitions of
dimensionless parameters are L; = ¢-L, L, = A-L, ky, = 'k, kp = p-k, ky = v-k. During
compression, the parallelogram mechanism maintains vertical motion. The relationships
between motions in different directions are expressed by Equations (1)—(3). The rotation
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angle ¢ and total horizontal displacement Ax are nonlinearly correlated with the total
vertical displacement Ay, indicating a nonlinear relationship between horizontal and
vertical motions.

Rotation angle of the inclined rod is written as

_ Ay
go-G—arccos(cosG—i—zLi) (1)

Total horizontal displacement is obtained as

Ax = 2L;(sin(6 — ¢) —sin @) )
Total vertical displacement is obtained as

Ay = 2L;(cos (6 — ¢)—cos ) 3)

Initial length of compressed inclined spring is obtained as

Lo = \/ L2+ L* — 2L, L;sinf (4)

Length of compressed inclined spring during motion is obtained as

lpl = \/Lhz + Liz - 2LhLl‘Sil’1(9 - (p) (5)
Deformation of compressed inclined spring is obtained as

Aly =11 — Ly (6)

Initial length of stretch inclined spring is obtained as

Lo = \/ Ly? + L 4+ 2L, L;sinf 7)

Length of stretch inclined spring during motion is obtained as

L = \/Li2 + L2 + 2L, Lisin(6 — ) 8)
Deformation of stretch inclined spring is obtained as
Aly = Iy1 —Ino )

2.3. Dynamic Model of the QVIP

The Lagrange principle is employed to establish the dynamic model of the QVIP. The
kinetic energy T of expressed as

1 .
T = SMAj (10)
where () =d(-)/dt.
The relative velocity Ax in the horizontal direction of the QVIP, as well as the general-
ized relative velocities in other directions, can be expressed as

Ax = (dAx/dAy)(dAy/dt) (11)

Al, = (3Al1,/9Ay) (9Ay/dt) (12)
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Al, = (3AL,/9Ay)(dAy/dt) (13)

The potential energy V is obtained as
Loa2 1 2 1 2

Considering the damping effect, the generalized force Q of the QVIP containing the
non-constraint force F along the virtual displacement r can be expressed as

or . 0Ax ) [ 9Ax\? )

where c is the viscous damping coefficient of the horizontally placed damper, and cy is the
linear air damping coefficient.
The Lagrange equation incorporating the generalized force Q can be expressed as

=Q (16)

d(ory T v
oAy oAy

a \ 347
The term ;Tvy can be obtained as

V9V aAx 9V dAl, Vv 3Al,

by — ahxohy | “aAl, ahy | “aAl, ahy 17)

Therefore, based on the Lagrange principle, the dynamic equation under the base
excitation (zg = Agcoswt) can be obtained as

. . dAx\? . dAx AL,

oAl

3. QZS Characteristics of QVIP

3.1. Static Stiffness

From Equation (18), the stiffness force of the horizontal spring can be obtained as

E, =k, ai’“ Ax (19)

Ay
The stiffness force of the inclined springs can be obtained as

Al Al
p
P oAy Al + 4ky——Al, (20)

F, = 4k In

Thus, the totally combined nonlinear stiffness force of QVIP is defined as
F=FK+E (21)

3.2. Parametric Study

The initial model parameters aresetas L =0.1,e =1, A =1, 4y =068, v =1, =1,
6 = m/6, k = 2000. At first, using different rod length ratios (1), the results are shown in
Figure 2a; as A gradually increases from 0 (A < 1), the equivalent nonlinear stiffness force
(Fy) significantly increases; when A = 1, the QZS range appears; as A further increases
beyond 1, F; decreases, and the QZS range shortens. By adjusting A, the F; curves near
A = 1 are shown in Figure 2b. It is observed that an extended QZS range occurs only when
A = 1. If A # 1, negative stiffness appears after Fy reaches its maximum value.
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Figure 2. Parametric influence on static stiffness force (parameters are setas L = 0.1,e =1, u = 0.68,
v=1,¢ =1,k =2000): (a) using different rod length ratio A, and (b) when length ratios near A = 1.

To facilitate comparison of QZS state in the QVIP, the system is considered to achieve
the QZS state when the slope of the equivalent nonlinear stiffness force curve reaches
0 < kpg < 0.1. 77 is the ratio of the QZS width to the maximum compression displacement.
The influence of rod length L is shown in Figure 3. As L increases, F; increases significantly,
while the # remains invariant.
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Figure 3. Different rod length L influence on static stiffness force (parameters are setase =1, A =1,
u=068v=17¢=1k=2000).

The influence of stiffness ratio y is shown in Figure 4. As u increases, the positive
stiffness also increases, it is necessary to increase y to a certain value to achieve QZS for
QVIP e.g., u = 0.68. More than this value, the stiffness is always positive as the compression
continues and QZS will not appear.

As shown in Figure 5, the equivalent nonlinear stiffness force of the QVIP is related
to the stiffness ratio v. Increasing v enhances the maximum equivalent nonlinear stiffness
force under the same compression while reducing the slope ky of the equivalent nonlinear
stiffness force. By adjusting the ratio y between the stiffness of the inclined springs k,
and k, a wide QZS range can be achieved for the QVIP under different stiffness ratios v.
As v increases, the required compression for the QIP platform to reach the QZS state also

increases, leading to a decrease in the QZS range ratio 7. Consequently, the QVIP becomes
less stable under ultra-low frequency vibrations.
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Figure 4. The influence of stiffness ratios v and u on static stiffness force (parameters are set as
L=01¢e=1,A=1,¢=1,k=2000): (a) when stiffness ratio v = 1, (b) when stiffness ratio v = 3.18,
(c) when stiffness ratio v = 5.28, and (d) comparison of the optimal QZS effect in (a—c).
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Figure 5. The influence of stiffness ratios ;1 and v on static stiffness force (parameters are set as
L=01le=1A=1,¢ =1, k=2000): (a) when stiffness ratio u = 0.68, (b) when stiffness ratio
u = 0.82, (c) when stiffness ratio 4 = 1.1, and (d) comparison of the optimal QZS effect in (a—c).
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As can be seen from Figure 6, the equivalent nonlinear stiffness force of the QVIP is
related to the initial angle 6. Increasing the initial angle 6 will increase the slope kpj of
the system’s equivalent nonlinear stiffness force while reducing the maximum equivalent
nonlinear stiffness force under the same compression amount. By adjusting the ratio
u between the compressed state inclined spring stiffness k, and k, as well as the ratio
v between the stretched state inclined spring stiffness k,, and k, a relatively large QZS range
of the QVIP can be achieved under different initial angle 6.
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Figure 6. The influence initial angle 0 on static stiffness force (parameters are setas L = 0.1, e =1,
A=1u=068v=1_¢,=1,k=2000).

It can be observed that only proper values of the structural parameters can lead
to the QZS effect, thus, parametric study is important to understand how to tune the
structural parameters to achieve the ideal QZS effect. These theoretical analysis results can

be used for the simulation experiment of how to choose proper parameters for the desirable
QZS effect.

4. Simulation Analysis
4.1. Simulation Model in Adams

To further validate the static performance of the QVIP, the simulation experiment is
conducted by using Adams 2023 software. In the simulation, all rods of the QVIP were
assumed to be rigid. The bottom plane of the QVIP was fixed, while a translational joint
was applied to the upper plane to impose a vertically downward displacement.

The simulation model in Adams software is shown in Figure 7a, and the motion
pairs and constraints are shown in Figure 7b. To validate the QZS characteristics of the
QVIP, simulation experiments were conducted using the parameters in previous parametric
analysis that can generate QZS. With different stiffness ratios y and v, the simulation results
and the theoretically derived equivalent nonlinear stiffness force curves are compared in
the Figure 7c,d (parameters aresetas: L =0.1,e =1,A =1, = 1,0 = /6, k = 2000). The
simulation results are consistent with the theoretical results, and the range of quasi-zero
stiffness and the variation law of force amplitude are consistent, which verifies the accuracy
of both of the theoretical model and simulation model of the QVIP.
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Figure 7. Comparison of theoretical and simulation results of static stiffness force: (a) simulation
model in Adams, (b) setting of motion pairs and constraints, (c) theoretical and simulation results
with different y, and (d) theoretical and simulation results with different v (parameters are set as
L=0l,e=1A=1,¢=1,0=mn/6k=2000).

Floating platforms can be categorized into four main types: barge (30-50 m), tension
leg (>50 m), semi-submersible (>50 m), and spar (>100 m) as shown in Figure 8a. Among
these four types, the spar platform exhibits significant vibration in the vertical direction,
which is suitable for the utilization of the proposed QVIP. According to research by the
Xiangshui Yangtze Wind Power Co., Ltd. in Yancheng City of China [39], the spar platform
exhibits significant vertical oscillations. Under conditions with 5 m/s wind speed, 0.26 m
wave height, and 2.3 s wave period, the vertical excitation amplitude Ay reaches 0.009 m
with an excitation angular frequency w = 2.73 rad/s. The spar platform model was
imported into Adams software. Figure 8b illustrates the operational schematic of the QVIP
under working conditions.

4.2. Case Study

Using harmonic wave Acos(27wt) to simulate the working conditions, the damping
coefficient of the horizontal damper is set as 400 N/m, the load force is set as 269.5 N,
the excitation amplitude is set to 0.01 m, and the excitation angular frequency w is set
as 5rrad/s (T = 0.4 s), 4w rad/s (I = 0.5s), and 2 rad/s (T = 1 s), respectively. The
simulation results of the response displacement are plotted in the Figure 9a—c. As w
decreases, the isolation efficiency gradually decreases. When w reaches 27 rad/s, the
isolation of QVIP is still effectively.
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I Vibration

Main
Vibration Isolation

Installation schematic of QVIP on the spar type floating platform

(b)

Figure 8. The types of main floating platforms and the application of the proposed QVIP in the
vibration control of the floating platform: (a) four classic types of the offshore floating platform (barge,
tension leg, semi-submersible, and spar), and (b) installation schematic of the QVIP on the spar type
floating platform.

To realistically simulate ocean wave conditions in Adams simulation environment,
we developed a composite vibration excitation profile (Ah) comprising (1) a step func-
tion representing transient wave impacts, and (2) two superimposed harmonic functions
with identical amplitudes but distinct frequencies to mimic characteristic wave frequency
variations. This multi-component excitation approach effectively reproduces the complex
spectral characteristics of actual offshore wave dynamics while maintaining controlled
experimental conditions for precise isolator performance evaluation. The definition of Ah is

Ap-cos(2m-0.366t) 0 <t <3
Ah = step 3<tL21 (22)
Ag-cos(2m-0.8t) 21 <t
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Figure 9. Responses in time domain with different excitation frequencies and amplitudes:
(@) w = 5nrad/s (T = 045s), (b) w = 4nrad/s (T = 055), (¢) w = 2nrad/s (T =15),

(d) Ay = 0.009 m, (¢) Ay = 0.012 m, and (f) Ag = 0.015 m.

The excitation amplitudes were systematically varied at 0.009 m, 0.012 m, and 0.015 m
to evaluate the QVIP’s performance under different loading conditions, with the corre-
sponding displacement-time relationships presented in Figure 9d—f. Simulation results
demonstrate a positive correlation between excitation amplitude and isolation efficiency
within the system’s recoverable deformation range, indicating enhanced vibration isolation
performance at larger amplitudes. However, simulation studies reveal an operational
threshold beyond which excessive excitation amplitudes (typically >0.015 m in our configu-
ration) prevent the QVIP from achieving steady-state operation, suggesting the existence of
a critical amplitude for stable performance.

As vibration frequency decreases, the difficulty of isolation gradually increases. The
vibrations in Figure 9a—c are regular cosine waves, which can roughly simulate ocean waves.
However, real ocean waves are far more complex than simple cosine waves. Figure 9d—f
employs a more realistic wave model that better approximates actual sea conditions, and the
wave frequencies used are also lower. Consequently, the vibration attenuation amplitude
in Figure 9d—f is smaller than that in Figure 9a—c.

To investigate the influence of the different damping coefficient ¢ on the QVIP, the
damping coefficient of the horizontal damper was modified. Based on the dynamic simula-
tion results of the QVIP, the displacement-time curves before and after vibration isolation
were plotted, as shown in Figure 10. Under the same excitation conditions, a smaller
damping coefficient results in a lower amplitude of the platform after vibration isolation.
Simulation results indicate that when the damping coefficient is too small, the platform
fails to reach a stable state quickly.
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Figure 10. The influence if damping coefficient c on static stiffness force (parameters are setas L = 0.1,
e=1,A=1u=068v=1¢=10=mn/6k=2000): (a) c = 400 N/m, (b) c = 400 N/m,
(c) c =800 N/m, and (d) ¢ = 1000 N/m.

4.3. Vibration Control Effect of Optimally Designed QVIP

Building upon the established theoretical framework, the QVIP’s equilibrium gravity
can be effectively tuned through stiffness ratio adjustments (4 and v), facilitating load-
adaptive optimization. The vibration isolation indicators are defined as follows: Maximum
Amplitude refers to the maximum amplitude of the object moving at the equilibrium
position, Variance refers to the variance of the object’s displacement at the equilibrium
position, and Vibration Isolation Efficiency refers to the sum of the percentage reduction in
displacement before and after vibration isolation at each moment. Three load cases were
investigated: (1) 269.5 N (k;, = 1360 N/m, k,, = 2000 N/m), (2) 325.3 N (k,, = 1640 N/m,
ky = 4000 N/m), and (3) 389.5 N (k, = 1960 N/m, k;, = 6360 N/m). Figure 11a presents
the corresponding theoretical and simulated equivalent nonlinear stiffness forces for these
loading conditions. Under a fixed excitation amplitude of 0.009 m, the displacement charac-
teristics are detailed in Figure 11b,c, demonstrating the system’s dynamic response across
different parametric configurations. Figure 11d presents the three key performance indica-
tors (i.e., peak amplitude reduction, variance reduction and isolation efficiency) evaluating
the QVIP’s vibration isolation effectiveness under these three operational conditions. The
detailed comparison results are provided in Table 1. Simulation results confirm that the
QVIP maintains effective vibration isolation performance in terms of all three key indicators
under different parameter conditions.
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Figure 11. Vibration control effect of an optimally designed QVIP: (a) theoretical and simulation
results of equivalent nonlinear stiffness forces, (b) response when load is 325.3 N, (c) response when
the load is 389.5 N, and (d) vibration isolation performance comparison.

Table 1. The comparison of vibration data without vibration control and with QVIP.

Platform Load (N) Metric Without Isolation With QVIP Reduction Percentage

Maximum Amplitude (m) 0.00917 0.00553 39.68%

269.5 Variance 25.48 7.84 69.23%
Vibration Isolation Efficiency 44.53%

Maximum Amplitude (m) 0.00914 0.0056 38.73%

325.3 Variance 25.87 7.79 69.89%
Vibration Isolation Efficiency 45.13%

Maximum Amplitude (m) 0.00915 0.00554 39.48%

389.5 Variance 25.47 6.84 73.14%
Vibration Isolation Efficiency 48.17%

5. Conclusions

This study addresses the critical challenge of low-frequency vibration control in
floating platforms by proposing a novel quadrilateral-shaped vibration isolation platform
(QVIP) based on a foldable quadrilateral mechanism. Through integrated theoretical
modeling, parametric optimization, and dynamic simulations, the research systematically
investigates the QVIP’s vibration suppression mechanism and demonstrates its engineering
feasibility for offshore applications. The key contributions include the following.

The theoretical modeling and analysis demonstrate that the QVIP can generate an
ideal quasi-zero stiffness (QZS) curve when the link length ratio is 1 (forming an equilat-
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eral rhombus structure). Parameter analysis further reveals the mechanism behind QZS
formation in the QVIP and how to adjust parameters to achieve an extended QZS range.
The results indicate that increasing the link length enhances load-bearing capacity while
maintaining the QZS range. To validate the theoretical model, a rigid-body dynamics
simulation was conducted using Adams software. The numerical simulation results align
with the theoretical predictions, confirming the accuracy of the model and verifying that
the QVIP can achieve tunable and controllable QZS characteristics.

Numerical simulations were performed to analyze the vibration of a floating platform
under wave action. Time-history analysis shows that the QVIP achieves vibration isolation
efficiency exceeding 44% under different loads. By adjusting key parameters such as
spring stiffness ratio, initial angle, and link length, the QVIP can adapt to varying loads
while retaining its QZS vibration suppression properties. For instance, under a 325.3 N
load, the isolation efficiency reaches 44.53%, while under a 389.5 N load, it improves to
48.17%, demonstrating excellent vibration isolation performance. Additionally, a systematic
parametric study elucidates the influence of key QVIP parameters on the QZS bandwidth,
providing practical design guidelines for engineering applications.

In conclusion, this study introduces a QVIP based on a quadrilateral-shaped structure
design, combining theoretical analysis and simulation to successfully address the challenge
of ultra-low-frequency wave-induced vibrations in offshore floating platforms.
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Appendix A

Table A1l. Structural parameters of the QVIP used in modeling.

Symbol Structural Parameters Unit
M Mass kg
ky, Stiffness of horizontal spring N-m~!
ky Stiffness of inclined spring under stretch N-m~!
ky, Stiffness of inclined spring under compression N-m~!
k Stiffness of spring N-m~!
é Ratio of kj, to k
U Ratio of kj, to k
v Ratio of k;, to k
c Damping coefficient of horizontal damper N-s-m~!

co Air damping coefficient N-s-m~!
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Table A1l. Cont.
Symbol Structural Parameters Unit
L; Length of inclined rod m
Ly Length of horizontal rod m
L Length m
€ Ratioof L; to L
A Ratio of Ly, to L
Ipo Initial length of compressed inclined spring m
Im Length of compressed inclined spring during motion m
Aly, Deformation of compressed inclined spring m
Lo Initial length of stretch inclined spring m
I Length of stretch inclined spring during motion m
Al Deformation of stretch inclined spring m
0 Initial angle of inclined rod rad
@ Rotation angle of inclined rod rad
Ax Total horizontal displacement m
Ay Total vertical displacement m
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