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Abstract: Wire rope isolators (WRI) are devices that dissipate vibrational energy. They are used
in various industrial applications to protect equipment and machinery. Heavy machinery and
limited space are still some of the constraints engineers face when designing the WRI system. Heavy
equipment requires increased vertical stiffness; however, using larger WRIs decreases their lateral
flexibility, which is the target property in the first place. Using several small-sized WRIs is not
possible in the case of limited space. Therefore, the present study proposes two improvements to
WRIs to overcome the challenges caused by heavy-weight equipment and a lack of the space required
to insert the appropriate number and size of WRIs. Two new configurations for WRIs are proposed,
Spring-WRI (S-WRI) and Double-WRI (D-WRI), to improve the stiffness and damping properties in
order to expand their applications. Monotonic and quasi-static cyclic loading tests were performed
on the conventional and proposed WRI variants. Exploratory tests showed that the WRI’s stiffness
greatly depends on the wire rope diameter. Adding springs inside a conventional WRI (S-WRI)
can improve vertical stiffness while maintaining the required lateral flexibility. The D-WRI was
found to preserve the necessary flexibility and to be capable of solving the problem of limited space.
The hysteresis behavior of the D-WRI can be expressed as the sum of the hysteresis of each WRI.
The proposed configurations effectively improve the stiffness and damping properties of WRIs and
expand their applicability for the vibration isolation of heavy equipment and in limited space.

Keywords: wire rope isolator; improved isolator; vibration; stiffness; damping; monotonic loading;
cyclic test

1. Introduction

A vibration isolation system is essentially a device that enables the dissipation of
vibrations. This technology can be used in various industrial applications such as heavy
machinery, buildings, and even household items like washing machines or refrigerators. In
addition, vibration isolation systems are used to mitigate environmental vibrations. This
technology aims to reduce the transmission and propagation of energy from one place to
another, providing a safer and more comfortable environment for people who work or live
around machinery that produces excessive vibration.

Failure of vibrating machinery, especially rotating ones, has been the primary reason
for industrial accidents, human injuries, and fatalities. Uncontrolled machine vibrations can
be transmitted through nearby walls and cause structural damage leading to severe human
injuries. Therefore, installing vibration isolators and other protective systems is essential.

Klembczyk [1] discussed the costs of using vibration isolation systems and how
many companies are still not adhering to these essential safety measures. According to
Klembczyk [1], the companies which use this technology ultimately protect their employees
and ensure a safe workplace. In addition, another study conducted by Simmons [2] found
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that despite the awareness of vibration control products, a large percentage of companies
were still not using these systems. The company that conducted the study found this to be
unacceptable. They put their workers at significant risk due to machines and equipment
with no vibration isolator installed. A vibration isolator’s proper use and application
require a sound knowledge of the design principles and proper installation techniques.
Furthermore, it is essential to understand the application requirements before selecting an
appropriate product. Several important factors should be considered when choosing an
isolator, such as its capacity rating (e.g., in pounds), frequency range (e.g., from 10–250 Hz),
and isolation method (such as rubber, air, springs, and fluid).

A vibration analysis should be conducted to determine the appropriate isolator type
as part of the design process. Vibration isolators are standard in many industries, such as
power generation, oil and gas, mining, and construction. Vibration control products are
also helpful in reducing effects of natural origin, such as earthquakes, or artificial ones such
as explosions. Technical disciplines such as elevator lifting, mine hoisting, and suspension
bridges use wire ropes. These cables consist of helically twisted wires laid around a core to
form strands, eventually weaved together. The efficiency of wire ropes for these particular
areas of use can be attributed to their inherent benefits, which are nonlinearity in the
force-displacement relation and the energy-absorbing capability.

Velinsky [3–5] and his studies have reported nonlinearity in its force-displacement
behavior. Another determinant of wire rope characteristics is found, according to Ni
et al. [6,7], by observing the inherent frictional damping mechanism. This article intends to
explore what would constitute practical wire rope applications; one of the most important
properties is its flexural rigidity. Tinker and Cutchins [8] commented on this property with
examples of how stiffness determines load-carrying ability, whereas Ni et al. [6,7] stated
that wire ropes are suitable for energy dissipation.

Friction creates damping, which has “effective applications” for shock or vibration
control, as Tinker and Cutchins [8] noticed in two examples of rocket engines dissipating
70% of energy at critical moments to avoid catastrophic events towards the end. An
affordable and lightweight vibration control device such as wire rope is worth studying
since it can be used on various scales, has nonlinearity in force-displacement relation,
and has an inherent damping capability. A wire rope isolator (WRI) consists primarily
of wire ropes (Figure 1); its main response components are stiffness (hardening through
the geometric arrangement commonly found for this type of application) and damping
(generated by the inherent frictional tension caused between wires) [4,6]. The monotonic
loading test can be performed for the static stiffness of a WRI in each direction. The WRI
static stiffness possesses the details of the hardening and softening nature of wire ropes at
increasing deformations. Most research on WRIs has focused on cyclic loading behavior,
but minimal research is available on static stiffness. Ni et al. [7] identified that the WRI
static stiffness depends on the wire rope properties and geometric characteristics, and there
is a need for an analytical model with these parameters, but the available literature lacks
in-depth work on the stiffness characteristics of WRIs. Tse et al. [9] developed a stiffness
model for Elliptical Leaf Springs (ELS) using Castigliano’s second theorem, which enables
the application of a similar methodology to establish the stiffness characteristics of WRIs.

The WRI exhibits a hysteresis behavior under cyclic loading; hysteresis is a natural
mechanism for structural and mechanical systems to develop restoring forces against move-
ments and dissipate energy. Tinker and Cutchins [8] identified how the friction between
the wire strands of a WRI dissipates the vibration energy. They found this by studying
the hysteresis curve of WRIs against the hysteresis curve of Coulomb friction. Ni et al. [6]
studied the hysteresis behavior of WRIs under cyclic loading. The symmetric hysteresis
curve is observed for smaller displacement amplitude, but asymmetric was observed for
higher displacement. They also proposed two parameters to analyze the hysteresis curve—
effective stiffness and hysteresis area. Demetriades et al. [11] performed a study on the
behavior of WRIs under various loadings. They suggested that the hardening and softening
can be due to the wire strands’ interaction under tension and compression loading. Wang
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et al. [12] and Ni et al. [7] studied the influence of displacement amplitude on the effective
stiffness and observed that the effective stiffness was reduced at higher displacements.
They also observed that the hysteresis area increases with increased displacements. Studies
have, interestingly, found that the hysteresis behavior under shear is similar to the hys-
teresis behavior under roll [11,13]. The WRI has been taken for study in earlier works to
understand its stiffness and damping properties, and a discussion of the previous studies
on WRIs is presented in the Section 2.
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Figure 1. Wire rope isolator (WRI) and its loading modes (Reprinted from ref. [10]).

2. Review of Previous Studies on WRIs

Leblouba et al. [14] presented a study of polycal wire rope isolators (PWRIs), and
they tested 12 isolators with different geometries and determined the damping, energy
dissipation, and stiffness. The new mathematical model proposed to represent the hysteresis
behavior of PWRIs in shear was found to replicate the soft-hardening symmetric hysteresis
loops observed in the tests. They observed that all tested PWRIs displayed symmetric, rate-
independent, soft-hardening hysteresis behavior. Further, they observed softening behavior
at small deformations and hardening behavior at large deformations. The effective stiffness,
energy dissipated per cycle, and damping varied with the mechanical and geometrical
properties of the isolators. The proposed mathematical model was found to simulate the
shear behavior of tested isolators with satisfactory accuracy. Their study concluded that
the proposed mathematical model is a suitable tool to represent the hysteresis behavior of
PWRIs in shear and can predict the energy dissipation and damping for different geometries
and loading rates. In terms of implications, the findings of that study could be used to
design more effective PWRIs for use in naval and aerospace structures.

Lee et al. [15] studied a novel isolation system having separate rubber and wire iso-
lators to understand its dynamic properties. They performed pure shear, compressive,
compressive-stress dependence, and shear-strain dependence tests on 22 specimens. They
identified that the increase in shear strain increases the energy dissipation but decreases
the damping ratio, whereas the increase in compressive stress increases the damping
ratio. Furthermore, they also developed a macro-model for the load-displacement re-
sponse of the isolation system, and the prediction results were in good agreement with the
experimental results.

Cen et al. [16] used finite element analysis (FEA) to create a simplified model of a
polycal wire rope isolator. This simplified model was then used to study the vertical static
stiffness of the WRI. The results of the FEA showed that the vertical static stiffness of the
WRI was reduced as the degree of compression deformation increased. Additionally, the
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steel wires in the WRI exhibited significant displacement changes when subjected to axial
tensile and compress loads. Finally, the authors concluded that the simplified FEA method
presented in this paper is an effective tool for studying the vertical static stiffness of a
WRI. The findings of this paper have practical implications for the design and selection
of WRI specifications. Additionally, the results may predict the load capacity and energy
dissipation of a WRI under various loading conditions.

Barbieri et al. [17] conducted an experimental and mathematical study of wire rope
isolators. The authors used the Bouc–Wen model to study the nonlinear hysteresis behavior
of a Stockbridge damper and WRI. The experimental vibration signals were obtained
using the accelerometers placed on the sample. The WRI system was tested using an
electromechanical shaker with constant acceleration excitation, and a cam mechanism
with different profiles was used to excite the Stockbridge damper. The experimental and
numerical data were approximated using the particle swarm optimization method and
it found a good agreement between them. This also shows that the model of Bouc–Wen
is well suited for the dynamic analysis of such nonlinear systems. They found that the
physical parameters used in a Bouc–Wen model can be identified using the PSO method
by comparing the studied systems’ numerical and experimental test data. Their study
also found that adjustments to tune Bouc–Wen model parameters using experimental and
numerical were efficient.

Balaji et al. [18] performed cyclic tests on wire rope isolators to study their behavior.
They found that the stiffness of the isolators increased under tension and decreased under
compression, making the hysteresis curve asymmetrical. They also found that the energy
loss ratio decreased with increasing displacement amplitude. The wire rope diameter, the
number of coils, and the displacement amplitude strongly affected the isolators’ effective
stiffness. The authors concluded that the wire rope isolator possesses a good ability in
damping through its stiffness and high-energy dissipation capability. In another study,
Balaji et al. [19] studied the static stiffness of WRI in the vertical direction and developed
its analytical model. Monotonic loading tests were conducted to validate the developed
analytical model. The geometric parameters of the WRIs studied included the wire rope
diameter, height, width, and the number of turns. The effects of these parameters on
the vertical stiffness were analyzed. They found that the number of turns is directly
proportional to the vertical stiffness of a WRI. They also found that the diameter of the wire
rope primarily affects the vertical stiffness more than the other geometric parameters.

Additionally, an increase in the wire rope diameter was shown to increase the vertical
stiffness of WRIs. However, an increase in the width or height of the WRI results in a
decrease in vertical stiffness. The authors’ findings have a practical impact on the design of
WRIs. An increase in the wire rope diameter can be used to increase the vertical stiffness of
a WRI. However, if the width or height of the WRI is restricted, then the wire rope diameter
should be increased to achieve the desired vertical stiffness.

Recently, Balaji and Selvakumar [20] reviewed nonlinearity applications in passive
vibration control devices. They looked at how nonlinearity is applied to achieve practical
isolation levels. They also looked at potential nonlinearity applications in energy harvesting
and vibration isolation devices. They found that the nonlinearity induced in the isolation
systems has more significant benefits than in linear isolation systems. They found that
nonlinear devices are efficient with broad bandwidth capability and can deliver better
vibration isolation than linear devices. They also found that the nonlinear energy harvesting
system shows great potential for energy harvesting in a wide range of excitations. Their
findings have implications for the design of passive vibration control devices. They show
that nonlinearity can be used to improve the performance of the devices. The results
suggest that nonlinearity may be helpful in other applications, such as energy harvesting
and vibration isolation.

Most recently, Salvatore et al. [21] investigated the vibration isolation capability of
a nonlinear wire rope spring using experimental and numerical studies. They isolated a
structure consisting of two cantilever beams having lumped tip mass and measured the
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hysteresis cycles of the isolator. They found that the restoring force contains a distinct non-
symmetry and exhibits hardening under tension and softening under compression. They
also identified the dynamic response of the device using a mechanical model and obtained
the frequency responses for various levels of the vertical base excitations. The comparison
between the frequency responses of the isolated and the non-isolated structures showed a
significant transmissibility reduction in a broad frequency range. They also employed a
device model to predict the nonlinear dynamic response using the parameters identified
from the static response. They found that the model was in good agreement with the
experimental response. They suggested that the usefulness of a WRI in vibration-damping
applications is due to its significant dissipation rate. They also observed good agreement
between numerical and experimental responses, highlighting the presence of odd and even
superharmonics that could cause undesirable amplification.

Rashidi and Ziaei-Rad [22] studied industrial WRI behavior under various static and
dynamic loads. They used a series of experiments to measure the isolator’s response to
quasi-static and dynamic loads. They also suggested a modification in the Bouc–Wen model
to predict the quasi-static behavior of the isolator. Finally, they proposed an artificial neural
network model to simulate the isolator behavior in all loading conditions. They also found
that the industrial helical wire rope isolator exhibits hysteresis behavior under static and
dynamic loads. The artificial neural network model can predict the behavior of the isolator
in all loading conditions with reasonable accuracy. Vaiana et al. [23] conducted static and
dynamic tests on different WRIs to study their mechanical characteristics in three displace-
ment ranges. They used a 1D nonlinear exponential model to predict the WRI dynamics
behavior in the two principal horizontal directions. The developed model was validated
with the experimental data from cyclic tests with those predicted analytically. They found
that wire rope isolators have a high equivalent damping ratio and effective stiffness in small
displacements, but this decreases in the relatively large displacements range. The shape
of the hysteresis loops was also found to change according to the displacement range. A
predominant nonlinear stiffening behavior was observed at large horizontal displacements.
WRIs are effective as base isolation of lightweight structures against seismic excitations
in the small and relatively large displacement ranges. Furthermore, Lu et al. [24] studied
the combination of linear with nonlinear isolators to improve low-frequency isolation and
found this to be effective in vibration isolation. Hence, their study showed that there is also
a possibility of combining isolators to obtain enhanced characteristics.

This literature review on WRIs shows that earlier work has studied WRI properties
and performance. Higher stiffness and damping can be achieved with a larger WRI since
the wire rope diameter influences those properties. The stiffness and damping property
of the WRI depends on the geometric properties, and it is challenging to achieve high
stiffness or damping in a small-size WRI. Hence, there is a need for WRI designs that can
provide a versatile option to achieve the required properties within dimensional limitations.
Furthermore, earlier studies primarily focused on the commercially available WRI designs,
and the literature lacks studies on new possible design variants of WRIs. This study
proposes two new configurations for the WRI, a spring-incorporating WRI called S-WRI
and a double WRI configuration called D-WRI, to improve the stiffness and damping
properties in a relatively smaller size. In the present study, monotonic and quasi-static
cyclic loading tests are carried out on conventional wire rope isolators and the two variants
to study their load-carrying capacity, stiffness, and damping properties.

3. Vertical and Lateral Static Stiffness of Conventional WRIs

Monotonic loading tests on wire rope isolators were performed using an INSTRON
5982 machine (Instron, Norwood, MA, USA). The tests were performed in compression
and roll mode for vertical and lateral loading, respectively. The geometric properties
and test setup are shown in Figure 2. The tests were performed on conventional WRIs
manufactured per MIL-STD-810 and MIL-STD-167 standards. The specifications of test
specimens are shown in Table 1. The test determines the static stiffness in vertical (i.e.,
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compression/tension) and roll directions. For the quasi-static loading condition, the loading
was applied to each WRI at a 2 mm/min rate. The load was applied in compression and
roll mode, and the corresponding displacement was recorded after every load step. The
displacement-controlled load was applied only up to 2 mm displacement. The work of
Moussa et al. [25] showed that the WRI exhibits independent rate behavior, for which
they studied the effect of displacement rates from 2 mm/min to 128 mm/min. Hence,
in this work, the lower displacement rate was chosen for the study. Moreover, Balaji
et al. [19,26] studied WRI static stiffness and observed that the WRI exhibits linear stiffness
characteristics at small deformations.
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Table 1. Test specimens: geometry and stiffness properties (# of coils = 8 for all specimens).

WRI # D W
D

H
D

L
D

T
D

kv
(N/mm) kv/kR

1

6.4

10.00 6.75 2.28 0.26 154.60 0.25

2 11.09 7.38 2.06 0.24 102.70 0.27

3 12.50 8.00 1.83 0.22 74.80 0.26

4 13.91 8.13 1.64 0.22 56.60 0.29

5

9.5

8.84 8.88 2.57 0.25 376.10 0.23

6 9.47 9.38 2.40 0.24 182.10 0.30

7 11.05 9.50 2.06 0.24 504.50 0.22

8
12.7

8.27 10.75 2.06 0.23 340.30 0.24

9 10.47 13.13 1.62 0.19 223.80 0.24

10 15.9 7.04 12.38 2.39 0.27 1250.30 0.23

Refer to Figure 2. D: diameter (mm); W: width (mm); H: height (mm); L: length (mm). kv: static vertical stiffness
(N/mm); kR: static roll stiffness (N/mm); T: thickness (mm); #: number.

It should be noted that the test configuration used for the shear/roll direction was a
single specimen configuration, as in Demetriades et al. [11] and Rashidi and Ziaei-Rad [22].
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There are, in fact, several options in test configurations: single, dual, and multiple specimen
configurations [27]. All test configurations have advantages and disadvantages, offering a
trade-off between the test facility’s complexity and the experimental data’s uniqueness [28].
For instance, the single specimen configuration is unique to the specimen and is the most
complex, whereas the dual configuration provides the average response of two specimens.
Three of the four major test facilities in the world adopted the single specimen configuration,
and only one uses the dual specimen configuration [28]. It is worth noting that the hysteresis
behavior of wire rope isolators in shear is the same as in roll, so even if rotation takes place,
the test results will not differ.

The static stiffness in the vertical and roll directions is shown in the last two columns
of Table 1. The results demonstrate that the stiffness of the wire rope isolator depends on its
overall geometric properties and the diameter of the wire rope. A WRI with a thicker rope
can be designed to have a lower stiffness than one with a smaller diameter by adjusting the
width and height of the device.

The wire rope diameter significantly influences the stiffness of a WRI. Alternatively,
it can be understood that the wire rope diameter can be controlled to design a WRI with
suitable static stiffness. When the diameter of the wire rope is increased from 9 mm to
15 mm, this increases the stiffness by (15.9/9.5)4 ≈ 7.85 times. This trend can be attributed
to the higher wire rope resistance to lateral deformation (i.e., flexural rigidity) because of
the higher inertia of individual wires due to larger diameters.

Moreover, the stiffness of wire rope isolators is affected by the coil’s width and height
and the rope diameter. Widening the coil decreases the stiffness, while increasing the height
increases the stiffness. A higher height-to-width ratio increases the stiffness of a given
diameter wire rope.

The number of turns in a wire rope isolator affects its stiffness, affecting the equip-
ment’s stability. A stiffer WRI should have a larger number of turns. For instance, a WRI
with eight turns is more rigid than one with six turns. Additionally, the WRI is typically
manufactured with an even number of turns to provide adequate stability.

4. The Need to Upgrade WRIs for Larger Load-Carrying Capacity

The WRI as a vibration protection device is desirable because it is effective in all planes
and any orientation, and hence, it can provide vibration isolation from excitations in all
directions. The stiffness of a WRI is essential for achieving the desired vibration isolation.
Therefore, the excitation direction must be carefully identified to effectively isolate the
target system from undesirable vibrations.

A larger WRI has higher lateral stiffness and can better isolate the system from ex-
citations acting in that direction. However, it also has a higher vertical stiffness, which
may be undesirable or unnecessary in some applications. Conversely, a smaller WRI has
less lateral and vertical stiffness, making it more suitable for some applications where the
weight-carrying capability is more critical than lateral stiffness.

To improve the weight-carrying capability of the WRI, one can either increase the size
of the WRI or enhance its material properties. A larger WRI will have increased lateral
stiffness and better isolate the target system/equipment from excitations in that direction
(Figure 3). However, larger size also increases weight, which may not be desirable or
necessary in some applications. Alternatively, by improving the material properties of
the WRI, it will have increased lateral stiffness while keeping its weight relatively low.
However, this would make it more suitable for some applications where vertical weight-
carrying ability is more important than lateral stiffness. Therefore, there is an interest in
improving the weight-carrying capability of the WRI so a smaller WRI with less lateral
stiffness can be used in specific applications.
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Furthermore, selecting a WRI for an application depends on the percentage of isolation
required and the available space to place the WRI. A smaller-sized WRI must be applied
to support a heavy mass in space-limited applications. It can be challenging to support
the weight of heavy machinery and equipment and isolate them simultaneously without
taking up a lot of space (Figure 4). These problems are addressed in the Sections 5 and 6
through two proposed improvements.
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5. Combined Spring and WRI: An Experimental Investigation

This section investigates the use of springs in conjunction with WRI (S-WRI) to
improve its vertical load-carrying capacity. The configuration of the improved S-WRI
(see Figures 5 and 6) was investigated to determine the performance improvement. To that
end, three S-WRIs were fabricated in the lab. Table 2 shows the specifications of the springs,
and Table 3 reports the configurations of the S-WRIs fabricated by welding on the springs.
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Table 2. Spring specifications.

Designation Free Length
(mm)

Wire
Diameter

(mm)

Number of
Coils

Outer
Diameter

(mm)

Inside
Diameter

(mm)

Quantity of
Springs

Stiffness
(N/mm)

S1 40 4 4 43 35 3 16

S2 45 6 4.5 50 38 3 49.5

S3 78 7 5 60 46 3 39.5

Table 3. S-WRI configurations.

Designation WRI # S-WRI Type

S-WRI.1 4 S1

S-WRI.2 6 S2

S-WRI.3 9 S3
#: number.

Figure 6 shows the S-WRI configurations. The primary reason behind making three sets
of S-WRIs was to identify and verify the ability of the springs to provide similar benefits
to all three cases. Hence, three WRIs, each having different wire rope diameters, were
used to fabricate the S-WRIs. The spring was expected to improve the vertical loading
carrying ability of the WRI; the loading in the vertical direction was performed to evaluate
the stiffness of the S-WRI. The improved isolators were subjected to vertical monotonic
loading using the same setup as the conventional WRI. Monotonic loading tests in the
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vertical and lateral directions assuming a small displacement range were performed for
each S-WRI to identify the spring contribution to the stiffness of the original WRI. The test
setup is shown in Figure 7.
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Table 4 reports the stiffness of each S-WRI and the stiffness ratios in both directions. It
was found that the spring can improve the vertical stiffness of the WRI and simultaneously
maintain the flexibility for lateral excitation. In addition, this observation was valid for all
three cases. Hence, it can be concluded that the addition of springs inside a conventional
WRI can improve the vertical stiffness of the WRI, making it better suited for applications
that require both vertical and lateral stiffness. Furthermore, the results show that the
spring acts in parallel configuration with the WRI to effectively support the system’s mass.
Moreover, it can also be seen that the increased stiffness is achieved in the same geometrical
size. Hence this design incorporation effectively improves the stiffness without a significant
need for change in the higher dimensions.

Table 4. Performance of S-WRI against WRI in terms of stiffness.

Designation Lateral Stiffness
(N/mm)

(S-WRI/WRI)
Lateral Stiffness Ratio

Vertical Stiffness
(N/mm)

(S-WRI/WRI)
Vertical Stiffness Ratio

S-WRI.1 20.50 1.24 120.50 2.13

S-WRI.3 75.30 1.39 369.50 2.03

S-WRI.3 95.30 1.77 485.50 2.17

The vertical stiffness of the S-WRI can be computed using the following equation:

kS
v = kv + nS × Sv (1)

where kS
v is the vertical stiffness of the S-WRI configuration, nS is the number of springs,

kv is the stiffness of the spring in the vertical direction, and Sv is the vertical stiffness
ratio. Equation (1) can be used to design an S-WRI with the required stiffness to carry
the weight of the equipment/machine. Of course, there is always the flexibility to add a
different number of springs with other stiffness properties. This observation shows the
easy-to-configure nature of the S-WRI to obtain the required stiffness property. Mainly, the
parallel spring arrangements assist the WRI in its vertical load-carrying ability; in addition,
the lateral stiffness is also increased.
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6. Double Wire Rope Isolator: An Experimental Investigation

This section investigates a new design for wire rope isolators that enhances their
stiffness and damping properties. This Double-WRI (D-WRI) design involves inserting a
small WRI inside the space of a big WRI, as shown in Figure 8, where “big” refers to the
outer WRI and “small” refers to the inner WRI. The small WRI is placed inside the big WRI
and depends on the geometric compatibility between the two WRIs. Three variations of the
D-WRI were developed in the research lab. The big or outer WRIs used were isolators No.
3, 5, and 8 for each design and had different wire rope diameters. The WRI combinations
were developed based on the available WRIs.
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Figure 8. D-WRI: illustration and fabricated specimen.

Meanwhile, for the S-WRI design, three WRIs were already available, and hence the
geometrically compatible ones were merged with the remaining WRIs in stock. For isolators
#3 and #5, two small WRIs, Sm.1 and Sm.2, were purchased to fabricate new D-WRIs. The
isolators used in the D-WRI configurations are shown in Tables 5 and 6.

Table 5. Configurations of the outer and inner WRIs in D-WRIs.

Designation Big WRI Small WRI

D-WRI.1 Isolator 8 Isolator 1

D-WRI.2 Isolator 6 Sm.2

D-WRI.3 Isolator 3 Sm.1

Table 6. Specifications of the new small WRIs.

Isolator #
WRI

Diameter
(mm)

Number of
Coils

Width
(mm)

Length
(mm)

Height
(mm)

Sm.1 3.2 8 43 112 38

Sm.2 3.2 8 48 128 41
#: number.
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The D-WRI design differs from the S-WRI design in that it uses two smaller WRIs
instead of one large WRI. The D-WRI designs were developed to simultaneously improve
the damping and stiffness of the big WRI by combining it with a smaller WRI. The ad-
vantages of both WRIs are combined in these configurations. They can be customized
to fit any required stiffness and damping as per the application requirement within the
available space.

Quasi-static cyclic loading tests were carried out to study the D-WRI characteristics.
The experimental test setup is shown in Figure 9. The two WRIs were joined by welding
at their metal retainers to make them act unified in all directions. This design is flexible
since several smaller WRIs can always be placed inside the bigger ones to achieve the
desired stiffness and damping enhancement within the limited space dictated by the
outer WRI. However, in the case of more than two WRIs, care should be taken to provide
sufficient space between the WRIs so any hindering can be avoided from each other
during displacement.
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Figure 9. Test setup for cyclic loading of D-WRI: (a) vertical and (b) roll.

The cyclic loading tests were carried out to investigate how the WRIs act together.
Figure 10 shows the cyclic loading behavior of the D-WRI. The effective damping ratio
and effective stiffness of the D-WRI were evaluated for various displacement amplitudes
and the results are shown in Tables 7 and 8. A comparative study was also carried out on
the effective stiffness and effective damping ratio of the D-WRI with the single WRI (Big)
to understand the enhancement from the equivalent height of the isolator. The effective
damping ratio and effective stiffness were evaluated as per Balaji et al. [18] and they are
given by Equations (2) and (3), respectively.

Effective damping ratio =
Aloop

2π
(Fmax−Fmin)

2
(xmax−xmin)

2

(2)

Effective stiffness =
Fmax − Fmin

xmax − xmin
(3)

where Aloop is the hysteresis loop area, and Fmax and Fmin are the maximum and minimum
forces, respectively. xmax and xmin are the maximum and minimum displacements, respectively.
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Figure 10. Hysteresis behavior of D−WRI: (a) compression/tension and (b) roll directions.

Table 7. Effective stiffness and effective damping in the compression/tension direction.

Designation Displacement
Amplitude (mm)

Effective Stiffness (N/mm) Effective Damping Ratio

D-WRI WRI D-WRI WRI

D-WRI.1

3 774.5 581.25 0.23 0.21

6 643.74 462.16 0.17 0.16

9 602.99 415.68 0.14 0.13

D-WRI.2

3 351.51 300.77 0.22 0.2

6 296.73 248 0.17 0.14

9 286.59 231.06 0.13 0.11

D-WRI.3

3 142.02 117.57 0.21 0.19

6 121.55 98.27 0.15 0.13

9 119.15 93.6 0.12 0.1

Table 8. Effective stiffness and effective damping in the roll direction.

Designation Displacement
Amplitude (mm)

Effective Stiffness (N/mm) Effective Damping Ratio

D-WRI WRI D-WRI WRI

D-WRI.1

3 241.99 176.81 0.25 0.23

6 194.28 135.76 0.19 0.18

9 177.47 120.87 0.17 0.15

D-WRI.2

3 129.2 118.14 0.25 0.23

6 98.43 88.87 0.19 0.18

9 87.92 78.49 0.16 0.15

D-WRI.3

3 41.2 36.42 0.23 0.22

6 32.72 28.67 0.18 0.17

9 30.19 25.87 0.15 0.14
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It can be observed that both stiffness and damping are improved in this D-WRI
design. Suitable WRI combinations can be made as per the application requirements. This
study shows that the hysteresis characteristics due to cyclic loading of the D-WRI can be
given as the sum of the hysteresis curves of the individual WRIs (Figure 11). Therefore,
the improvement in this D-WRI design can be estimated using the individual hysteresis
curves of the WRIs, provided they are also geometrically compatible. The results of the
hysteresis show that the D-WRI has a parallel arrangement of both the WRIs that were
combined in the D-WRI. Further, this configuration provides an increase in both stiffness
and damping. The cyclic loading test results of Figure 10 show the individual hysteresis
characteristics, and when they are combined with D-WRI configurations, their behavior
sums up together. This nature also provides a way to identify what combinations can be
made for the required hysteresis behavior. However, in addition to the cyclic behavior
requirements, the dimension compatibility also needs to be verified for design compatibility.
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7. Summary and Conclusions

In the present study, monotonic and quasi-static cyclic loading tests were performed
on conventional wire rope isolators and two variants to improve load-carrying capacity,
stiffness, and damping. The tests were carried out in compression/tension and roll mode.

The first investigation on conventional wire rope isolators found that their stiffness
significantly depends on the wire rope diameter. For instance, increasing the wire rope
diameter from 9 mm to 15 mm increases the WRI stiffness by a factor of eight. Additionally,
the stiffness of a wire rope isolator is affected by the coil width, height, and diameter of
the wire rope. Widening the coil or decreasing the height decreases the stiffness, while
increasing the height increases the stiffness, and hence a higher height-to-width ratio gives
higher stiffness of a given diameter wire rope.

The number of turns in a wire rope isolator affects its stiffness, affecting the equip-
ment’s stability. Therefore, a stiffer WRI should have a greater number of turns. WRIs are
typically manufactured with an even number of turns to provide adequate stability.

The WRI is desirable because it is effective in all planes and any direction. A larger
WRI has more lateral and vertical stiffness, while a smaller WRI has less lateral and less
vertical stiffness.

The objectives of the second and third experimental investigations were proposed
improvements to the conventional design of WRIs. These were deemed essential for
applications in which the mass of the target structure/equipment is large or the space to
insert bigger isolators is limited.

To achieve the second main objective of this study, we investigated the use of springs
in conjunction with a WRI (S-WRI) experimentally to improve its vertical load-carrying
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capacity. Three sets of S-WRIs were fabricated and tested in the vertical and lateral direc-
tions. It was found that the addition of springs inside a conventional WRI can improve
the vertical stiffness of the WRI, making it better suited for applications that require both
vertical and lateral stiffness.

Another design was proposed to achieve the third main objective of this study. The
design was called D-WRI and involved inserting a smaller WRI inside the space of a
big WRI. This development aimed to improve the stiffness and damping of the big WRI
simultaneously. The experimental investigation demonstrated that the D-WRI design is
flexible in that it can be tailored to suit any required stiffness and damping and overcome
any space limitations.

Furthermore, these quasi-static cyclic loading tests showed that the hysteresis char-
acteristics of the D-WRI can be expressed as the sum of the hysteresis curves of the big
(outer) and small (inner) WRIs, provided both WRIs are geometrically compatible. This
configuration suggests that the improvement in the D-WRI can be estimated using the
individual hysteresis curves of the WRIs. The scientific contribution of the present work is
these configurations which can be beneficial in applications for heavy-mass equipment and
limited space. Furthermore, the configurations proposed were studied for their behavior to
support these applications. From this study, it can be observed that WRIs can be combined
with other isolators to enhance the characteristics per the application requirements.
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