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Abstract: The predictive model and design of heavy-duty metal rubber shock absorber for the powertrains of heavy-load mining

vehicles were investigated. The microstructural characteristics of the wire mesh were elucidated using fractal graphs. A numerical

model based on virtual fabrication technique was established to propose a design scheme for the wire mesh component. Four sets of

wire mesh shock absorbers with various relative densities were prepared and a predictive model based on these relative densities was
established through mechanical testing. To further enhance the predictive accuracy, a variable transposition fitting method was
proposed to refine the model. Residual analysis was employed to quantitatively validate the results against those obtained from an
experimental control group. The results show that the improved model exhibits higher predictive accuracy than the original model,
with the determination coefficient (R?) of 0.9624. This study provides theoretical support for designing wire mesh shock absorbers

with reduced testing requirements and enhanced design efficiency.
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1 Introduction

Conventional rubber dampers are failing to meet the
increasingly stringent performance requirements of large,
specialised vehicles such as mining trucks. Their susceptibility
to ageing at high temperatures and becoming brittle at low
temperatures limits their engineering performance. Large-load
dampers are generally installed on mining vehicles between
the engine and body (Fig.1). Metal rubber (MR) is a damping
material with a complex spiral network structure. It has the
advantages of conventional rubber and can reduce ageing,
making
Compared to other metal porous materials, such as porous

it more effective in extreme environments'
metals, foam metal composites and twisted wires, MR
exhibits superior flexibility in material type, structural design
and density control. However, in engineering design,
empirical knowledge and extensive trial-and-error iterations
are required™.

Extensive global research has been conducted on MR

dampers. Cao et al™ investigated the mechanical performance
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of large-load MR dampers in mining trucks under dynamic
conditions. They established a constitutive model for MR
based on a hyperelastic model and analysed the damping
performance of the damper in three dimensions to study the
variations in damping characteristics with stress, strain and
strain rate. Yu et al”) proposed optimization criteria for the
structural parameters of MR dampers and provided a rational
mechanical model which offers guidance for the design and
optimization of dampers. Xue et al® assumed that the contact
angles between the internal metal wires in MR are normally
distributed and introduced a cantilever beam model to study
the damping performance of MR dampers.

Conventional design methods are still common in the
damper development process which involve iterative cycles of
design, manufacturing, testing, analysis and improvement,
resulting in lengthy development cycles and high research and
development costs. Therefore, it is crucial to use advanced
design tools such as computer-aided calculation, design and
analysis to accelerate the development of dampers. Shi et al™
obtained a skeleton model of MR samples using computed
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Ageing of rubber

Fig.1 Schematic diagram of rubber damper installation locations on a mining truck

tomography (CT), which can be used to describe the
topological features of MR. However, the adhesion between
metal wires affects further modelling and simulation results.
Rodney” and Gadot® et al constructed three-dimensional
(3D) models of single long-fibre winding materials through
X-ray CT, and investigated their internal structure and
mechanical properties. Nevertheless, their studies did not
consider the influence of material parameters on the
structures”. Ren et al™ combined virtual preparation
technique to establish constitutive models of macroscopic
parameters, such as wire diameter, helix diameter and elastic
modulus, with microscopic structural parameters, such as the
spatial distribution, contact shape and friction coefficient of
metal wires. They also studied the variations in the contact
points of the internal metal wires in MR during loading and
unloading processes. Results show that virtual preparation
technique can construct a 3D model that realistically reflects
the macroscopic mechanical properties and microscopic
complex structure of MR. However, such models are
restricted by the difficulty in establishing a comprehensive
material model using the initial modelling method and making
reasonable assumptions when setting boundaries. Although a
constitutive model can theoretically reveal the nonlinear
mechanism of MR, using too many parameters in the quantita-
tive description increases the simulation complexity"'. There-
fore, it is difficult to accurately describe the performance of a
vibration absorber through theoretical modelling.
Phenomenological models determine their main parameters
and rules through statistical analysis of experimental data,
with mathematical models derived by fitting functions such as
polynomials to experimental data. Although it is relatively
easy to fit functions to experimental data, large amounts of
data are required. Zou et al"?
properties of MR under high-speed impact loads using a split-
Hopkinson pressure bar device and established an empirical
constitutive model to predict the mechanical behaviour of
material. These models are relatively easy to apply to

studied the dynamic mechanical

experimental data using function fitting but require a large
amount of experimental data without the fundamental
structural parameters of MR. Thus, it is difficult to rationally
explain its mechanical performance!”.

The present study combines the advantages of virtual

preparation technique and phenomenological models in the

design of heavy-duty MR dampers for mining trucks. Virtual
preparation technique verifies the feasibility of controlling the
structural parameters of MR dampers, and the variable
transposition fitting method is used to increase the number of
experimental specimens. This allows for the establishment of
a mechanical performance model, leading to improved design
efficiency and reduced testing costs while further optimizing
the performance parameters of the damper. Fig.2 shows an
overview of the research process and structure of this study.

2 Desigh Scheme for Heavy-Duty MR Dampers

Double-sided clasp-type dampers have anti-slip properties
and high reliability which are widely used for vibration
control in various equipment. The Barry Controls 44005
T-shaped cylindrical barrel clasp rubber damper is commonly
used in heavy-duty mining trucks (Fig.3). It consists of two
hollow rubber cylindrical bosses clamped onto both sides of a
connecting plate. It is installed and fixed through a bolt of
specific length with a hollow steel tube in the middle. The
design primarily considers the pressure area and thickness of
the rubber blocks to achieve a suitable distribution of damper
stiffness.

2.1 Design requirements for MR dampers

MR is a new type of porous metal material. Compared with
similar metal materials, such as metal foam, metal fibre
sintered felt and braided wire, it can be prepared using a
relatively simple production process with lower cost. The
preparation process generally includes: (1) selection of wire
material; (2) spiral winding, with the winding radius typically
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Fig.3 Object drawing (a), dimensional drawing (b), and assembly drawing (c) of rubber damper

5—15 times the wire diameter; (3) pitch stretching, where the
pitch is usually approximately equal to the spiral winding
diameter; (4) preparation of blanks, with fewer turns of the
spiral winding being preferable during blending; (5) cold-
stamp forming (single or multiple times); (6) post-processing,
such as cleaning and heat treatment. The flowchart for
preparing the MR test samples is shown in Fig.4.

The design requirements for the MR isolators, in terms
of structural dimensions, weight and mechanical proper-
ties, and with reference to the 44005-type mining truck
vibration isolators mentioned in the previous section, are
as follows.

(1) Structural dimensions

Considering the difficulty of preparing complex shapes in
MR such as protrusions, split the two hollow cylindrical

Selection of wire
material (material
and wire diameter)

Metal wire mesh
braiding

Blank preparation

protrusions of the rubber vibration isolator into three hollow
cylindrical structures (upper, middle, and lower), as shown in
Fig. 5a. The dimensions of the MR isolator must match the
installation position and dimensions of the original rubber
isolator. Excessive changes may affect the normal operation of
other important components and the truck’s centre of gravity.
Therefore, based on the parameters of the 44005-type isolator,
the dimensions of the MR isolator were designed, as shown
in Fig.5b.

(2) Quality

Although the porous structure formed by wrapped
metal wire reduces the overall mass of MR, it is still
denser than conventional polymer materials like rubber.
Despite the desirable mechanical performance and stability of
MR, its high mass remains a necessary design consideration.

Post-processing stage
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Fig.4 Flowchart for MR preparation process
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Fig.5 MR damper design: (a) object drawing; (b) dimensional drawing; (c) assembly drawing
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3) Mechanical performance

Using MR dampers as alternatives to conventional rubber
dampers requires evaluation of their mechanical performance.
Quasi-static compression tests can be employed as the
primary testing method. By comparing the test curves of MR
dampers with those of conventional rubber dampers, feasible
design parameters can be determined.
2.2 Virtual preparation based on fractal analysis

Fractal curves can simulate complex natural structures and
form, which exhibit self-similarity and have been applied to
the analysis of surface textures'¥and pores'”. In the present
study, different fractal curves were compared in terms of their
dimensions. After considering their relationship with the
shape of the MR wire mesh, the Peano curve with planar
filling characteristics was selected. Rapid generation of fractal
curves was achieved using an iterated function system, as
shown in Fig. 6. However, when comparing the microscopic
structure of the MR blank (Fig. 7a) with the Peano fractal
curve, it is found that the fractal curves intersecte and the
generated paths appear disordered. Therefore, the shape of the
Peano curve is modified to obtain the shape shown in Fig.7b.

In this study, the MR preparation parameters (such as wire
diameter and dimensions) were incorporated into a 3D model
of MR. The specific parameters are as follows.

Fig. 8a is a diagram of single layer of metal wire mesh.
Several parameters are labelled. 6 represents the winding
angle, s is the pitch of the metal wire helix, and D is the
diameter of the helix.

Fig. 8b shows several layers of metal wire mesh
superimposed to form a cuboidal blank, where /4 denotes the
interlayer distance; L and W indicate the length and width of
the mesh, respectively; N represents the number of layers.

Fig.8c shows the metal wire mesh coiled into a cylindrical
blank, where H represents the height of the blank, r is the
inner diameter of the coiled mesh, R is its outer diameter, and

Fig.6 Generation of Peano fractal curves: (a) one iteration; (b) two

iterations; (c) three iterations

' and

Fig.7 Comparison of metal wire mesh arrangement (a) !

corresponding modified Peano curve (b)

P is the interlayer spacing.

Fig.8 also reveals that, unlike other 3D models of MR, the
proposed model uses individual wire strands. This makes it
similar to actual MR structures and provides a simplified
modelling approach.

The steps used for 3D modelling and parameter calculations
are presented below. The parameters are obtained according to
the design requirements.

(1) Assume a relative density p (p equals p,,, divided by
p, where p_ is the metal wire density and p,, is the
sample density), a volume specimen V,,,, and a wire diameter
d. Then, the volume V,, of the metal wire in the MR
sample is:

m _mp

Vgite P P PV (D
where m is the mass of the MR specimen.

(2) Assuming a fractal curve iteration count n, we can set
dimensions L and W of the single-layer metal wire mesh, the
winding angle 6, the pitch s, and the helix diameter D. The
skeletal line L
extracted using software. Then, the length L, of the metal
wire spiral coil is given by:

L .
Ly, = =2 (aD)" +5° ®
N

(3) Depending on the design requirements, the MR
blank can be prepared by either superposition or coiling.

of the single-layer metal wire mesh can be

If superposition is used, the number of layers N for the

stacked blank is determined as follows:

N — Vwirc (3)

Fig.8 Schematic diagrams of stages of MR blank preparation: (a) single layer of wire mesh; (b) stack of wire mesh layers; (c) coiled stack

of mesh
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If coiling is chosen, the inner diameter  and the interlayer
spacing P of the metal wire mesh coil are set. According
to the mathematical formula of the Archimedean spiral,
we set the Archimedean spiral coefficient a (distance from
the starting point to the polar coordinate origin). Then,
the polar angle 6, of the starting position for coiling is

L,.=21b[(a +b0,) [(a+b0,) +b* ~(a+b0,) [(a+bo) + b2]+§[ln

“In{a+ b0, + [(a+b6,) + b

|

where 0, denotes the polar angle corresponding to the metal
wire mesh, b represents another Archimedean spiral
coefficient (indicating the increase in polar radius for each
unit increase in spiral angle), and L, signifies the distance of a
coordinate point in the metal wire mesh model from the
starting edge of the coiled spiral.

The outer diameter R of the metal wire mesh coil is equal to
the polar radius corresponding to the polar angle obtained
when the arc length L, is equal to L.

4) Utilizing modelling software, drew a spiral line with the
MR blank framework wire as the axis to obtain a 3D blank
model of the MR.

5) Based on the designed height of the test piece,
stamping simulation was performed on the 3D blank
model. The feasibility of the design parameters was evaluated
by analysing the contact relationships between wires under
different design parameters. The virtual preparation process of
a MR cushion ring model is shown in Fig.9.

2.3 Preparation and mechanical testing of MR damper
prototype

Relative density is not only a key parameter characterizing
the damping performance of MR, but also related to the mass
of the material. On the one hand, an overly dense sample will
have poor damping performance and vibration reduction. On
the other hand, if the relative density is too low, the sample
becomes soft and wunable to withstand heavy-loads,
consequently reducing its service life. Based on the reference

given by:
2n(r—a
o, - 2D @
When coiling the metal wire mesh, the coordinates in the
metal wire mesh model should satisfy the arc length formula

of the Archimedean spiral:

a+b0,+ [(a+b0,) + b

®)

dimensions of rubber vibration isolators, the design
requirements and virtual preparation method mentioned
ecarlier, four sets of MR vibration isolators were prepared.
Grade 304 austenitic stainless steel (06Cr19Nil0) wire was
used to create annular samples with relative densities of 2.5,
3.0, 3.5 and 4.0 g-cm*. The material parameters for the coiled
metal wire are presented in Table 1.

Experiments were conducted using a static electronic
universal testing machine (Tianchen WDW-200). Quasi-static
compression tests were performed on the four groups of
samples with different relative densities (Fig.10).

The force-displacement curve of a conventional 44005-12
rubber damper lies between those of the MR dampers
prepared with relative densities of 2.50 and 4.00 g-cm’
(Fig. 11). This indicates that, in terms of mechanical
performance, these dampers can substitute for the specified
conventional damper, which provides a reference for the
design and optimization of damper performance.

3 Predictive Model of MR Dampers According to
Relative Density

3.1 Function fitting

To reflect the mechanical behaviour of the MR dampers and
their real deformation more accurately during loading, the
experimental data were transformed into true stress-strain
curves according to Ref.[17]. The least squares method was
employed to fit the experimental data with a double

Stamping
.—;pressure (x d ¢

Fig.9 Generation process of a MR numerical model: (a) baseline, (b) spiral coil, (c) stamping initial, (d) holding pressure, and (e) stamping end
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Table 1 Material parameters of spiral coil

) Diameter/ Pitch/ Wire diameter/ Wire density/
Material 5
mm mm mm g-cm
06Cr19Ni10 3.0 3.0 0.3 7.93
! b
Pressure
apparatus
T - Top cover
Center. .
bolt _,‘
) Connecting
plate
MR ‘
specimen 4
|
K ] W Bottom cover
\

Fig.10 Quasi-static compression testing of MR dampers: (a) experi-

mental diagram; (b) structural diagram

[ —v— p=2.50 g-cm™
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Fig.11 Comparison of compressed load-displacement curves of
conventional rubber dampers and MR dampers with relative

densities of 2.50 and 4.00 g-cm™, respectively

exponential function of f{x)=ae”+ce”. The resulting function
coefficients for each test group are presented in Table 2.

To better observe the mechanical performance of MR
dampers, the true stress-strain curves of the four groups were
introduced into a 3D coordinate system with relative density
represented on one of the axes, as shown in Fig. 12a.
Subsequently, surface fitting using the Griddata interpolation
method was used to build the prediction model, as illustrated
in Fig. 12b. As can be seen from Fig. 12b, directly fitting the
surface using the stress-strain curves of the four experimental
groups results in abnormal convex or concave shapes. This
may be due to the limited amount of experimental data availa-
ble and the relatively large differences in relative densities.

3.2 Variable transposition fitting method

Fig. 12b shows the true stress-strain curves obtained at
different relative densities fitted onto a surface. Relative
density was considered to be the primary variable and the true
stress and strain were the two secondary variables. To improve
the accuracy of surface fitting, a variable transposition fitting
method was employed. By exchanging the primary and
secondary variables, true strain could be treated as the primary
variable while relative density and true stress were the
secondary variables. Curve fitting was conducted on the
relative density and true stress at different true strains. This
method effectively increases the number of data points and
improves the accuracy of the fitted surface. The steps of this
method, based on the Matlab programming language, are as
follows.

(1) Set the range of values for the primary variable, such as
real strain, with parameter values from linspace (0, 0.21, 100).

(2) Input the primary variable into the equation of the real
stress-strain curve of each experimental group and set the
corresponding relative density as a constant to form a 3D
coordinate matrix (four 100x3 matrices).

(3) Recombine all 3D coordinate matrices using cell arrays.
Extract the secondary variables (such as relative density and
real stress) that correspond to the same primary variable (i.e.,
real strain) to form a cell, with each cell containing a two-
dimensional (2D) coordinate matrix (4x2, totalling 100). Fit
each set of data in each cell using a function (such as a Fourier
function).

(4) Set the range of values for the secondary variable—
relative density with linspace (2.5, 4, 50). Input it into the
corresponding fitted equation for each cell and obtain a 2D
coordinate matrix (50%2, totalling 100).

(5) Unroll the cell array and input the corresponding
primary variable (such as real strain) to obtain a 3D coordinate
matrix (50%3, totalling 100), which represents the fitted
surface for the relationship between relative density and real
stress, as shown in Fig.13.

(6) Finally, use the grid data interpolation method for non-
linear surface fitting.

3.3 Experimental verification

To validate the reliability and accuracy of the predictive
model established for surface fitting, MR dampers with
the same external dimensions and a relative density of
3.75 g-cm”® were prepared as a control group for quasi-static
compression tests. Fig. 14 compares the curve of the control
group and the fitted surface of the predictive model.

To further validate the accuracy of the predictive model, its
results before and after applying the improved method were

Table 2 Function coefficients fitted to experimental data of each group

Relative density/g-cm a b c d Root mean square error, RMSE
2.50 0.0736 11.1700 0.0039 26.5700 0.0302
3.00 2.5970 26.6420 -2.5474 26.6876 0.0656
3.50 26.0481 33.6195 -25.9691 33.6308 0.0743
4.00 4.7070 37.6731 —4.6553 37.7170 0.1008
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Fig.14 Comparison between experimental curve and fitting surface

of improved predictive model

compared with the experimental results at a relative density of
3.75 g-ecm”, as shown in Fig.15.

To avoid experimental errors caused by factors such as
measurement accuracy and white noise, and to effectively
estimate the accuracy of the proposed model, residual analysis
was conducted on the theoretical predictions. Residual
analysis is an effective method for evaluating the accuracy of
a model. It examines the differences between the experimental
The coefficient of
the

results and the predicted values.

determination R* is commonly used to measure
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== p:250 g-cm”

20} ——#=3.00 g-cm? b
——p=3.50 g-em™,
15 | —p=4.00 g-cm’
10}
5 b
0

g 2.50.0
287, . .
RS

g

25
—=— After improvement
—a— Before improvement
201 —o—Test
15}
=
510t
r=
wn
5t
/l/./. —b
0 L W‘

0.00 0.04 0.08 0.12 0.16 0.20
Strain

Fig.15 Comparison of experimental results at a relative density of
3.75 g-em”® and predictive results before and after model

improvement

effectiveness of the model, with higher values indicating a
greater predictive accuracy.

RSS = D(y, -5, ) ©)
TSS = i(yi ) (7
»_ 1 RSS

R=1 - BSS ®)

where RSS represents the residual sum of squares, TSS
denotes the total sum of squares, n is the specimen size, y,
stands for experimentally observed values, p, indicates the
model-predicted value, and j represents the mean of the
observed values. The residual analysis results for the MR
damper samples are shown in Table 3.

The curves obtained from the predictive models before and
after improvement show consistency, as shown in Fig.15 and
the residual analysis results in Table 3. The proposed surface-
fitting predictive model enhanced by the variable transposition

fitting method shows greater accuracy than the original model.

Table 3 Residual analysis results for the MR damper

Parameter RSS TSS R
Before improvement 2228.4507 4527.3206 0.5078
After improvement 161.6025 4293.2265 0.9624
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