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Abstract

To ensure an accurate selection of rolling guide shoe materials, an analysis of the intricate relationship between linear
speed and wear is imperative. Finite element simulations and experimental measurements are employed to evalu-
ate four distinct types of materials: polyurethane, rubber, polytetrafluoroethylene (PTFE), and nylon. The speed-index
of each material is measured, serving as a preparation for subsequent analysis. Furthermore, the velocity-wear factor
is determined, providing insights into the resilience and durability of the material across varying speeds. Addition-
ally, a wear model tailored specifically for viscoelastic bodies is explored, which is pivotal in understanding the wear
mechanisms within the material. Leveraging this model, wear predictions are made under higher speed conditions,
facilitating the choice of material for rolling guide shoes. To validate the accuracy of the model, the predicted degree
of wear is compared with experimental data, ensuring its alignment with both theoretical principles and real-world
performance. This comprehensive analysis has verified the effectiveness of the model in the selection of materials
under high-speed conditions, thereby offering confidence in its reliability and ensuring optimal performance.

Keywords Archard model, Wear model, Speed-index, Wear prediction

1 Introduction

Distinct from sliding guide shoes, which utilize metal as
the material of contact with the guide rail, rolling guide
shoes employ polymers. This polymeric material effec-
tively minimizes friction between the guide shoe and
guide rail while also imparting a damping effect to the
elevator. Consequently, rolling guide shoes have garnered
increasing attention in practical applications, surpassing
sliding guide shoes. Nevertheless, the superior benefits
of rolling guide shoes are intimately tied to the specific
polymer utilized, as the properties of different polymers
can significantly impact the performance of the roller.
Therefore, thoroughly exploring the relationship between
contact and friction among various polymers as potential
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guide shoe materials is crucial for assessing the suitability
of rolling guide shoes in diverse application scenarios.

In Refs. [1-6] on rolling guide shoes, significant atten-
tion has been paid to their dynamic behavior and shock
absorption capabilities. For instance, a three-dimensional
rolling contact model was established to investigate the
interactions between the rolling guide shoe and the guide
rail [1]. This model derived contact stiffness coefficients
in various directions, including normal, longitudinal,
and horizontal, and calculated forces such as the normal
Hertz force and tangential creep force within the contact
area. Additionally, a nonlinear approach was proposed
to enhance the accuracy of elevator car vibration mod-
els and assess the impact of uncertainty factors on the
vibration response [2]. Furthermore, a mixed Hy/H .
optimal guaranteed cost state feedback control strategy
was developed to mitigate horizontal vibrations result-
ing from friction and wear between the rolling guide shoe
and the guide rail [3]. Similar research efforts have also
been reported in Refs. [4—6].
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However, the tribological properties between the guide
shoe and the guide rail have received limited attention.
Specifically, research is scarce on the wear of guide shoe
materials under various operating conditions. Given that
friction between these components can potentially cause
damage and lead to failure, it is imperative to investi-
gate the tribological characteristics of their interaction.
Therefore, a comprehensive understanding of the tribo-
logical properties between the guide shoe and the guide
rail, particularly the wear behavior of the former, is cru-
cial for enhancing the performance and durability of roll-
ing guide shoes.

The majority of prior wear prediction studies have
relied heavily on the Archard wear model, which pri-
marily emphasizes wear coefficients of various materials
while overlooking the significant impact of pressure and
velocity on material wear. For instance, ball-in-plane tests
were conducted to investigate tribologically transformed
structures and modify the hardness component of the
Archard model [7]. Additionally, the Archard theory was
broadened from dry contact scenarios to mixed lubri-
cation conditions [8]. In another research, the Archard
model was integrated with a spatial statistical approach,
leading to a novel numerical algorithm for die wear depth
estimation [9, 10]. A wear life model was also developed
specifically for slippers in liquid friction applications, tak-
ing into account the permissible extent of wear [11, 12].

Notwithstanding the advancements made in wear pre-
diction studies, there remains a significant gap in under-
standing the tribological properties of rolling guide shoes,
particularly the intricate interplay between pressure and
velocity on material wear. Given the critical importance
of accurate wear prediction in ensuring the durability
and performance of rolling guide shoes, it is imperative
to investigate this area further. Future research efforts
must, therefore, be directed toward developing rigorous
and comprehensive wear prediction models that take
into account the complex interactions between material
properties, pressure, and velocity. By doing so, a deeper
understanding of wear mechanisms can be gained and,
ultimately, optimize the design and performance of roll-
ing guide shoes.

In the revised Archard model [13], two crucial indices
are introduced: the speed-index and the pressure-index.
The speed-index specifically quantifies the sensitivity of
the wear rate to changes in velocity. At low relative veloc-
ities, the impact of the speed-index on the wear rate is
minimal. However, as the relative velocity increases, the
wear rate rises geometrically, leading to significant wear
in a relatively short period of time. This rapid wear can
ultimately result in damage to the guide shoe, empha-
sizing the critical role of velocity in wear prediction and
prevention.
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For the shoe materials, polyurethane, rubber, polytetra-
fluoroethylene (PTFE), and nylon are among the estab-
lished and potential materials used. Research efforts on
these materials have primarily centered on analyzing
and enhancing their wear characteristics after exposure
to various operating conditions. In the case of polyure-
thane, investigators have delved into the impact of vari-
ous solvents, nanoparticle concentrations, and annealing
temperatures on the morphology and wear resistance of
nano-polyurethane particle films [14]. Additionally, alu-
mina particle-reinforced polyurethane matrix compos-
ites have been developed to bolster the wear resistance
of polyurethane elastomers under erosive conditions
[15]. Furthermore, the influence of different molecular
weights on the scratch wear and abrasive wear behav-
ior of three thermoplastic polyurethane elastomers has
been explored [16]. Notably, it was discovered that higher
molecular weights correlate with improved scratch resist-
ance, crack resistance, and reduced abrasive wear volume
loss. These findings provide valuable information for
optimizing the selection and design of guide shoe materi-
als to enhance their durability.

In addition to the aforementioned research, studying
rubber wear has been a focal point in material science.
A wear model was constructed, leveraging stress-strain
relationships and stress-to-failure cycle estimations at
high strain rates [17]. Furthermore, the nitrile rubber/
short carbon fiber (NBR/SCF) composite was developed,
and its friction and wear properties were thoroughly
investigated [18]. Similarly, graphene-silicone rubber
composites were prepared, and their mechanical prop-
erties and friction characteristics were examined [19].
Comparable studies have also been conducted on polyte-
trafluoroethylene (PTFE) [20-22] and nylon [23-25].

Despite the crucial importance of elucidating the rela-
tionship between wear and speed for a comprehensive
wear analysis of rolling guide shoe materials, there is a
conspicuous dearth of research exploring this relation-
ship in the literature pertaining to both existing and
potential guide shoe materials. This significant knowl-
edge gap underscores the urgent need for further inves-
tigation in this domain to deepen the understanding of
wear mechanisms and optimize the performance of these
materials.

Compared to low-speed operation conditions, the roll-
ing guide shoe experiences significantly greater wear
under high-speed conditions. However, the current wear
model for viscoelastic materials used in rolling guide
shoes is inadequate in addressing this aspect, and the
actual relationship between velocity and wear remains
to be established. Exploring the relationship between
speed and wear, as well as developing a more compre-
hensive wear model for viscoelastic materials in rolling
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guide shoes at high speeds, is hence of utmost impor-
tance. The insights gained from such research could
provide valuable guidance for material selection and
scheduling replacement of rolling guide shoes, ensuring
their optimal performance and durability in high-speed
applications.

To investigate the intricate relationship between speed
and wear, four existing or potential guide shoe materials
(polyurethane, rubber, PTFE, and nylon) were experi-
mentally analyzed and utilized in the development of a
more precise wear model for viscoelastic materials. This
comprehensive approach involved considering various
factors such as wear duration, speed, and the mass of the
materials before and after the test. Additionally, the roll-
ing friction wear between these four materials and the
guide rail material, Q235 steel, is meticulously quantified.
Based on the experimental results, the speed-index and
velocity-wear factor are derived for each material. These
parameters provide critical insights into the wear behav-
ior of the materials at different speeds. Furthermore,
finite element analysis is employed to simulate the wear
process, enabling a deeper understanding of the wear
mechanisms involved. Utilizing the derived speed-index
and velocity-wear factor, predictions are made regarding
the wear of the materials at various speeds. This predic-
tive capability is crucial for informing material selection
and replacement scheduling decisions for rolling guide
shoes. Overall, the findings of this study are expected
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to serve as a technical reference and provide theoreti-
cal support for the selection of guide shoe materials in
diverse speed environments.

2 Experiment Method

2.1 Experiment Design

The experiment was conducted on a two-disk rolling—
sliding wear test apparatus (JD-DRCE/M) situated at
the East China Jiaotong University in Nanchang, Jiangxi
Province, China. This sophisticated testing machine ena-
bles real-time user control over numerous parameters,
including the duration of the test, the rotational speeds of
the two test pieces, the positive pressure exerted between
them, motor torque, and the displacement of the upper
specimen, as detailed in Ref. [26]. Furthermore, it pro-
vides the flexibility to implement external temperature
control, humidity control, and other operational condi-
tions as per the specific requirements, as outlined in Ref.
[27]. The experimental setup and its corresponding sche-
matic diagram are presented in Figure 1.

In Figure 1, the parts of the testing machine consist of
synchronous belt A, referred to as No.1; servo motor A,
referred to as No.2; servo motor C, referred to as No.3;
Q235 test piece, referred to as No.4; linear guide, referred
to as No.5; load platform, referred to as No.6; synchro-
nous belt B, referred to as No.7; torque sensor, referred to
as No.8; rolling bearing, referred to as No.9; viscoelastic
test piece, referred to as No.10; servo motor B, referred

. Q235 test piece
not exactly aligned

. Viscoelastic test piece

Figure 1 Experimental setups for wear measurements during the test process: (a) Stepless speed-regulating wheel-rail rolling contact fatigue
testing machine, (b) Schematic for stepless speed-regulating wheel-rail rolling contact fatigue testing machine [28], (c) Close-up of test process

and test piece, (d) Misaligned 3D model for wear simulation
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to as No.11; data acquisition and control system, referred
to as No.12; rotation axis B, referred to as No.13; rotation
axis A, referred to as No.14 [28]. Test pieces are cylindri-
cal rings with outer diameter D = 40 mm, inner diam-
eter d = 16 mm, and height H = 10 mm. The upper test
piece (Q235 test piece, Part 4) and the lower test piece
(viscoelastic test piece, Part 10) are driven by servo motor
A (Part 2) and servo motor B (Part 11). The load between
two test pieces is applied by servo motor C (Part 3). The
distance between the upper rotation axis (Part 13) and
the lower rotation axis (Part 14) is adjustable according
to the change of the positive pressure so as to ensure that
positive pressure is kept constant. The loading platform
(Part 6) with the upper test piece on it slides on the lin-
ear guide (Part 5). All setups can be implemented from
the data acquisition and control system (Part 12). These
include speed, load, and test duration.

The test pieces were securely installed on the lower
sample, whereas a Q235 steel test piece was precisely
mounted on the upper sample. The motor speed was
carefully adjusted to align with the desired linear speed
of the test piece, and the positive pressure of the sample
was set to ensure constant contact stress throughout the
experiment. The experiment duration was established as
1800 s, with a pre-determined slip of 0.2. Each material
was subjected to rigorous testing under three distinct
speed conditions, followed by a verification experi-
ment conducted at a higher speed. Specifically, the lin-
ear speeds for the three test speed settings were set at
0.5 m/s, 1 m/s, and 1.5 m/s, respectively. For the verifi-
cation experiment, the linear speed was increased to 2
m/s. Each material-speed combination was tested three
times to guarantee reproducibility and consistency of the
results. It is noteworthy that due to inevitable size devia-
tions, the viscoelastic test piece and the Q235 test piece
were not perfectly aligned. This misalignment is a crucial
factor that must be taken into account during the simula-
tion process, as clearly demonstrated in Figure 1(d).

2.2 Experiment Materials

The experimental materials selected are polyurethane,
rubber, PTFE, and nylon. The four materials are in rolling
contact with the guide rail material Q235 steel, respec-
tively. Table 1 shows the material properties of the four
materials obtained by measurement and the material
properties of Q235.

2.3 Experiment Procedure
The experiment procedure consists of five steps, and the
flow chart is shown in Figure 2.

Step 1: Before the experiment, use an ultrasonic cleaner
with ethyl alcohol for 5 min to clean the surface of the
test piece to remove surface stains.
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Table 1 Material properties
Material Polyurethane Rubber PTFE Nylon Q235
Density (kg/m®) 1042.57 1697.33 216881 94372 7850
Young's modulus 20.58 10.89 37764 544.33 210000
(MPa)
Poisson ratio 042 047 0.46 042 0.25

Step 2: After the test piece is dried, weigh the test piece
and record the mass as the pre-experiment mass.

Step 3: Conduct the experiment as described in Sec-
tion 2.1 and record the data. The data, such as friction
torque, positive pressure, and time, are collected in real
time. The real-time coefficient of friction during the
experiment can be calculated.

Step 4: After the experiment, use the ultrasonic cleaner
with ethyl alcohol again to clean the surface of the test
piece to remove residues on the surface, and weigh it
after drying to obtain the mass after the experiment.
Thus, the wear amount can be calculated by the pre-
experiment mass minus the post.

Step 5: Use a three-dimensional morphometer to meas-
ure the surface of the test piece.

3 Wear Model

3.1 Archard Wear Model

The generally accepted model for predicting wear is the
Archard wear model

dw/dt = KpV /H, (1)

where dW /dt is the wear amount per unit time, K is the
wear coefficient, p is the positive pressure, V is the rela-
tive velocity, and H is the material hardness of the worn
material.

It is found that the wear rate is proportional to the
index of the positive pressure, and the index varies
depending on the two contact materials [29]. The pres-
sure and speed-index for the ASTM A109 steel and SAE
1010 steel tribopair had been used to perform lifetime
prediction experiments [30]. Here, we assume that the
modified Archard wear model for the tribopair of rolling
guide shoe could be applied [13]:

dw/dt = K'p" V" /H, 2)

where K’ is wear coefficient for the modified model, m is
pressure-index, and # is speed-index. Table 2 shows vari-
ous application scenarios of the Archard wear model.

The materials of previous studies [9, 30—34] using the
Archard model are mainly metals or metal compounds.
Furthermore, most of them use the basic Archard wear
model, while the modified Archard model was only
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Start

l

Use an ultrasonic cleaner to
clean the surface

l

Weigh and record
the pre-experiment mass

1

Conduct the experiment and
record the data

1

Clean the surface again
and weigh the after-mass

l

Observe the surface by a 3D
morphometer

End

Figure 2 The flow chart for the five steps of the experiment
procedure

used to study wear between different steels [30]. There-
fore, the wear model of viscoelastic materials needs fur-
ther exploration. To examine the relationship between
wear and speed for viscoelastic materials, it is necessary
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to experimentally measure whether the speed-index (n
in Eq. (2)) is unity or not.

3.2 Wear Prediction

Step 1: Measure the wear amount of the same material
at different speeds under constant pressure and pro-
cess the wear mass to eliminate the error existing in the
sample itself. It is the product of the wear percentage of
a single sample and the mass of the standard part. That
is

w=pw/M)| (D —d)’H/4| 3)

where w is the ideal wear mass, w is the experimental
wear mass, M is the original mass of the test piece, D is
the outer diameter of the test piece, and H is the height
of the test piece minus the dislocation distance of the
upper and lower samples.

Step 2: Linearly fit the logarithm of the wear amount
and the logarithm of the relative velocity in the experi-
ment. Thus, the slope of the fitted straight line is the
corresponding speed-index n. Furthermore, obtain the
velocity-wear factor

k = AM/(,otp Av"), (4)

where AM is the experimental wear amount, p is the
material density, ¢ is the experimental time, p is the
normal pressure, Av is the relative speed, and # is the
speed-index.

Step 3: Assume that the pressure-index is unity, simu-
late the experimental process on Ansys workbench.

Step 4: The higher speed wear amount is predicted.
The logarithm of the ideal wear amount and the relative
velocity are further fit onto a straight line. That is

In (E) =nlnV + b,
o (5)
Aw =exp(nlnV + b),

n= Ku///w x 100%, (6)

where Aw is the predicted wear amount, # is the speed-
index, b is the intercept of the speed-index plot, 7 is
the relative error, and w is the ideal experimental wear
amount. The overall process is shown in Figure 3. It can
be concluded as: obtaining data from experiments at dif-
ferent speeds; calculating the speed-index and wear fac-
tor from data for the first three speeds; simulating wear
according to the speed-index and wear factor; making
wear predictions; and calculating error by both theory
and simulation.
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Table 2 Archard model used in previous literature [9, 30-34] and our work

Scholar (year) Wear material Abrasive material Wear model

Liu et al. (2022) [9] Wheel Rail Vi = KNd/H

Akama et al. (2020) [31] Wheel steel Rail steel V = KNds/H
Ramalho et al. (2013) [32] AlISI 4140 AISI 1055 V = K:Nx/H

Khader et al. (2012) [33] Silicon nitride 100Cr6 Vi, = CoFns

Kim et al. (2019) [30] ASTM A109 steel SAE 1010 steel 8§ = kPAND

Zhou et al. (2021) [34] Rail Carriage W = KQ|V|At

Our work Polyurethane etc. Q235 dw/dt = K'p™V" JH

Linear fit

Experiment
wear

Error
calculation

Wear
prediction

_{ Speed index
and wear factor

%

Comparison of theory

and simulation

Simulated
wear

Figure 3 Logic diagram to summarize the process

3.3 Wear Simulation Process

When simulating the wear process of polyurethane
with the linear speed 1 m/s, the CAD model is designed
according to the tribopair. The connection between the
tribopair is set to be frictional with the experimentally
measured coefficient of friction. In the frictional con-
tact, the commands (APDL) for wear are inserted to
use the built-in wear model. The mesh size for polyure-
thane is set to 0.2 mm, and that of the other parts is set
to 2.5 mm. For the boundary conditions, set the rota-
tion shaft of Q235 to be fixed, set the rotational velocity
of the polyurethane test piece to 50 rad/s and that of
the Q235 test piece to 60 rad/s, set a frictionless sup-
port on the side faces of the two test pieces, and set a
force on the rotation shaft of polyurethane pointing
to the rotation shaft of Q235 with the value 30 N. The
force and the rotational velocities are placed on two
joints. The first one is a body-ground general joint on
polyurethane, where the force and the rotational veloc-
ity are set. The other one is a body-ground revolute
joint on Q235, where the rotational velocity is set. In
the analysis settings, the minimum and maximum sub-
steps are set to 10 and 1000, and the initial sub-steps
are 100. Meanwhile, large deflection is activated. After
the boundary condition and the analysis are set, carry
on the wear simulation and record the wear data.

4 Results and Discussion

4.1 Test Results

The experiment on each material with each speed is
conducted three times, and the results are the average
of the wear mass of the three test pieces under the same
conditions. Each material was experimented with dif-
ferent line speeds, which are listed in the second col-
umn. The wear mass in the third column is obtained
from the mass difference before and after the test
weighed by an electronic balance, and the ideal wear
mass in the last column is calculated according to Eq.
(3). The experimental results of each material with each
speed are listed in Table 3.

4.2 Data Processing and Discussion
4.2.1 Speed-index
As for the experimental settings, the slip is 0.2 and the
relative velocities are 0.1 m/s, 0.2 m/s, and 0.3 m/s,
respectively. By taking the logarithm of the ideal wear
amount and the relative velocity, the fitted straight lines
are shown in Figure 4. The lines are obtained by fitting
the line of the logarithm of ideal wear mass and the loga-
rithm of relative speed: each fitting line’s slope represents
the corresponding material’s speed-index.

According to the fitted line, the speed-index of pol-
yurethane, rubber, PTFE, and nylon can be obtained as
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Table 3 Experiment results 0.5735, 3.0918, 1.6966, and 0.3338, respectively. The
Linespeed  Wear mass (g) Ideal results in Table 4 s‘how that the speed-inflex of polyu-

(m/s) wear rethane and nylon is smaller than one while the speed-

mass (g) index of PTFE and rubber is greater than one. This

indicates that the wear of polyurethane and nylon is

Polyurethane R . L .
relatively insensitive to speed changes, while the wear

Samplel 05 00537 00530 £ PT 4 rubber | & 1eh
Sample2 10 0.0667 0.0684 Z PhFE andru fer is m01te sensmvehto speed ¢ angesf
Sample3 15 01031 01022 P;;Ee s;ziee bc;)ntl.nues to 1nfcrease,};c e v;lear a;mmlmt o
Samples 20 01174 01168 and rubber mcreases. aster‘t an that of polyure-
Rubber thane and nylon. Therefore, in relatively low-speed eleva-
samplet 05 00024 00025 t01is where the 1§lpa?t 9f running spe.ed on the wear of
Sample2 0 00426 00435 guide shoe materials is limited, rubber is more commonly
' ' ‘ used as guide shoe material due to its low price. Mean-
Sample3 15 00627 0.0638 ! . - ’ -
while, polyurethane is used more in medium- and high-
Sample4 20 0.2390 0.2397 L. . R
— speed elevators despite its relatively higher cost than
r .
Samplel 0.5 0.0365 0.0365 ubber,
Sample2 1.0 0.1398 0.1410
P 4.2.2 Velocity-wear Factor k
Sample3 15 0.2264 02277 . .
According to Eq. (4), the velocity-wear factor (represent-
Sample4 20 04248 04232 ] ) )
\vlon ing the absolute wear amount of wear) for each tribopair
y and the average velocity-wear factor for each material is
Sample1 0.5 0.0036 0.0036 . . .
Sarmpled 0 00046 00046 obtained. The velocity-wear factor k and the speed-index
ample A A A . .
. p‘ ; s 00052 00052 n of the four materials are shown in Table 4.
ample . A A . . .
P The results clearly indicate that the velocity-wear factor
Sample4 20 0.0056 0.0056 . L. . . . .
varies significantly among different materials, differing by
several orders of magnitude. Specifically, nylon exhibits
the lowest wear rate, followed by polyurethane and PTFE,
-1.5 -

-2.0

-2.5 4
°

-3.0

wn
3
S
=
g ] B Polyurethane
= 3.5 ® Rubber
'8 ] A Polytetrafluoroethylene
e 4.0 - v Nylon
© ———3=0.57354x-1.65553 R"2=0.92498
€ 454 ———»=3.0918x+1.30696 R"2=0.93101
f. i ——— 3=1.69657x+0.64358 R"2=0.98609
§ -5.0 - ———»=0.33383x-4.85182 R"2=0.99744
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— 5.5
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-2.5 -2.0 -1.5 -1.0

Logarithm of relative speed

Figure 4 Speed-index of the four materials
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Table 4 Speed-index and velocity-wear factor of the four
materials

Material Polyurethane Rubber PTFE Nylon
Speed-index 05735 3.0918 16966 03338
Velocity-wear — 3.2238x10°  4.3479x10° 2.6817x10° 3.0147x108

factor

while rubber has the highest wear rate. This implies that
materials with a larger velocity-wear factor are more sus-
ceptible to friction-induced consumption when interact-
ing with Q235 steel. Consequently, these materials are
more prone to damage, potentially leading to permanent
harm to the rolling guide shoe. Therefore, it is advisable
to prioritize materials with a lower wear factor for use as
rolling guide shoes. This choice will ensure greater dura-
bility and reliability in friction-prone applications.

4.2.3 Simulated Wear Amount

The 3D model utilized for the simulation is meticulously
crafted based on the rolling friction test conducted on
the two test pieces, as depicted in Figure 1(d). Within
the simulation, crucial parameters such as the coefficient
of friction for each tribopair (determined by torque and
normal pressure), the actual speed difference, the normal
pressure, and the contact misalignment of the test pieces
are precisely set. Additionally, the wear command is con-
figured according to the speed-index and velocity-wear
factor obtained from Table 3. This ensures that the simu-
lation accurately reflects the real-world conditions and
factors influencing the rolling friction behavior of the test
pieces.

During the 30-minute test, we observed three signifi-
cant phenomena. Firstly, the friction pair and the friction
conditions remained constant throughout the experi-
ment. Secondly, upon close examination of the three-
dimensional morphology after the test, we found that
the wear type was exclusively adhesive wear, as detailed
in Section 4.2. Lastly, the amount of wear incurred dur-
ing the 30-minute test was insignificant compared to the
overall size of the test piece, indicating that the shape
remained virtually unchanged. Based on these observa-
tions, we can confidently conclude that the wear rate per
unit time remained constant throughout the 30-minute
duration of the experiment. Utilizing simulation tech-
niques, we were able to determine the wear amount for
a one-second interval, which allowed us to extrapolate
the wear amount for the entire 30-minute period. Conse-
quently, we set the simulation step size to one second to
ensure accurate and precise results. The simulation out-
comes are presented in Figures 5 and 6, providing a com-
prehensive understanding of the wear behavior under the
given friction conditions.
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Figure 5 summarizes the simulated wear volumes of
various materials at different speeds. The simulation wear
within 1 s presents a good linearity, which is consistent
with the previous characteristics. Figure 6 only shows the
number of contact elements of the four materials at the
speed of 2 m/s. The differences in their respective num-
ber of contacts are caused by the different mesh sizes
for various materials, the purpose of which is just to
converge the results. Considering that the results under
other conditions are remarkably similar, those results are
listed in Figure 7. Figure 7(a) shows the number of con-
tact elements of polyurethane at speeds of 0.5 m/s, 1 m/s,
1.5 m/s, and 6 m/s, respectively. Figure 7(b) shows the
number of contact elements of PTFE at speeds of 0.5 m/s,
1 m/s, 1.5 m/s, and 6 m/s, respectively. Figures 7(c) and
7(d) show the number of contact elements of nylon and
rubber at the same speeds above. The results of Figure 6
show that during the one-second simulation progress of
four materials, the number of contact elements is kept
unchanged, implying the unchanged shape. The results
of Figures 5 and 6 further prove the feasibility of using
unit time wear to predict thirty-minute wear. Then, we
recorded the wear results of all working conditions and
compared them with the test results to assess the error, as
shown in Table 5.

It can be observed that significant discrepancies exist
between the simulation outcomes and the experimen-
tal results obtained for rubber. Furthermore, it has been
discovered that the velocity-wear factor of rubber varies
significantly at different speeds. However, the mean value
of these velocity-wear factors is utilized as input in the
Ansys simulation. Consequently, this has led to a signifi-
cant deviation in the results for the first three groups. On
the other hand, the velocity-wear factor for the fourth
group is closer to the mean value, leading to a smaller
margin of error. Additionally, it is noteworthy that polyu-
rethane, PTFE, and nylon, in contrast to rubber, exhibit a
reduced level of error, with nylon demonstrating particu-
larly accurate results. This implies that the wear behavior
of these three materials can be more accurately predicted
through simulation, especially at higher speeds.

4.2.4 Predicted Wear Amount

On the basis of the results in Table 4, conduct the wear
prediction of experiments with unchanged positive pres-
sure when the linear speed is 2 m/s. The predicted wear
amount and the prediction error are listed in Table 6.

The errors may be caused by misalignment of the test
piece. The two sides of the test pieces cannot be aligned
due to the deformation of the test pieces of the four mate-
rials. According to the result of the stress simulation,
larger stress indeed occurs at the contact edges. Such
large stress may cause a large enough strain to have an
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Wear simulation results: wear volume for polyurethane
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Figure 5 Wear simulation results: wear volume for polyurethane, rubber, PTFE, and nylon
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Wear simulation results: wear volume for polytetrafluoroethylene
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Figure 5 continued

inconstant Young’s modulus, which can cause the error.
Moreover, the prediction errors of the four materials are
all within 10%, which can be used for wear predictions at

0.0 0.5

Time (s)

higher speeds. Among them, the prediction errors of pol-
yurethane, PTFE, and nylon are less than 5%, indicating a
more effective prediction.
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Figure 6 Simulation results: number contacting of 2 m/s for (a) polyurethane, (b) rubber, (c) PTFE, (d) nylon

The error of rubber and PTFE is larger than that of
polyurethane and nylon, but the causes for the larger
error of rubber and PTFE are different. For rubber, it
is because its hardness is too small. During the experi-
ment, due to the dislocation of the upper and lower
samples, the rubber test piece was plastically deformed,
which made the error larger. However, this is not the
case for PTFE. The cause for the large error of PTFE
is its small coefficient of friction. Such a small friction

coefficient makes it unable to remain relatively sta-
tionary with the rotating shaft during the experiment,
and slide relative to the shaft produces friction, result-
ing in additional wear at the contact between the test
piece and the shaft. Such additional wear is also speed-
dependent and leads to inaccurate predictions. The
comparison of the theoretical prediction with the simu-
lation results is presented in Table 7.
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There is a slight difference between the error of the the-  velocity-wear factor of rubber, it is necessary to investi-
oretical results and the simulation results, which further  gate further the influence of speed on the wear coefficient
proves the feasibility of using simulation to predict high-  before using simulation to predict rubber wear.
speed wear. However, in view of the variability of the
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Table 6 Wear prediction and error

Line Ideal wear  Simulated Error
speed mass (g) wear mass (g)
(m/s)
Polyurethane
Samplel 0.5 0.0530 0.0507 —4.34%
Sample2 1.0 0.0684 0.0756 10.53%
Sample3 15 0.1022 0.0956 —6.46%
Sample4 20 0.1168 0.1127 -351%
Rubber
Samplel 0.5 0.0025 0.0031 24.00%
Sample2 1.0 0.0435 0.0265 —39.08%
Sample3 15 0.0638 0.0938 47.02%
Sample4 20 0.2397 0.2291 —4.42%
PTFE
Samplel 0.5 0.0365 0.0379 3.84%
Sample2 1.0 0.1410 0.1233 —12.55%
Sample3 15 0.2277 0.2458 7.95%
Sample4 20 04232 04011 —-522%
Nylon
Samplel 0.5 0.0036 0.0036 0.00%
Sample2 1.0 0.0046 0.0046 0.00%
Sample3 15 0.0052 0.0052 0.00%
Sample4 20 0.0056 0.0058 357%

In addition, on the basis of the above results, four kinds
of materials are simulated under the working condition
of 6 m/s. Figure 8 shows the simulated wear amount
under this working condition. The wear of the four mate-
rials within 1 sec under the working condition of 6 m/s is
still linear, indicating that the above hypothesis is valid.
At the same time, the wear amount of rubber is greater
than that of PTFE and much greater than that of nylon
and polyurethane. This is consistent with the theoreti-
cal prediction. Then, compared with the results of 2 m/s,
the results in Figure 8 show that the increase in the wear
amount of nylon and polyurethane is small, while the
increase of rubber and PTFE is large. The results are con-
sistent with the properties of the speed-index. Based on
the above results, it is concluded that the wear of rubber
and PTFE increases much more than that of polyure-
thane and nylon at higher speeds.

In Figures 5 and 7, the wear simulation results show
that the volume of wear is directly proportional to the
wear time. However, the amount of wear rate from the
experiment. Therefore, it is not possible to judge whether
this is the case in real-world situations. It is, however,
conjectured that the direct proportionality is due to the
smooth surface of the 3D model. However, the surface of
the real test piece is not smooth enough, so the volume

Material Polyurethane Rubber PTFE Nylon
Predicted wear amount (g) 0.1129 02174 04021 0.0058
Ideal wear amount (g) 0.1168 02397 04232 0.0056
Error —332% -930% —4.99% 3.57%
Table 7 Comparison of theory and simulation

Material Polyurethane Rubber PTFE Nylon
Ideal wear amount (g) 0.1168 02397 04232 0.0056
Predicted wear amount (g) 0.1129 02174 04021 0.0058
Theoretical prediction error —3.32% —-930% —499% 3.57%
Simulated wear amount (g)  0.1127 02291 04011 0.0058
Simulated wear error -351% —442% —522% 3.57%

of wear may not be directly proportional to the wear
duration.

4.2.5 Three-dimensional Topography and Wear Type

Images of all test conditions from the three-dimensional
morphometer are shown in Figure 9. In order to show
the morphological differences before and after wear
more intuitively, one three-dimensional topography for
each material is selected and presented in Figure 10. The
top half of each subgraph represents the chosen three-
dimensional picture, and the bottom half is the depth
map where the ruler is placed. It reflects the depth corre-
sponding to the ruler position in the top half. The obser-
vation position for topography on the test piece is set to
where the left part is worn, and the right part is unworn,
which is caused by the small deviation between the two
test pieces. The circles in subgraphs show the depth of
the observation position. It can be seen that the depth
difference between the left and right parts is obvious.

It is widely accepted that according to the wear mecha-
nism, wear can be divided into five basic types: adhesive
wear, abrasive wear, fatigue wear, corrosion wear, and
fretting wear. The wear phenomena of the five types of
wear are as follows. For adhesive wear, material transfer
should appear; for abrasive wear, surface scratches or
furrow phenomena is the key phenomenon; for fatigue
wear, pitting pits are formed on the worn surface; for
corrosion wear, chemical reaction occurs at the contact
interface, resulting in surface corrosion; for fretting wear,
the wear area should be small. In our experiment, fatigue
wear and fretting wear can be easily excluded. It can be
seen from Figure 9 that due to the friction between the
four viscoelastic materials and Q235, there is no furrow-
like damage and no observed chemical damage on the
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Wear simulation results: wear volume for 6m/s
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Figure 8 Wear simulation result: wear volume for 6 m/s
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Figure 9 All three-dimensional topography pictures

surface. Besides, during the experiment, material trans- can be seen in Figure 1(c). Therefore, it is concluded
fer was observed, but due to centrifugal force, it fell on  that the wear type of the four materials against Q235 is
the test bench instead of staying on the test piece, which
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Figure 10 Three-dimensional topography selected to show details before and after wear for (a) polyurethane, (b) rubber, (c) PTFE, (d) nylon

adhesive wear, which provides support for the simulation
assumption in Section 4.2.3.

As can be seen in the depth map for polyurethane and
rubber materials (Figure 10(a) and (b)), the unworn area
shows a sloping trend, which is caused by plastic defor-
mation due to the force holding the test piece on the
axis of rotation. Young’s modulus of polyurethane and
rubber is small, so the deformation caused by the same
force is large. After a long time of deformation, this trend
occurs. In addition, when looking at the depth maps of
the worn and unworn areas, the surface roughness of the
four materials varies after wear: the surface roughness
of PTFE decreases after wear. The surface roughness of

polyurethane increases and the surface roughness of rub-
ber may increase or decrease after wear (see the circle in
Figure 11), while the surface roughness of nylon remains
almost unchanged after wear.

4.2.6 Guide Shoe Material Recommendation

In the comparison of the four materials, PTFE is found
to exhibit relatively high sensitivity to speed and pos-
sess a larger Young’s modulus, thus indicating its inferior
shock absorption capabilities. Consequently, it is deemed
unsuitable for high-speed applications and should be
excluded from consideration. With regards to speed-
index and velocity-wear factor, nylon emerges as the
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Figure 11 Two samples of three-dimensional topography of rubber show the different changes in surface roughness after wear: (a) surface

roughness decreases, (b) surface roughness increases

superior material, exhibiting the lowest speed-index and
velocity-wear factor. However, from the perspective of
elevator comfort, nylon’s excessive Young’s modulus ren-
ders its shock absorption performance inferior to that of
polyurethane and rubber. Therefore, in instances where
the rails are in excellent condition, resulting in minimal
vibration caused by uneven guide rails, nylon could be
considered a viable option as a guide shoe material. Addi-
tionally, its reduced wear compared to other materials
could effectively prolong the lifespan of the guide shoe.
Nevertheless, when the condition of the guide rail cannot
be guaranteed, polyurethane is highly recommended as
the guide shoe material to ensure the utmost safety and
comfort for users.

5 Conclusion and Outlook

The objective of this research is to investigate the wear
model of viscoelastic materials. Based on the outcomes
of experiments and simulations, the wear model for vis-
coelastic materials should be a modified version of the
Archard model. According to the modified Archard wear
model, various materials exhibit different sensitivities to
velocity, depending on their respective speed-index. This
implies that their wear performance under high-speed
conditions can vary significantly. By comparing and ana-
lyzing the measured wear amounts, the following conclu-
sions are drawn:

(1) The speed-index of polyurethane, rubber, PTFE,
and nylon are 0.5735, 3.0918, 1.6966, and 0.3338,
respectively. These values indicate that polyure-
thane and nylon are less sensitive to speed, while

)

3)

(4)

rubber and PTFE are more sensitive to speed, pro-
viding effective support for wear prediction.

The wear prediction results of both theoretical
derivation and simulation for the four materials
are effective, and the errors are within acceptable
range. Therefore, it is considered that the modified
Archard wear model can be used for wear predic-
tion under high-speed conditions. Furthermore,
the model also provides support for the selection of
guide shoe materials under high-speed conditions.
The velocity-wear factors of polyurethane, rubber,
PTFE, and nylon are 3.2238 x 107°, 4.3479 x 107>,
2.6817 x 107%, and 3.0147 x 1078, respectively. This
indicates that the rubber material wears out fastest
in the friction process and nylon the slowest, which
provides guidance for the selection of guide shoe
materials.

It is recommended that the selection between nylon
and polyurethane as guide shoe material should
depend on actual situations. From the experiment
results, nylon has the smallest speed-index and the
smallest velocity-wear factor, which makes its wear
rate the lowest. However, from the perspective of
elevator comfort, the larger Young’s modulus makes
nylon perform poorer than polyurethane in shock
absorption. As a result, when the flatness of guide
rail can be guaranteed, despite its deficient perfor-
mance in shock absorption, nylon could be consid-
ered as a guide shoe material. However, when the
guide rail’s flatness cannot be guaranteed, polyure-
thane is recommended as the guide shoe material to
ensure users’ safety and comfort.
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In summary, this research has delved into the wear
model of viscoelastic materials, specifically exploring the
speed-index of four distinct materials. Based on this wear
model, higher-speed wear simulations and experimental
validations have been conducted. The results obtained
indicate that this model can effectively predict wear
under higher-speed conditions. It is noteworthy, how-
ever, that the wear processes and mechanisms involved
in rolling contact between viscoelastic and metallic
materials remain beyond the scope of this study. As we
proceed with future research, it would be intriguing to
investigate these wear mechanisms further by compar-
ing simulated surfaces with experimental results, particu-
larly those represented in three-dimensional maps. Such
an approach would afford a deeper understanding of the
intricate interactions and wear behaviors that occur dur-
ing rolling contact.
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