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ABSTRACT
Artificial ligaments (ALs), as important grafts for reconstructing the anterior cruciate ligament, often fail in rupture owing to 
inadequate mechanical properties and frictional wear in clinical practice. Braiding parameters affect the properties of ALs. 
Previous studies have been limited to investigating the effects of braiding parameters on the mechanical or tribological prop
erties of ALs in isolation and lacked a comprehensive investigation into their combined or synergistic impact. Therefore, in this 
study, ALs with different braiding parameters are prepared, and mechanical and tribological indicators are integrated to 
conduct a synergistic investigation. The results show that as the braiding angle and number of layers decrease, the breaking 
strain increases, while the ultimate tensile force, elastic modulus, and yield force decrease. The number of spindles positively 
correlates with the mechanical and tribological performance of ALs.

1 | Introduction

The knee is one of the largest and most complex joints in the 
human body. The anterior cruciate ligament serves as an 
important component in maintaining joint stability and normal 
motor function [1]. It connects the femur and tibia, effectively 
preventing the tibia from excessive anterior displacement and 
the knee joint from excessive rotation. However, the anterior 
cruciate ligament (ACL) is susceptible to fracture or injury 
during strenuous exercise or trauma, resulting in knee joint 
instability and functional limitations [2]. Moreover, the ACL has 
limited self‐repairing ability. It does not readily heal on its own 
once fracture occurs, such that injury usually requires surgical 
reconstruction [3]. In ACL reconstruction surgery, artificial 
ligaments are considered a better choice than autografts and 
allografts as they do not introduce risks of donor site injury and 
disease transmission [4, 5].

Ideal artificial ligaments (ALs) require excellent mechanical 
properties to withstand complex loads of the knee joint during 

daily activities and strenuous sports and to maintain joint sta
bility and motor function [6]. Inadequate mechanical properties 
may lead to laxity, rupture, or failure of the ligament [7]. In 
addition, excellent frictional properties are required to reduce 
wear and tear on the surface of the AL during movement, 
prolonging the life of the material while reducing the risk of 
inflammation or tissue damage caused by friction with sur
rounding tissues [8, 9]. The mechanical and tribological prop
erties of ALs affect the treatment and rehabilitation of injured 
patients, and the braiding parameters directly determine the 
mechanical and tribological properties of ALs. It is thus 
important to explore the effects of braiding parameters on the 
mechanical and tribological properties of ALs.

The effects of braiding parameters on the mechanical and 
tribological properties of Als have been extensively investigated 
through tensile fracture tests [10, 11], cyclic loading tensile tests 
[12, 13], and in vitro friction and wear experiments [14]. 
Although these studies explored the effects of braiding param
eters on the mechanical and tribological properties of ALs, they 
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often focused on either the mechanical or tribological properties 
rather than the synergistic effect of the two types of property, 
making it difficult to truly reflect the overall performance of ALs 
in the complex physiological environment of the knee joint. 
This study investigates the properties of ALs by integrating 
mechanical and tribological indicators and analyzes the effects 
of different braiding parameters on the mechanical and tribo
logical properties of ALs, so as to provide more comprehensive 
guidance for the design and optimisation of ALs.

The remainder of the paper is structured as follows. Section 2
outlines the experimental procedures for the preparation of ALs, 
along with the methods used for testing their mechanical and 
tribological properties, and capturing their micro‐morphological 
features. Section 3 discusses the effects of different braiding 
parameters on the mechanical and tribological properties of 
ALs. Conclusions are drawn from the results of the study in 
Section 4.

2 | Methods and Experiments

This study explores the effects of braiding parameters on the 
properties of ALs. First, AL experimental samples with different 
braiding parameters are prepared by changing a single braiding 
parameter. Then, in terms of mechanical properties, the 
experimental samples are subjected to mechanical tensile 
testing to obtain mechanical properties such as the breaking 
strain (BS), ultimate tensile force (UTF), elastic modulus (EM), 
and yield force (YF), and the effects of different braiding pa
rameters on the mechanical properties of ALs are analyzed. 
Finally, in terms of tribological properties, the tribological 
properties of ALs with different braiding parameters are 
analyzed by combining wear information, such as the wear 
surface morphology, coefficient of friction, and wear debris size 
and morphological distributions.

2.1 | Sample Preparation

Six groups of AL samples having different braiding parameters 
are prepared. The groups are labelled AL1‐1, AL1‐2, AL2‐1, 
AL2‐2, AL3‐1, and AL3‐2, corresponding to different braiding 
angles (A), number of spindles (S), and number of layers (LY). 
Polyethylene terephthalate (PET) yarn (150 denier) is used as 
the material for AL experimental samples, owing to its excellent 
mechanical properties and biocompatibility. A braiding ma
chine (XH 90‐24, Xianghai Braider, China) is used to prepare 
the AL experimental samples. The parameter settings are as 
follows. The braiding angles of the AL1 series are set at 45° and 
30°, the number of spindles of the AL2 series are set at 24 and 
18, and the number of layers of the AL3 series are set at two and 

one layers. At least three parallel samples are prepared for each 
type of AL to ensure statistical reliability of performance tests. 
Polyetheretherketone (PEEK) balls are widely used in medical 
applications such as artificial joints and dental implants for their 
excellent mechanical properties, good biocompatibility, and a 
modulus of elasticity similar to that of natural bone [15]. A 
PEEK ball with a diameter of 5 mm is used as the upper friction 
pair in the friction experiments, whereas AL samples with 
varying braiding parameters serve as the lower friction coun
terparts, as shown in Table 1.

2.2 | Mechanical Tests of ALs

The mechanical properties of the braided ALs are evaluated 
using a universal testing machine (Instron 5969, Illinois Tool 
Works Inc., USA) with a 50‐kN force sensor. The scale distance 
is set at 100 mm and the sample testing speed at 100 mm/min. 
Before conducting the mechanical tensile experiments, a pre‐ 
load of 5 N is applied to the experimental samples to ensure 
that the samples are in a tensile state. The breaking strain, ul
timate tensile force, elastic modulus, and yield force are selected 
as key parameters for characterising the mechanical 
performance.

2.3 | Tribological Tests on ALs

The friction experiment is carried out on ALs using a multi‐ 
functional friction testing machine manufactured by Rtec 
Company. As shown in Figure 1, the upper friction pair of the 
PEEK ball is fixed below the force sensor through a cylindrical 
fixture, while the experimental sample of the AL is fixed in a 
square stage by the lower friction pair fixture. The stage is 
designed to hold lubricating media, such as phosphate buffered 
saline. The normal load applied by the testing machine is set at 
5 N, the frequency is 2 Hz, the running time is 20 min, and the 
stroke is 3 mm. Three replicates of each experimental sample 
are used to eliminate the effect of accidental errors on the re
sults. The friction testing machine is used to achieve linear 
reciprocating motion and record the curve of the coefficient of 
friction in real time.

2.4 | Microscopy

The two‐dimensional (2D) wear surface morphology and wear 
debris characteristics of the AL experimental samples are 
observed under a Quanta 250 FEG scanning electron micro
scope (SEM) manufactured by FEI, USA. After the friction 
experiment, the AL experimental samples are removed, and the 
wear liquid is collected in a centrifuge tube for the observation 

TABLE 1 | Braiding scheme for AL experimental samples with different braiding parameters.

Braiding schemes AL1‐1 AL1‐2 AL2‐1 AL2‐2 AL3‐1 AL3‐2
A (°) 45.00 30.00 45.00 45.00 45.00 45.00

S 24.00 24.00 24.00 18.00 24.00 24.00

LY 1.00 1.00 2.00 2.00 2.00 1.00
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of wear debris. The ALs are dried at 37°C for 24 h and placed on 
a stage with conductive tape for 120 s of gold spraying to 
enhance the conductivity of the sample surface. This is followed 
by SEM observation. The size and morphological of the wear 
debris are statistically analyzed using ImageJ software. The wear 
debris is mainly classified into elongated, flaky, blocky, and 
near‐circular categories, as shown in Figure 2.

In addition, the three‐dimensional (3D) wear surface morpho
logy of the experimental samples of the ALs is observed using a 
VK‐250 laser scanning confocal microscope (LSCM) manufac
tured by KEYENCE, Japan. Moreover, multi‐file analysis soft
ware supplied with the LSCM is used to calculate the statistical 
parameters of the surface morphology of the AL wear area, 
including the surface arithmetic mean height, surface root mean 
square height, and surface maximum height, for quantification 
of the 3D micro‐morphological characteristics of the wear area 
of the AL from multiple directions. The definitions and corre
sponding equations of the relevant parameters are provided 
below.

The surface arithmetic mean height (Sa) represents the arith
metic mean of the absolute coordinates z (x, y) in a specified 
area (i.e., the mean absolute height) and is used to describe the 
overall height deviation of the surface. It is expressed as

Sa =
1
A

∬A|z(x, y)|dxdy, (1)

where A is the area of the specified area, x is the abscissa of the 
specified point, y is the ordinate of the specified point, and z (x, 
y) is the height value of the specified point.

The surface root mean square height (Sq) is the root mean 
square of the height of each point in the specified area, which is 
equivalent to the standard deviation of the height. It is 
expressed as

Sq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
A

∬Az2(x, y)dxdy
√

. (2)

The surface maximum height (Sz) is the sum of the maximum 
peak height and the maximum valley depth in the area. It is 
expressed as

Sz = Sp + |Sv|, (3)

where Sp is the height of the highest point in the area and Sv is 
the height of the lowest point in the area.

3 | Results and Discussion

3.1 | Effects of the Braiding Angle on the 
Properties of ALs

AL experimental samples, labelled AL1‐1 and AL1‐2, are pro
cessed with angles of 45° and 30° to explore the effects of the 
braiding angle on the properties of ALs. The braiding angle of 
these samples directly affects the arrangement of the fibres in 
the structure, enabling the systematic evaluation of the effects of 
the braiding angle on the mechanical and tribological properties 
of the ALs [16]. Data on the mechanical properties, such as the 
breaking strain, ultimate tensile force, elastic modulus, and 
yield force, are obtained to evaluate the mechanical perfor
mance of the ALs. The results are given in Table 2.

Table 2 reveals that, as the braiding angle decreases, the BS of 
the AL increases by 9.91%, while the UTF, EM, and YF decrease 
by 0.31%, 5.23%, and 0.73%, respectively. Specifically, a smaller 
braiding angle means that the fibres in the braided structure are 
oriented more transversely, and the degree of interlacing be
tween the fibres increases [3]. The fibres undergo increased 
slipping and deformation before reaching breaking point, 
resulting in a higher BS and enhanced ductility and flexibility. 
However, this structure reduces the fibre component force in 
the tensile direction, making it difficult for the fibres to bear 
loads directly and reducing the UTF, EM, and YF.

It has been shown that during friction experiments on ALs, 
some silk threads of the ALs break through fatigue damage at 
the microstructural level. The fibre structure shows a drawn and 
loose state and is accompanied by material shedding [17]. At the 
same time, pits form on the wear surface of the samples, which 
increases surface roughness and reduces the tribological prop
erties of the material [18]. Therefore, the tribological properties 
of ALs are evaluated by observing the morphological changes of 
the worn surface and the statistical parameters of the surface 
morphology. A smoother worn surface corresponds to fewer 
fibre draws, less material spalling, and better tribological prop
erties of the ALs. According to the above surface morphology 
statistical parameters, the morphology characteristic parameters 

FIGURE 2 | Partial SEM images of different wear debris morphologies 
of AL.FIGURE 1 | Schematic of the friction pair clamping module.
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of the original and worn samples of the ALs are calculated and 
shown in Table 3.

Figure 3 presents 2D SEM images and 3D LSCM images of wear 
surfaces of the AL experimental samples with different braiding 
angles. These images visually illustrate the microstructural 
surface changes and wear characteristics, which can be further 
analyzed in conjunction with the data in Table 3. Among the AL 
experimental samples with different braiding angles, AL1‐1 has 
the smallest wear area, mainly located on its outer shell. Its fibre 
surface is smoother than the surfaces of the other AL samples, 
having fewer fibre draws and less material spalling. In addition, 
AL1‐1 has the lowest surface morphology parameters—Sa, Sq, 
and Sz—measured as 157.98, 205.01, and 1370.96 μm, respec
tively. These results indicate the smallest height deviation of the 
wear surface during friction and a shallow overall depth of 
abrasion, and a relatively smooth and uniform surface texture, 
suggesting superior tribological performance. In contrast, AL1‐2 
has the largest wear area, with extensive fibre pull‐out and 
material spalling, indicating more severe wear during friction. 
Its surface morphology parameters—Sa, Sq, and Sz—are higher 
at 229.09, 277.53 and 1819.30 μm with an increase of 45.01%, 
35.37% and 32.70%, respectively. This reflects a rougher, more 
irregular wear surface and poorer tribological performance 
compared with AL1‐1.

To reduce the risk of bone tunnel enlargement after AL im
plantation in the human body, Li et al. pointed out that shell‐ 
layer structured ALs with different fibre ratios can be pre
pared by adding smoother PET monofilament materials, effec
tively enhancing the tribological properties of ALs. A smaller 
coefficient of friction (COF) corresponds to better tribological 
properties of ALs [19]. The COF is thus adopted to evaluate the 
tribological performance of ALs.

All experimental samples in this study are tested under the 
same working conditions. Considering that the wear of ALs 
presents a progressive characteristic of fibre abrasion and 
breakage sequentially, the wear in long and short testing periods 
only corresponds to the abrasion process of different fibres, and 
the properties of each fibre strand are assumed to be consistent 
in this study. Based on reports in existing literature [19], the 
duration of the friction test is set to 20 min to ensure that the 
differences in experimental results arise only from the different 
braiding parameters of the ALs. After the experiments are 
completed, the original data exported from the friction experi
mental machine are smoothed to eliminate noise interference 
and improve the accuracy of the data. Subsequently, the data are 
summarised and organised. COF–time curves of the experi
mental samples of ALs with different braiding angles are plotted 
in Figure 4. These curves show the trend of the COF with time 
during the friction experiments of ALs with different braiding 
angles and clearly reflect differences among the groups.

TABLE 2 | Mechanical properties of ALs with different braiding angles.

Braiding schemes A (°) S LY BS (100%) UTF (N) EM (MPa) YF (N)
AL1‐1 45.00 24.00 1.00 2.12 4454.31 58.73 3074.27

AL1‐2 30.00 24.00 1.00 2.33 4440.63 55.66 3051.68

TABLE 3 | Surface morphology characteristic parameters of original 
and worn ALs with different braiding angles.

Braiding schemes States Sa (μm) Sq (μm) Sz (μm)
AL1‐1 Original 62.11 75.5 465.65

Worn 157.98 205.01 1370.96

AL1‐2 Original 67.93 83.64 498.46

Worn 229.09 277.53 1819.30

FIGURE 3 | Wear surface morphologies of ALs having different 
braiding angles: (a) 2D SEM images of original and worn samples, 
(b) 3D LSCM images of worn samples.

4 of 10 Biosurface and Biotribology, 2026
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Figure 4 shows that among the AL experimental samples with 
different braiding angles, AL1‐1 consistently has the lowest 
COF, indicating minimal frictional resistance throughout the 
testing process and superior tribological performance. In 
contrast, AL1‐2 consistently has the highest COF, reflecting 
greater frictional resistance, more severe surface wear, and 
inferior tribological properties.

The size and morphological distribution of wear debris from 
AL samples with different braiding angles are statistically 
analyzed using ImageJ, as shown in Figure 5. AL1‐1 has the 
highest proportion of small‐sized wear debris (0–40 μm), ac
counting for 93.02%, and the lowest percentage of medium‐ 
sized wear debris (40–120 μm) at only 6.98%. No large‐sized 
wear debris (larger than 120 μm) is observed. In addition, 
AL1‐1 has the largest proportion of near‐circular wear debris, 
reaching 44.19%. This distribution pattern indicates that AL1‐1 
undergoes the least wear, with the debris mainly comprising 
fine particles generated by slight surface fibre abrasion. The 
wear surface of AL1‐1 exhibits relatively smooth morpholog
ical characteristics, reflecting its excellent tribological proper
ties during friction. In contrast, AL1‐2 has a reduced 
proportion of small‐sized debris and larger proportions of 

medium‐sized and large‐sized debris. The percentage of 
medium‐sized wear debris (40–120 μm) is 10.35%, and the 
percentage of large‐sized debris (greater than 120 μm) is 1.15%. 
Regarding debris shape, the percentage of near‐circular debris 
of AL1‐2 decreases to 13.79%, whereas elongated debris has the 
highest percentage at 32.18%. AL1‐2 thus undergoes the most 
severe wear, with pronounced changes in surface morphology 
characterised by fibre breakage and material spalling, high
lighting its comparatively poor tribological properties.

Overall, the tribological properties of ALs deteriorate as the 
braiding angle decreases. Specifically, the reduced braiding 
angle makes the arrangement of fibres in the structure more 
transverse. This increases the interlacing of the fibres and ex
poses more surface area, leading to an increase in surface 
roughness [20]. The increased contact area and number of 
points between fibres and the friction surfaces increase the COF. 
In addition, a smaller braiding angle makes it easier for slippage 
and relative movement between the fibres to occur. During 
friction, this is likely to generate more wear debris and surface 
damage, further exacerbating the wear. Meanwhile, the braided 
structure loosens, and the supporting force between the fibres 
weakens, reducing the material's resistance to friction and 

FIGURE 4 | ALs with different braiding angles: (a) COF–time trend, (b) COF significance analysis. The data are the mean ± SD (n = 3; p values are 
calculated using one‐way ANOVA with Tukey correction, *p < 0.05, **p < 0.01, ***p < 0.001).

FIGURE 5 | Wear debris of ALs with different braiding angles: (a) Size distribution, (b) morphological distribution.

Biosurface and Biotribology, 2026 5 of 10
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making it more prone to deformation and material loss during 
dynamic sliding.

3.2 | Effects of the Number of Spindles on the 
Properties of ALs

To explore the effects of the number of spindles on the prop
erties of ALs, two braiding processes using 24 and 18 spindles 
are employed to prepare AL experimental samples, respectively 
labelled AL2‐1 and AL2‐2. The variation in the spindle count for 
these samples directly affects the braiding density and structural 
tightness of the fibres and thus the mechanical and tribological 
properties [21]. Similarly, mechanical tensile tests are carried 
out to evaluate the mechanical performance. The results are 
given in Table 4.

Table 4 shows that a decrease in the number of spindles reduces 
the BS, UTF, EM, and YF of the ALs by 41.04%, 24.80%, 25.00%, 
and 32.93%, respectively. Specifically, fewer spindles lead to a 
lower braiding density, less interweaving between fibres, and a 
looser structure [22]. The component force of the fibre in the 
tensile direction weakens, impairing effective load transfer and 
thus reducing the UTF, EM, and YF. In addition, the looser 
structure increases the sliding space between fibres, making the 
material more prone to deformation during the tensile process 
and reducing the BS. Moreover, the uneven distribution of fibres 
becomes more pronounced, leading to localised stress concen
trations that further compromise the overall mechanical prop
erties of the AL.

According to the statistical parameters of surface topography, 
the morphological characteristics of the original and worn AL 
experimental samples with different spindle counts are calcu
lated, as shown in Table 5. A decrease in the number of spindles 
increases all the morphological characteristics of the wear areas 
by 11.4%, 7.02% and 22.07%, respectively. The 2D and 3D wear 
surface morphological images of the AL experimental samples 
with different spindle counts are shown in Figure 6. By 
analyzing Table 5 alongside the surface morphology images, it is 
found that AL2‐1 has a smaller wear area, a relatively smooth 
surface morphology, and the shallowest wear depth, indicating 
minimal surface damage and superior tribological performance. 
In contrast, AL2‐2 shows the largest wear area, with pro
nounced fibre pull‐out and material spalling. The wear depth is 
greatest, and the surface morphology changes are more severe, 
reflecting a higher degree of wear and inferior tribological 
properties.

The COF–time curves for AL samples with different spindle 
counts are plotted in Figure 7. Consistent with previous ana
lyses, AL2‐1 has the best tribological performance, characterised 
by the lowest COF, and minimal frictional resistance. In 

TABLE 4 | Mechanical properties of ALs with different spindle counts.

Braiding schemes A (°) S LY BS (100%) UTF (N) EM (MPa) YF (N)
AL2‐1 45.00 24.00 2.00 2.12 4176.02 54.01 3092.31

AL2‐2 45.00 18.00 2.00 1.25 3140.26 40.51 2073.98

TABLE 5 | Surface morphology characteristic parameters of original 
and worn ALs with different spindle counts.

Braiding schemes States Sa (μm) Sq (μm) Sz (μm)
AL2‐1 Original 92.53 112.74 748.27

Worn 269.11 322.80 1714.42

AL2‐2 Original 113.99 140.35 790.70

Worn 299.80 345.46 2092.75

FIGURE 6 | Wear surface morphologies of ALs with different spindle 
counts: (a) 2D SEM images of original and worn samples, (b) 3D LSCM 
images of worn samples.
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contrast, AL2‐2 has higher COF values, indicating greater fric
tional resistance and poorer tribological properties.

Figure 8 presents the size and morphological distributions of 
wear debris for ALs with different spindle counts. Using the 
same analytical approach as before, insights are gained from the 
wear debris characteristics. AL2‐1 exhibits the least wear, with 
debris predominantly in the small‐size range, indicating supe
rior tribological performance. In contrast, AL2‐2 shows the most 
significant wear, including the presence of large‐sized debris 
ranging from 450 to 500 μm, reflecting its comparatively poor 
tribological properties.

Overall, the tribological properties of ALs deteriorate as the 
number of spindles decreases. Specifically, a decrease in the 
number of spindles causes a reduction in braiding density, less 
interweaving among fibres, a looser structure, lower surface 
flatness, and increased fibre exposure, all of which result in 
higher surface roughness [23]. During friction, there are more 
contact points on the rough surface, and the COF increases. At 
the same time, the loose structure makes the fibres more prone 
to slip and spalling, generating more wear debris and aggra
vating the wear. In addition, the reduction in the number of 
spindles decreases the compactness of the structure and 

weakens the resistance of the material to frictional stresses, 
leading to reduced wear resistance. Therefore, the loosening of 
the structure and the increase in surface roughness caused by 
the reduction in the number of spindles are the main reasons for 
the deterioration of tribological properties.

3.3 | Effects of the Number of Layers on the 
Properties of ALs

To explore the effects of the number of layers on the properties 
of ALs, single‐layer and double‐layer braiding processes are 
adopted to prepare AL experimental samples, labelled as AL3‐1 
and AL3‐2. The number of layers in these samples directly af
fects the stacking density and structural stability of the fibres 
and thus the mechanical and tribological properties [24]. The 
results of mechanical tensile tests are given in Table 6.

Table 6 shows that, as the number of layers decreases, the BS of 
the ALs increases by 2.58%, whereas the UTF, EM, and YF 
decrease by 6.65%, 12.57%, and 1.24%, respectively. Specifically, 
the decrease in the number of braiding layers reduces the 
stacking of fibres and thus loosens the structure [25]. The 

FIGURE 7 | ALs with different spindle counts: (a) COF–time trend, (b) COF significance analysis. The data are the mean ± SD (n = 3; p values are 
calculated using one‐way ANOVA with Tukey correction, *p < 0.05, **p < 0.01, ***p < 0.001).

FIGURE 8 | Wear debris of ALs with different spindle counts: (a) Size distribution, (b) morphological distribution.

Biosurface and Biotribology, 2026 7 of 10
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mutual support and binding force between fibres decrease, 
allowing the material to experience more slippage and defor
mation during the tensile process and thus increasing the BS 
and enhancing ductility. However, the reduction in the number 
of layers reduces the load distribution capacity, effective load‐ 
bearing area of the fibres in the tensile direction, and thus the 
UTF, EM, and YF. In addition, the single‐layer structures are 
more prone to localised stress concentrations, further weak
ening the overall rigidity and deformation resistance of the 
material, such that the mechanical performance indicators 
decrease.

According to the statistical parameters of surface topography, 
the morphological characteristic parameters of the original and 
worn AL experimental samples with different layer counts are 
calculated as shown in Table 7. As the number of layers de
creases, all morphological characteristic parameters of the wear 
areas decrease by 53.60%, 52.80% and 21.51%, respectively. 
Figure 9 presents 2D and 3D wear surface morphological images 
of the AL experimental samples with different layer counts. By 
analyzing these data using the same methodology as before, it is 
found that AL3‐1 has a larger wear area. In addition, AL3‐1 has 
the greatest wear depth and the greatest changes in surface 
morphology, indicating severe wear and poor tribological per
formance. In contrast, AL3‐2 has the smallest wear area, rela
tively flat surface morphology, shallower wear depth, and a 
slight change in the surface morphology—indicating a lower 
degree of wear and superior tribological properties.

COF–time curves for the AL experimental samples with layer 
counts are plotted in Figure 10. Consistent with previous ana
lyses, AL3‐1 has the highest COF, indicating greater frictional 
resistance and poorer tribological performance. In contrast, 
AL3‐2 has the lowest COF, reflecting minimal frictional resis
tance and superior tribological properties.

Figure 11 presents the size and morphological distributions of 
wear debris for ALs with different layer counts. Using the same 
analytical approach as before, it is found that AL3‐1 experiences 
the greatest wear, characterised by a higher proportion of me
dium‐ and large‐sized debris, reflecting poorer tribological per
formance. In contrast, AL3‐2 exhibits the least wear, with debris 
mainly comprising small‐sized wear debris, indicating better 
tribological properties.

Overall, the tribological properties of ALs improve as the 
number of layers decreases. Specifically, a reduction in the 
number of layers leads to a lower stacking density of fibres, 
making the structure looser and reducing the surface rigidity. 
With less interweaving between fibres, the surface roughness 
decreases, reducing the number of contact points with the 
friction surface, the frictional resistance, and thus the COF. In 
addition, fewer layers result in a more uniform stress distribu
tion of fibres during friction, reducing the likelihood of local 

TABLE 6 | Mechanical properties of ALs with different layer counts.

Braiding schemes A (°) S LY BS (100%) UTF (N) EM (MPa) YF (N)
AL3‐1 45.00 24.00 2.00 1.94 4081.40 46.61 3031.59

AL3‐2 45.00 24.00 1.00 1.99 3809.87 40.75 2994.05

TABLE 7 | Surface morphology characteristic parameters of original 
and worn ALs with different layer counts.

Braiding schemes States Sa (μm) Sq (μm) Sz (μm)
AL3‐1 Original 87.16 101.67 507.38

Worn 257.86 305.44 1445.70

AL3‐2 Original 64.78 77.11 481.54

Worn 167.88 199.89 1189.75

FIGURE 9 | Wear surface morphologies of ALs with different layer 
counts: (a) 2D SEM images of original and worn samples, (b) 3D 
LSCM images of worn samples.
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wear and material peeling and improving tribological proper
ties. Furthermore, in clinical applications, the braiding param
eters of ALs with superior tribological performance are selected 
based on patients’ actual conditions, on the premise that the 
mechanical performance of ALs is prioritised to meet clinical 
requirements.

4 | Conclusions

The effects of braiding parameters on the mechanical and 
tribological properties of ALs were explored. The following 
conclusions are drawn from the experimental results.

1. Decreasing the braiding angle increases the breaking strain 
of the AL by 9.91%, and decreases mechanical properties 
such as the ultimate tensile force, elastic modulus and 
yield force by a maximum of 5.23%. Moreover, the tribo
logical properties deteriorates by a maximum of 45.01%.

2. Reducing the number of spindles negatively affects both 
the mechanical and tribological properties of ALs. The 
mechanical properties decrease by a maximum of 41.04%, 

indicating that the number of spindles has the most sig
nificant effect on mechanical properties, while tribological 
properties deteriorates by a maximum of 22.07%.

3. Lowering the number of layers increases the breaking 
strain of ALs by 2.58%, and decreases the ultimate tensile 
force, elastic modulus and yield force by a maximum of 
12.57%. However, the tribological properties are improved 
by a maximum of 53.60% with the decrease in the number 
of layers, indicating that the number of layers has the most 
significant effect on tribological properties.
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FIGURE 10 | ALs with different layers counts: (a) COF–time trend, (b) COF significance analysis. The data are the mean ± SD (n = 3; p values are 
calculated using one‐way ANOVA with Tukey correction, *p < 0.05, **p < 0.01, ***p < 0.001).

FIGURE 11 | Wear debris of ALs with different layer counts: (a) Size distribution, (b) morphological distribution.
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