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Abstract—The level of joint laxity, which is an indicator
of accurate diagnosis for musculoskeletal conditions is
manually determined by a physician. Studying joint laxity
via artificial joints is an efficient and economical way to
improve patient experience and joint proficiency. However,
most of study focus on the joint geometry but are inadequate
with regard to the tailored mechanical properties of soft
tissues. On the basis of collagen fibril deformation, this
study proposes bioinspired 3D fibers braided from poly-
ethene multifilament for the reproduction of the controlled
nonlinear behavior of ligaments and tendons. Four braided
bands are designed, all showing biological behaviors. Two
knot-based bands exhibit large toe strains of 10.98% and
5.33% but low linear modulus of 239.84 MPa and 826.05 MPa.
The other two bands without knots exhibit lower toe strains
of 1.61% and 1.52% but high linear modulus of 2605.27 MPa
and 2050.74 MPa. Empirical formulas for braiding parame-
ters (wales and courses) and mechanical properties are
expressed to provide a theoretical basis for the mimicry of
different tissues in the human body by artificial joints. All
parameters have significant effects on the linear region of
the load-displacement curve of a fiber due to braided struc-
ture, while changing the number of wales facilitates a major
contribution to the toe region. A biofidelic human knee has
been successfully reconstructed by using bioinspired 3D
braided fibers. This study demonstrates that the nonlinear
mechanical properties of soft tissues can be replicated by
bioinspired 3D braided fibers, further yielding the design of
more biomechanically realistic artificial joints.
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I. INTRODUCTION

HE diagnosis of musculoskeletal conditions is continu-

ously increasing with the growing demands of physician
visits [1]-[3]. However, fewer patients can be properly treated
by diagnosis, and only approximately 6% of patients with
chronic tears of the anterior cruciate ligament have been
precisely diagnosed by physicians [4], [5]. The preliminary
evaluation of the joint laxity level is manually estimated by
a physician’s hands-on practice via comparison between the
healthy and injured limbs, and is difficult to teach or learn
due to test factors [6]. It greatly depends on the experience
and proficiency of the physician, which are usually gained by
limited hands-on practice with anatomical models in medical
education courses or treating injured patients within limited
working hours.

However, it is essential to accurately diagnose the injured
ligaments or tendons at an early stage, and the importance of
accurate diagnoses has drawn attention from society, especially
the elderly, to prevent further risks of joint arthritis or joint
wear on a long-term basis [7]. The primary function of the
human joint is to transmit load and associate with adjacent
segments of tissue to perform movements or hold a posture
[8]. It consists of rigid bones and various soft connective
tissues, including ligaments and tendons. Soft tissues play an
important role in helping the human body adapt to complex
actions and stabilize joints [9]. Restraining joint motion within
a plane requires not only one primary restraint ligament, but
also more secondary restraint tissues such as other secondary
ligaments, tendons, capsules and muscle groups [8], which
makes the evaluation of the joint laxity level more com-
plicated. At present, improved medical technology provides
an opportunity to the patients that the less time required in
hospitals during a course of treatment. It further results in a
lack of procedural skills and experience via patients [10].

The hands-on practice gained by cadaver models is widely
used as a traditional approach in clinical training and bio-
mechanical experimentation [11]. However, there have been
significant challenges in gaining access to cadaveric models,
and the average cost of a cadaver is quite high [12], [13].
The maintenance of cadaveric facilities is also subject to tight

For more information, see https://creativecommons.org/licenses/by/4.0/
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Fig. 1. Bioinspired 3D braided fibers based on the hierarchical structure of ligaments and tendons.

regional restrictions, and is time-consuming and costly [14].
Even with proper treatment, the quality of dissected cadavers
remains a concern after a first- or second-year shelf-life [15].
In this scenario, synthetic artificial models provide an eco-
nomic and handy substitutes for the cadaver models [16]-[18].
Currently, commercially available synthetic models mainly
replicate geometric features and rarely reproduce the biologi-
cally realistic behaviors of human tissues and joints. Fabrica-
tion of highly biofidelic synthetic models remains a challenge,
which requires not only the replication of bone geometry but
also the reproduction of the mechanical properties of the soft
tissues, especially ligaments and tendons.

Researchers and clinicians have been discussing the devel-
opment of artificial ligaments and tendons since early of the
1960s, and many commercial products with various materi-
als have emerged in the market [19]. Firstly, the Gore-Tex
fabricated from expanded poly(tetrafluorethylene) (PTFE) was
widely used to permanently substitute the natural anterior
cruciate ligaments (ACLs) [20], but its use was soon renounced
due to poor durability and biocompatibility [21]. Then, carbon
fiber, Dracon and polyester were used to replace biological
ligaments and tendons but eventually failed due to inadequate
mechanical properties [22]-[24]. Recently, the attention has
been given to ‘scaffold’ materials used for tissue regeneration
in native ligaments and tendons [25]-[27]. One such repre-
sentative material is the Ligament Advanced Reinforcement
System (LARS), which has been confirmed to be capable
of higher joint stabilization but is still under observation for
long-term user experience [28]. Nevertheless, the ability of
these approaches to precisely control over the spatial distribu-
tion of fibers, mechanical properties, and structural properties
is limited. In addition, current commercial artificial ligaments
and tendons are mainly used for the in vivo care of the joint
injuries that are not suitable for biological education purpose
artificial joint [29], [30]. The use of most of the artificial joints
on the market is focused on the structure and morphology of
the rigid joint, but these joints are not capable of reproducing
the mechanical behaviors of the soft tissues [31], [32].

In human, ligaments and tendons perform a non-linear
mechanical and viscoelastic behavior depending on their

hierarchical structure (Fig. 1). The non-linear mechanical
behavior can be described by a J-shaped load-displacement
curve [33], where the most significant characteristic is the
toe or toe-in region with a relatively low stiffness following
a linear region. In biological systems, ligaments and tendons
consist of fascicles that contains the collagen fibrils and fibrob-
lasts. The structure of collagen fibrils plays a principal role in
the nonlinear load-displacement relationship. When a ligament
or tendon is under slack, the collagen fibril is crimped, with
an appearance similar to waves. Once tensile force is applied,
the fibril will be stretched to resist the crimping condition,
exhibiting a feature of relatively low stiffness compared to
relatively large deformation. Until the crimp of the collagen
fibril is removed, and the tensile force starts to act on the
backbone of the collagen fibrils, the ligament and tendon show
a relatively high stiffness in the linear region.

Derived from the three-dimensional (3D) hierarchical struc-
ture of biological tissues, the concept of bioinspired 3D
braided fibers for constructing artificial ligaments and tendons
using a commercial polyethene (PE) fishing line was proposed
in this study (Fig. 1). These fibers were capable of providing a
relatively low stiffness at the beginning of deformation, similar
to crimped collagen fibrils, and a relatively high stiffness
until the braided fiber was fully stretched, and displacement
was then induced by the deformation of the braided fibers.
Therefore, we assumed that the developed bioinspired braided
fibers may be an appropriate foundational material to develop
soft elements for artificial joints.

Il. MATERIALS AND METHODS

A. Braided Fiber Morphology

A 0.41-mm-diameter polyethene (PE) fishing line contain-
ing 12-strand multifilaments was used as the basic fibril in
the ligament/tendon, which was capable of lifting up to a
116.8 N load with tough and durable features. Its tensile
behavior exhibited a J-shaped load-displacement curve (Fig. 2)
with a small toe region due to the spiral microstructure of the
12 strands followed by a wide linear region.
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Fig. 2. Load-displacement curve of single PE fishing line with toe region
and linear region.

Four different types of 3D braided fiber bands were designed
(Fig. 3) to quantitatively investigate the effect of braiding
topologies on the mechanical properties in both the toe region
and linear region. All bands were fabricated from 6 PE fishing
lines (i.e., 6 wales) with 20 courses. The course and wale
represent the number of horizontal rows and vertical rows in
knitted fabric, respectively (Fig. 3). Although all the braided
bands consisted of the same number of wales and courses,
the sample sizes were different (Table I). Each type of band
included 5 samples. Each sample was measured 10 times.

In band type 1, each course was knitted by one wale line
associated with 5 successive backward knots. In the next
course, the line of the first knot in the first course acted as
the wale in the second course, and the last wale was made as
the last backward knot in second course. Then, this process
was repeated until the desired course length was reached.
The braided band fabricated with an alternative wale structure
is probably beneficial for increasing the deformation in the
pretension region.

Band type 2 included a variation of the square slip knot
[34], where each course included a forward and backward
knot on the two sides made by two lines. The remaining four
lines acted as the core support in the middle. This structure
was stretched with only four core lines initially under an
external load. Until the other two lines reached the maximal
deformation and joined with the four core lines to resist the
tensile force, the stiffness of the braided band increased.

Band type 3 was a typical three strand braid with two lines
as one strand. The braiding originated from the right strand
across the center and into the middle. Then, the left strand
was crossed at the center and into the middle.

Band type 4 was designed in reference to the pattern of
knitted fabric [35], where each course started from the right
wale and traveled to the left by a pattern in which a line that
was braided over and under another line acted as a wale line
in this course. Band type 4 had a pattern (one wale line in
each course) similar to that of band type 1.

B. Mechanical Testing

The original PE fiber and all the braided bands were
mechanically tested under axial loading by using a universal
testing machine (Instron, USA). The fiber and bands were

TABLE |
DIMENSIONS OF THE FOUR BRAIDED BAND TYPES

Braided Type Length (mm) Width (mm) Thickness (mm)
Type 1 27.05+0.15 4.56+0.18 1.64£0.03
Type 2 24.57+0.31 3.82£0.13 1.91 £0.04
Type 3 51.85+0.65 2.38+0.11 1.19 +£0.02
Type 4 37.23+0.54 2.60 +0.08 1.14 +£0.03

n =50, mean * s.d. were depicted.

secured by the grippers. To avoid sliding during tensile test,
both ends were clamped with sandpaper and double-sided tape,
while the edges of the grippers were marked on the samples.
With the movement of any mark away from the edges, the
test was results were considered invalid due to sliding. Before
testing, all samples were prestretched under a tension force of
10 N/course to remove any slack in the band. The tensile tests
were performed at a constant speed of 40 mm/min. Finally,
the tensile test of each sample (5 samples for each band type)
was repeated 10 valid times under same pretension for further
analysis and comparison.

C. Data Processing

The load-displacement curve of a fiber or braided band
consists of a toe region and a linear region (Fig. 2). The
linear section was described by using linear regression [36].
The initial linear regression fit was generated by locating
two separate points on the linear section by which the linear
stiffness and the initial R-squared value, R?, were calculated.
By extending the fitting regressions until the R-squared value
equal to 0.99R? by decreasing the lower limit, the toe region
was considered from the origin of the load-displacement curve
to the lower limit of final fitting regressions. Consequently, the
toe stiffness was evaluated as the slope of the toe region from
the start to the end point on the lower limit. The toe strain was
calculated as the ratio of the toe length to the band length.

D. Statistical Analysis

The results are shown as mean 4 standard deviation (n =
50). Statistical significance was tested using ANOVA (single
factor). Probability values of p< 0.05 were considered sta-
tistically significant and all data is presented at a p< 0.05
significance level unless otherwise stated.

I1l. RESULTS
A. Mechanical Properties

1) Nonlinear Load-Displacement Curve: The load- displace-
ment curves of all four braided band types (Fig. 4) showed
a nonlinear toe region, and the mechanical properties of
each braided band, including the stiffness and modulus of
the toe region and linear region, were listed in Table II.
Band type 1 demonstrated the largest toe region and small
toe stiffness at 5.63 N mm™! among all braided bands,
while the curve in the linear region slowly increased. Band
type 2 had a smaller toe region but the largest linear stiffness
of 245.30 N mm~! and smallest toe stiffness of 2.72 N mm™!,
probably owing to the resistance from the core support lines
during the whole deformation. Band type 3 and type 4 showed
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TABLE Il (@  Type1 Type 3 Type 4
STIFFNESS AND MODULUS OF THE FOUR BRAIDED BAND TYPES ) \ 7
o
Braided Toe Stiffness Toe Modulus Linear Stiffness Linear Modulus s i/murse
Type (N mm™) (MPa) (N mm™) (MPa) ¥ 7} awm
Typel 5.63+1.04 1997+3.69  66.31+6.73 239.84 +10.95 N\
Type2 272+£093  9.17+3.13 24530+ 13.21  826.05+44.47 (b) U// .
! % %
Type3 13.20+3.27 241.70+59.89 142.31+8.44 2605.27 + 154.57 Q‘lﬁll}/%’/ %tﬁ} 4/:,{/
5p (TN &
Type4 24.69+1.89 310.15+23.73 163.27+6.69 2050.74 + 83.98 ggyw\; &fé ;:i:f
- - by ) J
n =50, mean + s.d. were depicted. l’}?‘;l; ICourse (\/\ / /
i A I

a similar planar pattern with the linear stiffness of 142.31 N
mm~! and 163.27 N mm™!, respectively. Meanwhile, their toe
regions were also closely with a toe length at 0.83 mm and
0.57 mm, respectively.

A noteworthy result observed was that the shapes of the
linear regions were significantly between the first two braided
band types and the other two types. This might be caused by
the varied braiding topologies of the bands in which only type
1 and type 2 involved knots.

2) Toe Length and Strain: To evaluate the mechanical per-
formance in the toe region, the corresponding length and
strain were calculated (Table I1I). Both braided bands with
knot structures had large toe lengths as well as high toe
strains (10.98% and 5.33%, respectively). Band type 3 and
type 4 without knot structures had small toe strains of 1.61%
and 1.52%, respectively.

3) Braided Parameters: The braiding parameters have a
great impact on the mechanical properties. We conducted a
comparison study on the material properties of the four types
of braiding patterns. Five test samples were fabricated for
each type based on the same braiding wale-course setting
(6 x 20). Each sample was tested 10 times to obtain its key
material properties: linear modulus and toe length. As shown
in Table IT and III, only the properties of type 1 fall within
the ranges of the human ligaments, which are 109-294 MPa
for linear modulus [37], [38], and 2.46—-4.65 mm for toe
length [39]-[41]. Thereby, we selected type 1 to perform
a further in-depth investigation as it is most human-like.
To further understand the effect of braided fiber with knots
on the nonlinear mechanical properties, the braiding para-
meters of band type 1 regarding the numbers of courses
and wales were systematically modified following the same
aforementioned procedures (Fig. 5). The results showed that
with a certain wale configuration and under the same stress
value (i.e., external load), the deformation of the braided band
decreased when more courses were fabricated. In contrast,
with a specific number of courses braided and under the same
stress conditions, the band deformation increased when more
wales were included. These unique characteristics are caused
by the friction between the fibers and the number of knot
structures, which will be further discussed later.

Both the linear modulus and toe strains of the bands
changed when changing the number of wales and courses
under tension. The linear modulus raised from 257.66 MPa
to 377.28 MPa (46.46% augment) as the number of courses
increased but decreased from 570.95 MPa to 341.92 MPa
(40.11% reduction) as the number of wales increased. In con-
trast, the toe strain was proportional decreased as the number

X e u\ C N w
Fig. 8. (a) Fabrication process; (b) Schematic sketches; (c) Test

samples.

TABLE Il
TOE LENGTH AND TOE STRAIN OF FOUR BRAIDED BAND TYPES

Braided Type Toe Length (mm) Toe Strain (%)
Type 1 2.96+0.15 10.98 +0.56
Type 2 1.31+0.10 5.33+0.40
Type 3 0.83 +£0.07 1.61+£0.13
Type 4 0.57 +0.40 1.52+0.10

n =50, mean * s.d. were depicted.

of courses increased (from 16.61% to 8.55%) and proportion-
ally increased with the growing number of wales (from 8.27%
to 12.40%).

B. Theoretical Model

Here, a theoretical model for band type 1 is proposed to
describe how the toe strain and linear modulus changes with
the number of wales and courses.

1) Toe Stain Model of Braided Band Type 1: Most of the
displacements in the toe region are considered to result from
the deformation of the braided structure. In band type 1, the
knots allow a loose space to be deformed. The tensile force
in a knot was derived from the capstan equation [42]:

Tioad = Thota - €"** (D

where Tj,qq is the applied force on the line, Tjyg is the
resulting force at the other side of capstan, ug is the static
friction coefficient between the lines, and ¢ is the angle of
the turn. After the line continuously swept with m turns (i.e.,
number of courses), the total applied force 7;,. on the band
was written as:

Tioe = Thota - eHs? 2)

The deformation of the knots can be considered as the linear
changed in the applied direction of tensile force, while the
increased in the number of wales is calculated proportionally
to the number of knots and the force in knots. Then, the total
increased length of the braided structure is generated by the
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TABLE IV
MATHEMATIC MODEL VALIDATION SET

Name Toe Strain Linear Modulus Toe Strain Linear Modulus Toe Strain Linear Modulus
(%) (MPa) (%) (MPa) (%) (MPa)
Mathematical Model 6 wales - 55 courses 6 wales - 35 courses 5 wales - 18 courses
7.60 469.48 9.64 377.59 9.11 561.20
Artificial Ligament 6 wales - 55 courses 6 wales - 35 courses 5 wales - 18 courses
sample I (n=10)  7.09 £0.21 476.28 £22.70 10.61 £0.22 338.74 £9.24 8.32+1.08 577.24 £ 25.01
sample 2 (n=10)  7.76 + 1.31 469.02 +10.97 9.86 +0.28 362.76 +7.85 8.32+0.59 577.85 +22.60
sample 3 (n=10)  7.36+1.01 475.07 £19.57 8.79£0.29 362.15+£3.26 791+1.22 557.94 £21.59
sample 4 (n=10)  7.64+0.92 470.98 £19.83 9.10 +0.89 373.30 £5.60 8.99 +0.68 583.68 +15.53
sample 5 (n=10)  7.62+1.42 472.06 +20.77 8.65+0.11 383.47£9.31 8.04+0.27 570.47 £13.03
all samples (n=150)  7.51+1.09 472.56 +£18.21 9.40 +£0.86 364.08 £ 8.02 8.40+0.90 577.59 +19.89
RMSE (n = 50) 0.66 12.36 0.86 14.47 0.79 21.95
Relative RMSE (n = 50) 8.68% 2.63% 8.92 % 3.83 % 8.67% 3.91%

Mean + s.d. were depicted for the artificial ligament. RMSE represents the root mean square error between the mathematical model and the artificial ligament.

length increase in wales and deformation increase in knots.
The solution of the total toe length Al was given as:

IZ‘OE Itoe

Al =ki(n—1)
Thota

+k

3)

> Thola
where kjand k; are the coefficient of length growth induced
by the number of wales and courses, respectively, and n is the
number of wales. The initial length of the braided band /p was
estimated to be 3dm (Fig. 6) where d is the diameter of the
PE fishing line. Combining (2) and (3) yields the toe strain
Etoe AS:

Etoe =

Al ki(n—1)- e"Ks 4 ky - emKs
Iy 3dm
where the coefficient K represents the constant us¢. The

values of k1, krand K were determined by the experimental
data, so (4) was modified to:

“)

0.012(n — 1) - 202528m 1 (09924 0-02528m
Etoe = 5)
3dm

2) Linear Modulus Model of Braided Band Type 1: The char-
acteristics of the linear modulus are mainly produced by the
increasing length of each line but also affected by the friction
in the knots. The increase in line length can be calculated by
the modulus of lines as:

_ Fly
~ EoAo

Al (6)

where lp, Eg and Ao represent the initial length, Young’s
modulus, cross-sectional area of the lines that constitute the
braided band, respectively, and F is the applied force on the
lines. The friction in the knots of the linear region is dominated
by the sliding friction coefficient x,4. Similar to (2), the tensile
force Tjipeqr in the linear region was described as:

muqe

)

The cross-sectional area of braided band A was estimated
as 3(n + 1)d2 (Fig. 6), and the linear modulus Ejjneqr Was
calculated as follows:

Tiinear = Thola - €

Thinear lband
Elinear = —— «+ ———

A Al
_ Thota - €""4?  lpana EoAo
T 3m+ a2 Fl
_ Kiinear - emKa (8)
3+ 1)d?

In the linear deformation, both Tj,;4s and the original band
length lp4nq show a linear correlation to the line force F' and
the origin line length /o, respectively. Therefore, the constant
Evol”;‘—O"d . % and p4¢ could be substituted with the coef-
ficients Kjineqr and Ky respectively, which were determined
by the experimental data. Finally, the solution of the linear
modulus of band type 1 was given as:

910.5 60'01089m

3(n + 1)d? ©)

Ejinear =
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Fig. 6. Width and thickness of band type 1. Symbol d is the diameter of
the PE fishing line.

By graphing the (5) and (9) as shown in Fig. 7, a 3D map
revealing the relations between the mechanical properties and
the braiding parameters was illustrated. We found that the
toe strain increased with more wales or more courses, but
the linear modulus decreased under the same conditions. The
toe strain was dominated by the number of both the wales
and the courses. However, the number of courses had a more
significant influence on the linear modulus than the number of
courses.

We have validated the model against a separate dataset
involving three different wale-course combinations (6 x 55,
6 x 35, 5 x 18), which are totally independent of the dataset
used in the model fitting. Five braided fiber samples were

TABLE V
COMPARISON BETWEEN THE RANGES OF MOTION OF BIOFIDELIC
ARTIFICIAL KNEE AND HUMAN KNEE

Direction Artificial knee Human knee
Extension/Flexion 160.1° £ 4.8° 145.5°-166.3°
Internal/External Rotation 36.5°+2.1° 26.5°-33.6°
Adduction/Abduction 14.2°+1.7° 3.9°-18.6°

n =10, mean + s.d. were depicted.

fabricated for each wale-course combination and 10 repeated
experimental trials were conducted for each sample. The
absolute and relative RMSEs (n = 50) between the model
predicted material properties and the measured ones were
listed in Table I'V. It can be seen that for all the three wale-
course combinations, the model prediction errors are quite low
with relative RMSE well below 8.92%.

C. Application and Demonstration

Based on the relationship between the braiding parameters
and mechanical characteristics (Fig. 7), band type 1 was
successfully tuned to simulate the behavior of different human
ligaments. We used the single specific load-displacement
datasets of three human ligaments: medial patella femoral
ligament (MPFL) [39], medial collateral ligament (MCL) [40],
and anterior cruciate ligament (ACL) [41] as target pro-
files. Three artificial braided fibers with different wale-course
settings (6 x 55, 6 x 35, 5 x 18) were constructed to mimic
those three human ligaments respectively. The measured
load-displacement properties are compared with those of their
biological counterparts in Fig. 8, together with the calculated
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Fig. 7. Theoretical variations of the toe strain (a) and linear modulus (b) under different braiding parameters in terms of wales and courses.

absolute and relative RMSEs between them. We can see that
the braided fibers well reproduce the load-displacement prop-
erties of all the three human ligaments with very low errors
(relative RMSE < 3.68%). This suggests that the bioinspired
braided fibers may serve as clinical teaching and experimen-
tation tools with high biofidelity, and hence contributing to
orthopaedic and rehabilitation medicines etc.

Consequently, a highly biofidelic functional model of human
left knee containing a subset of braided artificial ligaments
and tendons was developed (Fig. 9). Each of the soft elements
has a morphology and nonlinear behavior similar to those of
biological tissue. The highly anthropomorphic profiles of rigid
bones were obtained by using a 3D printing technique. The
three-dimensional motions of the artificial knee joint (Fig. 10)
have been tested using an eight-infrared-cameras array motion
analysis system (Vicon, Oxford, UK). The measured joint
ranges of motion in all three directions (flexion/extension,
internal/external rotation, adduction/abduction) are compared
with the corresponding human knee data [43] in Table V.
We can see that the artificial knee demonstrates joint mobility
very comparable to that of the human knee. This model could
be used to construct a more biomechanically realistic artificial
knee joint in the future, by not only replicating the structure of
the rigid joint but also reproducing the mechanical behaviors
of soft tissues.

V. DISCUSSIONS

A toe region with low stiffness leads to the nonlinear
mechanical behavior of ligaments and tendons, which is
revealed by biological hierarchical structures with crimped
collagen fibrils. An approximate 2% toe region under tension
is generally correlated with the low resistance movement
range of a joint [44]. In a passive knee joint, the dominating
ligaments associated with the joint allow an approximately
4° low resistance motion range with a 2% toe region [45].
An intelligent design resulting in nonlinear behavior provides
an effective solution of low energy consumption in a small
motion range and high resistance in an excessive motion range
to protect the joint. It is a significant feature required in the
artificial ligaments and tendons to construct more biofidelic
artificial joints with human-like mechanical behaviors.

A single yarn with a microstructure was studied in the litera-
ture [33], [46]. These studies used a mathematic formulation to

describe the behaviors of the yarn in the low-stress section and
successfully replicated the characteristic of the toe region with
a relatively low stiffness [36], [47]. However, the behaviors of
the single yarn in the high stress section poorly match with
those of ligaments and tendons. A three-dimensional woven
fabric with cavities had a nonlinear mechanical property in
the wrap direction [48], but its anisotropic characteristics
were different from those of biological tissues. Combining the
structures of a single yarn and a 3D fabric, braided structures
were proposed herein to replicate the process of stretching
crimped collagen fibrils in ligaments and tendons. All the four
braided bands exhibited nonlinear behavior in the toe region
(Fig. 4). Braided band types 1 and 2 with knot structures
showed diverse behaviors in both the toe region and linear
region. In band type 1, the smallest stiffness was found in
the linear region. Meanwhile, band type 2 achieved the largest
linear stiffness. In contrast, band types 3 and 4 without knot
structures presented a similar pattern, especially in the linear
region, both with stiffnesses of approximately 150 N mm~!.
Band types 1 and 4 were designed with the same structure of
knitting with courses and wales, but less correlation between
the behaviors was observed than that from other band types.
Band type 2 was designed with only two lines for braiding
while four lines functioned as the core support, but this band
type presented the highest stiffness in the linear region and the
smallest stiffness in the toe region. Moreover, with the same
number of courses, band type 1, which was designed with the
most knots, had the smallest modulus in the linear region, and
showed the largest toe strain of 10.98%. Consequently, band
types 1 and 2 with knots can be considered as structurally
dependable. These results indicate that with more knot struc-
tures involved, less toe stiffness and more deformation at the
toe region can be obtained. This was in great agreement with
the literature [36]. A similar pattern was observed for band
type 3, and band type 4 demonstrated that the plain braided
structures had less influence on their nonlinear behaviors.
Moreover, band type 1 was selected to systematically ana-
lyze the influence of the braiding parameters on the mechanical
properties (Fig. 5 and 7). More courses involved in the braided
band were usually associated with increasing linear modulus,
which was probably caused by the exponential increase in
the friction in each wale. Meanwhile, the inclusion of more
wales induced higher deformation in the linear region due to
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tendons. MPFL, medial patellofemoral ligament; MCL, medial collateral
ligament; LCL, lateral collateral ligament; PT, patellar tendon; RF, rectus
femoris.

more overall knots, as the knots provided flexibility. Similarly,
the toe strain increased with more wales as a result of the
growing number of knots. It first decreased with more courses
because of increasing friction, but increased while the number
of courses were more than 60. Then, the empirical formula
of the toe strain was mainly determined by the braiding
structure deformation. Until the linear region, the braided
structure was fully stretched in both wales and courses, and
the empirical formula of the linear modulus was considered
as the deformation of the line related to the friction in the
knots. Both empirical formulas showed nonlinear variations in
braiding parameters (the number of wales and courses) caused
by exponential growth of friction that occurred when more
knots were fabricated.

It should be noticed that the differences of the non-linear
behaviors between the empirical formulas and experimental
results mainly existed in the toe strain (Fig. 5). The possible
reason was the lack of consideration of the bending rigidity
and the non-linear friction in the empirical formula [42],
which usually appeared in the deformation of the braided

135°

Fig. 10. Flexion motion of the biofidelic artificial knee.

structure associated with the toe strain. In the linear region,
the deformation of the braided structure was minimized, and
the tensile resistance primarily came from the extension of the
line along with the friction within the structure. This could be
properly described by the empirical formula.

In the future, a more accurate mathematical model inter-
preting the relationship of the braiding parameters and toe
strain is necessary, which will improve the mechanical per-
formance of the ligament and tendon of artificial joints. More
braid topologies should be explored and identified with their
potential ability to replicate the mechanical properties of
ligaments and tendons. Additionally, other high performance
polymers such as poly(glycolic acid) (PGA), poly(lactic-co-
glycolic acid) PLGA, polyamide (PA), and poly(propylene)
(PP) should be included in future research. All these materials
have the potential to be braided with tailored mechanical
behaviors similar to those of natural ligaments and tendons.
These properties are the result of stretching the bioinspired
constructs in the braided fibers in a manner similar to that of
the crimped collagen fibrils in biological tissue, which will not
be affected by the materials themselves.

V. CONCLUSION

This study introduces bioinspired 3D braided fibers with
distinct topologies based of the waviness of collagen fibrils
in natural ligaments and tendons, which are used for devel-
oping the soft elements of artificial joints. The relationship
between the various braiding structures and nonlinear behav-
iors of the fibers were measured and evaluated. We have shown
that braided bands with knot structures exhibit structure-
dependent characteristics in both the toe region and linear
region. Specific to one knot structure, the relations between
the nonlinear behaviors and the braiding parameters in terms
of wales and courses were expressed by empirical formulas.
It is beneficial to be able to tune a braided band to any desired
tissue with particular mechanical properties by controlling
the fiber quantity and orientation, knot quantity, and spatial
topography. This research could become the first step toward
constructing highly biofidelic artificial joints.
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