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One of the key elements in tissue engineering is to design and fabricate scaffolds with tissue-like prop-
erties. Among various scaffold fabrication methods, textile technology has shown its unique advantages
in mimicking human tissues’ properties such as hierarchical, anisotropic, and strain-stiffening properties.
As essential components in textile technology, textile patterns affect the porosity, architecture, and me-
chanical properties of textile-based scaffolds. However, the potential of various textile patterns has not
been fully explored when fabricating textile-based scaffolds, and the effect of different textile patterns
on scaffold properties has not been thoroughly investigated. This review summarizes textile technology
development and highlights its application in tissue engineering to facilitate the broader application of
textile technology, especially various textile patterns in tissue engineering. The potential of using dif-
ferent textile methods such as weaving, knitting, and braiding to mimic properties of human tissues is
discussed, and the effect of process parameters in these methods on fabric properties is summarized.
Finally, perspectives on future directions for explorations are presented.
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Statement of Significance

Recently, biomedical engineers have applied textile technology to fabricate scaffolds for tissue engineer-
ing applications. Various textile methods, especially weaving, knitting, and braiding, enables engineers to
customize the physical, mechanical, and biological properties of scaffolds. However, most textile-based
scaffolds only use simple textile patterns, and the effect of different textile patterns on scaffold proper-
ties has not been thoroughly investigated. In this review, we cover for the first time the effect of process
parameters in different textile methods on fabric properties, exploring the potential of using different
textile methods to mimic properties of human tissues. Previous advances in textile technology are pre-
sented, and future directions for explorations are presented, hoping to facilitate new breakthroughs of
textile-based tissue engineering.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction sue engineering fields have proposed to fabricate artificial tissues

that can be implanted into the human body as an alternative op-

Many tissues in the human body do not possess the ability to
regenerate, making damages to these tissues irreversible [1]. Us-
ing donated tissues is the primary method to repair these dam-
ages. However, the number of people on the waiting list for trans-
plantation is growing due to the ever-increasing aging population
and the shortage of organ donors. In the United States alone, more
than 100,000 people are on the National Transplant Waiting List
[2]. To address this critical medical demand, researchers in tis-
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tion. The artificial tissues require a 3-dimensional (3D) framework,
or a scaffold, to provide structural integrity and a suitable micro-
environment for cell growth.

One of the key elements in tissue engineering is to design
and fabricate scaffolds with tissue-like properties. Various meth-
ods such as freeze-drying [3], 3-dimensional (3D) printing [4], self-
assembling [5], and textile technology [6] have been used in fabri-
cating scaffolds. Among them, textile technology, as the most an-
cient technique with a history of over 30,000 years [7], has shown
its unique advantages in mimicking the hierarchical structure and
the anisotropic and strain-stiffening properties of human tissues.
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Fibers with cells or bioactive cues can be assembled into textile-
based scaffolds using different textile methods such as weaving,
knitting, and braiding [6,8,9]. In addition, the textile-based scaf-
folds can be fabricated into various patterns to mimic the struc-
tures and properties of various tissues.

There are several excellent reviews of textile-based tissue engi-
neering [6,10-13]. However, most of them mainly focused on the
application of textile technology in different tissue engineering ap-
plications and did not systematically categorized process parame-
ters during textile processes and summarized their effects on scaf-
fold properties. Liberski et al. have systematically categorized pro-
cess parameters in weaving, but not included knitting and braid-
ing [13]. Jiao et al. made a comprehensive review about textile
patterns and structure-property relations of textile-based scaffolds
[14]. However, they mainly focused on structural factors that influ-
ence cell behaviors, the effect of process parameters on the phys-
ical and mechanical properties of textile-based scaffolds have not
been systematically summarized. This review primarily focuses on
the applications and potentials of various textile patterns in tissue
engineering and summarizes the effect of process parameters on
scaffold properties. The following subjects will be included:

« An overview of the development of three textile methods, i.e.,
weaving, knitting, and braiding

« A discussion of the advantages of textile-based scaffolds

« An overview of great advances in cell-laden fibers, smart tex-
tiles, and textile machines

« An overview of 2-dimensional (2D) and 3-dimensional (3D) wo-
ven patterns and their applications and potentials in tissue en-
gineering

» An overview of basic and advanced knitted patterns and their
applications and potentials in tissue engineering

» An overview of solid and hollow braided patterns and their ap-
plications and potentials in tissue engineering

« A discussion of the effects of critical process parameters in
weaving, knitting, and braiding on fabric properties

« An overlook of future directions of textile technology for use in
tissue engineering

2. Textile methods

A "textile", from the Latin adjective textilis meaning "woven", is
a flexible material comprised of an interlacing network of fibers
commonly used in cloth and baskets [10]. Now textile technol-
ogy extends beyond weaving (e.g., knitting, braiding) and has been
used in a range of applications, including biomedical devices [12],
electronics [15], and aircraft [16]. Applying textile technology to
tissue engineering has attracted great attention because various
textile patterns and their corresponding properties have shown the
potential to mimic the properties of different human tissues. This
section will review the development of conventional textile meth-
ods and discuss the advantages of applying textile technology to
tissue engineering.

2.1. Conventional textile methods

2.1.1. Weaving

Weaving is one of the most ancient textile techniques for cre-
ating cloth and baskets, dating back to over 30,000 years [7]. The
weaving process can be accomplished with a handloom (Fig. 1a)
or a power loom (Fig. 1b). Over the long history of weaving tech-
nology, the weaving process, including shedding, picking (filling),
beating-up, take-up, and let-off (Fig. 1c), has been mostly un-
changed [17]. By changing the shedding motion, various woven
patterns such as plain, twill, and satin can be produced.
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Traditional woven fabrics are 2-dimensional (2D) with limited
applications outside the garments industry. The development of 3-
dimensional (3D) weaving in the 1970s has expanded the use of
woven textiles into other industries such as aircraft and automo-
biles. 3D woven fabrics can be fabricated using conventional weav-
ing looms (Fig. 1d). However, the fabricated 3D woven fabrics have
limited thickness, and the weaving process can be slow with low
throughput [18]. Weaving thick and complex 3D structures requires
specialized 3D weaving machines [19]. An example is the 3TEX
weaving machine (Fig. 1e) with high throughput and can also fab-
ricate 3D structures with complex cross-sections [18].

The application of woven fabrics, especially 3D woven fabrics,
has been extended into biomedical and industrial areas. 3D fiber-
reinforced composite weaving technology has been widely used
in aircraft [20]. Weaving sensing fibers into electrochemical cloth
has gained increasing interest in biomedical fields for monitoring
health conditions [21].

2.1.2. Knitting

Knitting is the next major textile technique invented after
weaving, dating back to the 5th century. Knitted fabrics feature in-
terlacement of loops of yarn. Various knitted patterns developed
in the history of knitting still attract great attention of researchers
nowadays. A European Union-funded research project, Knitting in
Early Modern Europe (KEME), focuses on knitted caps from the
15th to 17th centuries and aims to expand the knowledge of the
origins and development of knitting [23].

Knitting can be categorized into weft and warp knitting. In weft
knitting, the yarn travels horizontally (Fig. 2a), which can be per-
formed on flat (Fig. 2b) and circular knitting machines (Fig. 2c). In
warp knitting, the yarn travels vertically (Fig. 2d), which can be
performed on Tricot (Fig. 2e) and Raschel machines (Fig. 2f).

The application of knitted fabrics has been extended into
biomedical areas. Knitted fabrics can be used as medical dressings
and have the advantages of good breathability and a great sense of
comfort [24]. Knitting fabrics have also been used as implantable
textiles, such as cardiac support devices and expandable metallic
stents [24].

2.1.3. Braiding

Braiding can be traced back to 5000 years ago and was initially
used in making ropes and hairstyling. Braided fabrics have cylin-
drical or flat structures intertwined by three or more yarns. In the
long history of braiding, braided fabrics were predominately man-
ufactured by hand. Braiding machines (Fig. 3a) that emerged dur-
ing the industrial revolution can fabricate structures with complex
cross-sections that cannot be made by hand [27].

The application of braided fabrics has been extended into
biomedical and industrial areas. Braided sutures (Fig. 3b) and
braided vascular stents have been widely used in clinics. Braided
wires are often used as an electromagnetic shield because of their
high mechanical strength and flexibility (Fig. 3c).

2.2. Textile technology in tissue engineering

2.2.1. Advantages of textile-based Scaffolds

In recent years, biomedical engineers have used textile tech-
nology and 3D printing to address the current limitations in tis-
sue engineering [10]. 3D printing, including inkjet, extrusion, laser-
assisted, and stereolithogarphy printing, is adaptive to a wide
range of biomaterials and can fabricate tissues with patient-
specific geometry [28,29]. Compared with 3D printing, textile tech-
nology has its unique advantages in mimicking the hierarchical
structure, anisotropic property, and strain-stiffening property of
human tissues.
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Fig. 1. Different types of weaving machines and techniques (a) A hand weaving loom. (b) A power weaving loom. (c) Basic loom motions in weaving. (a) - (c) reproduced
with permission. Copyright 2018, Fiber2Apparel. (d) Comparison of the 2D weaving process and 3D weaving process. Reproduced with permission [22]. Copyright 2001,
Taylor & Francis. (e) 3TEX weaving machine (Gardner Business Media, Inc.). Reproduced with permission [18].

Warp knitting

Fig. 2. Different types of knitting techniques and machines (a)Weft knitting. Reproduced with permission [25]. Copyright 2000, Elsevier. (b) Flat knitting machine. Repro-
duced with permission. Copyright 2019, Bharat Machinery Works. (c) Circular knitting machine. Reproduced with permission. Copyright 2020, Bharat Machinery Works. (d)
Warp knitting. Reproduced with permission [25]. Copyright 2000, Elsevier. (e) Tricot knitting machine. Reproduced with permission [26]. Copyright 2001, Elsevier. (f) Raschel

knitting machine. Reproduced with permission [26]. Copyright 2001, Elsevier.

Fibers made of natural materials (e.g. silk fibers (SF) [30-35],
collagen [36,37], and alginate [38]) and synthetic materials (e.g.
PCL [39-43], PGA [44], PLLA [45-48], PLGA [49,50], PLA [51-54],
and PAN [55,56]), can both be assembled into textile-based scaf-
folds with different mechanical properties using different textile
methods (Fig. 4).

These textile-based scaffolds have several advantages over scaf-
folds fabricated by other methods. Firstly, textile-based scaffolds
can mimic the hierarchical structure of human tissues (Fig. 5a and
5b). The hierarchical element in the form of fibrous structures in
textile-based scaffolds is different from that in the form of porous
structures in 3D printed scaffolds and has advantages in mimick-
ing fibrous structures present in the extracellular matrix of human
tissues [57-59]. For example, textile yarns can be made into the
fibers-singles—ply-cord structure strongly mimicking the collagen
molecule-triple helix-collagen fibril-bone unit structure of bone
tissues [60].

Secondly, textile-based scaffolds can mimic the anisotropic
property of human tissues (Fig. 5¢ and 5d) [55]. Many human tis-
sues, including the blood vessel, nerve, muscle, and heart wall,
exhibit anisotropic mechanical behavior that could be mainly at-
tributed to the variations in the distribution of collagen fibers
in these tissues [61]. Knitted scaffolds have intrinsic anisotropic
properties. Woven scaffolds can also have anisotropic properties
by using different wefts and warps [42]. For 3D printed scaffolds,
the mechanical anisotropy is often caused by the weak interlayer
bonding and is represented by lower tensile strength and impact
resistance in Z-direction [62,63].

Thirdly, textile-based scaffolds can mimic the strain-stiffening
property of human tissues (Fig. 5e and 5f). Human tissues have a
strain-stiffening property, which can be represented by a tri-phasic
stress-strain curve (toe region, linear region, and yield region)
(Fig. 5e) [64-67]. The toe region can prevent tissues from mechan-
ical trauma, so it is a critical criterion when designing scaffolds.
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Fig. 3. (a) A braiding machine (Cobra Braiding Machinery Ltd). Reproduced with permission. (b) Structure of braided suture FireWire® (Arthrex, Inc.). Reproduced with
permission. (c) Braided wires (Oki Electric Cable Co., Ltd). Reproduced with permission.
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Fig. 4. Review of textile-based scaffolds’ mechanical properties using different materials (-X and -Y: wale and weft directions of weaving scaffolds).

However, most synthetic biopolymers have a strain-softening prop-
erty [68,69]. Theoretical studies have shown that human tissues’
strain-stiffening property is associated with collagen and other fib-
rillar proteins’ helical structure [70,71]. Textile-based scaffolds, fea-
turing fiber corrugation structures, have the strain-stiffening prop-
erty [211]. In addition, the toe region in their stress-strain curves
can be modulated by changing parameters such as the number of
braiding yarns [46], and yarns twisting level [48], to satisfy the
requirements of different tissues. Using dual-material designs of
embedding micro-structured reinforcement in a soft matrix, a 3D-
printed scaffold can also have the strain-stiffening property [G8].
However, its strain-stiffening property is highly dependent on how
the different materials interface with each other which is decided
by the properties of the materials involved and the printing condi-
tions [72].

2.2.2. Cell-laden fibers for textile-based Scaffolds

Currently, most researchers use a top-down approach when
fabricating textile-based scaffolds. Researchers assemble cell-free
fibers into scaffolds and then seed cells on scaffolds to avoid dam-
aging the cells during the textile process [8]. However, this ap-
proach makes researchers unable to control cell distribution in a
3D textile-based scaffold. The cells mostly rely on cell migration to
occupy the inner parts of scaffolds, which is an inefficient process

that is limited to a short travel distance. To address this limitation,
researchers proposed a bottom-up approach by directly assembling
cell-laden fibers into textile-based scaffolds.

Different designs of cell-laden fibers have been proposed for
fabricating textile-based scaffolds. Cell-laden fibers can be fabri-
cated by seeding cells [55,75] or coating cell-laden hydrogels on
fibers (Fig. 6a) [76-78]. These types of cell-laden fibers have high
mechanical strength. In addition, the surface morphology, poros-
ity, cross-sectional shape, and material composition of fibers can
be controlled to promote cell adhesion and regulate cell differenti-
ation [78-80]. However, the exposed cells are vulnerable to harsh
textile processes, and cell-laden hydrogel can be easily peeled off.
Cell-laden fibers can also be fabricated by encapsulating cells in
the core of fibers (Fig. 6b) [81-83]. This type of cell-laden fibers
can protect encapsulated cells during textile processes. Hydrogels
are often used as the outer shell to maintain the high viability of
cells in the core. This type of encapsulated cell-laden fibers tends
to have low mechanical strength and can only be used in simple
textile patterns [84-86].

A promising design of cell-laden fibers is the multi-component
heterogeneous cell-laden fibers [87]. Edward Kang et al. used a mi-
crofluidic platform consisting of digital, programmable flow con-
trol to fabricate fibers with tunable morphological, structural, and
chemical features [88]. Different materials and cells and their dis-
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Fig. 5. Similar properties between human tissues and textile-based scaffolds. Hierarchical structure: (a) Bone structure. Reproduced with permission [60]. Copyright 2016,
Elsevier. (b) Textile yarn structure. Reproduced with permission. Copyright 1994, Encyclopadia Britannica. Anisotropic property: (c) Tensile property of the heart wall. Re-
produced with permission [73]. (d) Tensile property of weaves. Reproduced with permission [42]. Copyright 2017, American Chemical Society. Strain-stiffening property: (e)
Textile property of soft tissues. Reproduced with permission [64]. Copyright 2011, InTech. (f) Tensile property of knits. Reproduced with permission [74].

tribution in fibers can be precisely controlled using this method,
allowing greater accuracy in mimicking the heterogeneity of hu-
man tissues.

2.2.3. Smart textiles in biomedical engineering

Electronic components have been integrated into textile struc-
tures to impart smart functionalities such as sensing, monitoring,
energy storage, and information processing [89]. To integrate elec-
tronic components into textiles, researchers have created conduc-
tive fibers by coating conductive materials on fiber surfaces [90],
encapsulating conductive materials in fiber core [90,91], or embed-
ding conductive materials in fiber matrix [92,212].

Smart textiles are being broadly developed in the field of sports
and military defense [93,94]. Recently, they have been applied in
biomedical engineering. Smart textiles are opening new scenarios
in the field of diagnostics, pushing healthcare out of hospitals. For
example, textile-based strain sensors have been used to monitor
respiration [95-97] or other human motions [98-100], facilitating
the diagnosis of respiratory diseases and rehabilitation after injury.
Electrochemical textiles have been used to analyze sweat metabo-

lites, enabling a more comprehensive analysis of health conditions
of human body [21].

2.2.4. Textile machines for tissue engineering applications

The majority of existing textile-based scaffolds are fabricated
manually [76], especially woven [38,42,101] and braided scaffolds
[46,48]. This leads to low controllability and productivity when
fabricating textile-based scaffolds. Efforts have been made to di-
rectly use or modify existing industrial textile machines to fabri-
cate scaffolds [102-104]. These efforts have resulted in improved
controllability and productivity of the fabrication process, but the
variety of fabricated patterns is still limited to basic types. De-
veloping advanced textile machines with computer-aided design
(CAD) systems (Fig. 7a) [105] or deep learning-based pattern de-
sign software (Fig. 7b) [106] will benefit the design and fabrication
of textile-based scaffolds.

With the increasing attention on the bottom-up approach in tis-
sue engineering, researchers should focus on developing special-
ized textile machines for cell-laden fibers. Factors including the
sanitary condition, temperature control, gentle manipulation, and
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Fig. 6. (a) Schematic of an experimental setup to coat cell-laden hydrogel on a
thread. Reproduced with permission [76]. Copyright 2014, WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim. (b) Schematic of the microfluidic device to encapsulate cells
into the core of alginate fibers. Reproduced with permission [83]. Copyright 2015,
Hsiao et al.

even the ability to operate in a bath need to be considered during
the development process. Hiroaki Onoe et al. proposed a microflu-
idic handling tool for manipulating cell-laden fibers in a bath [85],
providing insight into designing robust textile machines for tissue
engineering applications.

3. Woven patterns and process parameters
3.1. Woven patterns

Weaving is a process in which two distinct yarn sets are in-
terlaced at right angles. One of the yarn sets is warps, which run
along the length of the woven fabric. Another yarn set is wefts,
which pass through warps in the lateral direction (Fig. 8a). Some
more intricate woven patterns, such as triaxial weave, use neither
warps nor wefts. This section will review both 2-dimensional (2D)
and 3-dimensional (3D) woven patterns.

3.1.1. 2D woven patterns

A basic woven pattern is a plain in which each weft passes over
one warp and then under the following warp, with the trend re-
served in the following row (Fig. 8a). The simplicity of the plain
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pattern does not hinder researchers from adjusting fabric prop-
erties. For example, by changing the weaving density of warps
and wefts, researchers can control fabrics’ strength, stability, and
porosity [108]. These properties will then have an impact on the
degradation rate and cell distribution of scaffolds. Researchers can
also use different materials for warps and wefts to mimic the
anisotropic property of bone [52] and cardiac tissues [102]. Heavy-
weight yarn is often used to create a raised rib in the fabric to
mimic striated tissues such as cardiac muscles [109] and skeletal
muscles [110].

Twill and satin patterns are two modifications of the plain pat-
tern. In twill, a weft passes over and under multiple warps in an
alternating sequence to create a diagonal pattern on the fabric sur-
face (Fig. 8b). In satin, a warp floats over four or more wefts and
then passes under one weft before repeating the process (Fig. 8c).
Twill and satin fabrics have lower stability than plain fabrics. How-
ever, twill and satin fabrics have higher tear strength because the
yarns can easily move and bunch together [111,112], which is sim-
ilar to the high fracture resistance of human soft tissues [113]. An-
other important characteristic of satin fabrics is their asymmetry.
Warps are predominantly on the satin face, while wefts occupy
most spaces on the opposite side called the sateen face. The asym-
metry can be very useful when wefts and warps differ in their cell
affinity or mechanical properties and provide two sides of the fab-
ric with distinctive properties [13].

Some novel patterns, such as the leno and triaxial woven pat-
terns, have also gained growing importance in technical textiles. In
leno, two warps twist and grip tightly around the weft (Fig. 8d).
This twisted-yarn structure makes leno fabrics more stable than
plain fabrics. In triaxial, three yarn sets are interlaced in three di-
rections, 0° and +60° (Fig. 8e). Another similar pattern is a tetra-
axial pattern consisting of four sets of yarns inclined at 45° to each
other. The intersections of triaxial and tetra-axial fabrics are locked
to optimize their shear resistance and make them good candidates
for constructing scaffolds for cardiac tissues [13].

Two-dimensional (2D) woven fabrics, especially plain fabrics,
have been used as scaffolds in tissue engineering [34,38,42,52,101].
To improve the biocompatibility and thickness of 2D woven fabrics,
hydrogels can be integrated with woven fabrics (Fig. 8f and 8g)
to fabricate composite scaffolds [34,42,102]. However, such com-
posite scaffolds tend to delaminate into layers and cannot be ap-
plied to tissues that experience multidirectional stresses. Using
3-dimensional (3D) weaving for scaffold fabrication can address
some of these limitations.

3.1.2. 3D woven patterns
The most widely used 3D woven patterns are multilayer, angle
interlock, and orthogonal patterns. The multilayer pattern consists

Fig. 7. (a) A computer-aided knitting machine (Kniterate). Reproduced with permission. (b) A knitted fabric made with the aid of Al-based knitting design software. Repro-

duced with permission [107]. Copyright 2019, ACM, Inc.
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Fig. 8. The 2D woven patterns of (a) plain, (b) twill, (c) satin, (d) leno, and (e) triaxial weaving. (f) A composite scaffold fabricated by integrating hydrogel with woven
fabrics for cardiac tissue engineering. Reproduced with permission [42]. Copyright 2017, American Chemical Society. (g) A composite scaffold fabricated by integrating cell-
laden hydrogel with woven fabrics for heart valve engineering. Reproduced with permission [102]. Copyright 2017, Elsevier.
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Fig. 9. The 3D woven patterns of (a) multilayer, (b) angle interlock, (c) orthogonal, and (d) tubular weave. (e) A bone scaffold with multilayer woven patterns. Reproduced
with permission [51]. Copyright 2016, Elsevier. (f) An intervertebral disk scaffold with angle interlock woven patterns. Reproduced with permission [116]. Copyright 2010,
Elsevier. (g) A cartilage scaffold with orthogonal woven patterns. Reproduced with permission [126]. Copyright 2010, Elsevier. (h) A tubular weave with bifurcated structures.
Reproduced with permission [127]. Copyright 2013, The Textile Institute. (i) A tubular weave with honeycomb shapes. Reproduced with permission. Copyright 2020, 3D

Weaving.

of multiple layers, each of which has its own sets of warps and
wefts (Fig. 9a). Different layers are connected by self-stitching ex-
isting yarns or external sets of yarns. The angle interlock pattern
consists of layers of straight wefts and a set of crimping warps
(Fig. 9b) that either run through-thickness or run from one layer
to the adjacent layer of wefts. The orthogonal pattern consists of
three sets of yarns perpendicular to each other (X, Y, Z yarns,
Fig. 9c). The Z yarns interconnect all individual warps and wefts to
solidify the fabric. The angle interlock pattern enhances delamina-
tion resistance [114], and the orthogonal pattern has high through-
thickness elastic and strength properties [115].

3D woven patterns have been used in tissue engineering. Weili
Shao et al. used the multilayer pattern to fabricate a bone scaffold
with its Young’s modulus and tensile strength 2- and 4-fold higher
than those of nonwoven scaffolds (Fig. 9e) [51]. Yasuo Shikinami
et al. used the angle interlock pattern to fabricate an interverte-
bral disk scaffold exhibiting biomimetic 'J-shaped’ stress-strain be-
havior (Fig. 9f) [116]. Franklin T. Moutos et al. used the orthogonal
pattern to fabricate bone scaffolds (Fig. 9g) [39,40,44] and demon-
strated that the 3D structure could promote higher production of
the mineralized bone matrix than 2D substrates [117,118].

Another type of 3D woven pattern is the tubular weave char-
acterized by hollow spaces (Fig. 9d). The hollow spaces can be
customized in shapes such as circular and honeycomb shapes.
The tubular weave with a circular shape has been used as vascu-

lar scaffolds [119-122], and bifurcated structures made of tubular
weave with circular shapes can mimic vascular systems in the hu-
man body (Fig. 9h) [123]. The tubular weave with a honeycomb
shape (Fig. 9i) can be used in cardiac tissue engineering as scaf-
folds with honeycomb structures have been shown to promote
heart cell alignment and mimic mechanical properties closely re-
sembling human myocardium [124].

3D woven fabrics are durable and ideal for scaffolds that re-
quire long-term load-bearing because they are flexible enough to
move with the body’s natural motions without delamination [125].
Different densities of yarns can be used in 3D woven fabrics to en-
hance controlled porosity and create special reinforcement zones
[44]. Hydrogel or cell-hydrogel mixture can be integrated with 3D
woven scaffolds to improve their biocompatibility [40,44].

3.2. Process parameters

Understanding the effect of process parameters on fabric prop-
erties is crucial to improve the controllability of weaving. This sec-
tion will discuss the effect of two process parameters in weaving,
yarn twist level and weaving density, on fabric properties (Table 1).

3.2.1. Yarn twist level

As the building block of textile fabrics, yarn properties can sig-
nificantly affect fabric properties. An important factor is the twist
level of the yarn, defined as the number of twists per unit length.
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Table 1

Effects of various process parameters on the properties of woven
fabrics.

Yarn twist level ~ Weaving density (PPI)

Air permeability ™\ N
Stiffness . Vd
Tear strength N/A \
Tensile strength N\ /
Modulus N /

Parham Soltani et al. showed that the yarn twist level could
affect fabric air permeability within a certain threshold [128]. In
their study, fabric air permeability increased as the yarn twist level
increased. However, when the twist level exceeds 780 twists per
meter (tpm), fabric air permeability decreased slightly as the twist
level increased. Increasing the yarn twist level will increase yarn
compactness and the void fraction of the fabric, leading to in-
creased air permeability. As the yarn twist level went beyond a
certain threshold, yarn will start to have fiber breakage with in-
creased yarn hairiness resulting in a partial reduction of fabric air
permeability.

The yarn twist level also affects the mechanical properties of
fabrics. Baets et al. found that the fabric stiffness decreased from
63 GPa to 43 GPa with the introduction of 19° twisted yarns com-
pared to the fabric made with twistless yarns [129]. A critical yarn
twist level also exists for tensile strength. Ma et al. found that as
the yarn twist level increased, fabric tensile strength first increased
and then decreased after a critical twist level (90 tpm) was reached
[130].

As one of the essential process parameters in weaving, the yarn
twist level can significantly influence the performance of woven
scaffolds. Optimizing twist level can enhance the intrinsic solid-
ity of yarns and improve the weaving process. However, a higher-
than optimal-twist level can probably increase the internal stress
of yarns and negatively affect the mechanical properties of scaf-
folds [131]. Thus, an optimum yarn twist level should be deter-
mined when fabricating woven scaffolds.

3.2.2. Weaving density

The fabric density is defined as the number of yarns in a square
inch. For woven fabrics, there are two types of density: warp den-
sity and weft density. Warp density is usually quantified as ends
per inch (EPI), i.e., the number of wraps per inch, and weft density
as picks per inch (PPI), i.e., the number of wefts per inch. Since EPI
is usually fixed by the type of weaving loom used, PPI is the pa-
rameter altered during the weaving process to customize the prop-
erties of woven fabrics.

Changing the weaving density (PPI) can affect the morphologies
of woven fabrics. Increasing the weaving density will decrease the
air permeability as the structure becomes tighter [132,133]. Manip-
ulating air permeability using this method allows the optimization
of the nutrient exchange performance of woven scaffolds in tissue
engineering applications.

Weaving density also affects the mechanical properties of wo-
ven fabrics. Increasing weaving density can increase the fabric stiff-
ness. Gadah et al. showed that increasing weaving density from 61
to 80 PPI led to increased fabric stiffness by 30%, 58%, and 48% for
plain, satin, and twill patterns, respectively [132]. Ching-Wen Lou
et al. revealed that increased weaving density led to decreased tear
strength and increased tensile strength and modulus [133-135].

Various 2D and 3D woven patterns provide great potential to
customize the properties of woven scaffolds for different tissue en-
gineering applications. However, the versatility of woven patterns
has not been fully explored, and the effect of process parameters
on woven scaffold properties has not been systematically investi-
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gated. Future studies should explore more textile patterns in scaf-
fold fabrication and understand the correlations and interactions
between these patterns and scaffold properties.

4. Knitted patterns and process parameters
4.1. Knitted patterns

Knitting is a process in which yarns are drawn through a pre-
vious loop to form interconnected loops. Rows running across the
width of knitted fabrics are called courses, and columns running
along the length of knitted fabrics are called wales (Fig. 10a). Un-
like woven fabrics, knitted fabrics can be stretched, making them
suitable for soft tissue engineering. Furthermore, the high poros-
ity of knitted fabrics provides a favorable environment for nutrient
exchange and cell proliferation. This section will review both basic
and advanced knitted patterns.

4.1.1. Basic knitted patterns

Basic knitted patterns include knit and purl loops (Fig. 10b),
which mirror each other. Purl loops are knit loops flipped over
viewed from the other side. Fabrics in which one side is all knit
loops, and the other side is all purl loops, such as stockinette stitch,
tend to curl, while those in which knit and purl loops are arranged
symmetrically, such as ribbing, garter, and seed stitches, tend to lie
flat (Fig. 10b) [136]. These stitches can be used to fabricate scaf-
folds for tissues with curved structures such as heart valves (cusp,
annulus, and sinus) [137].

Derivatives of the basic knitted patterns are float and tuck
stitches. A float stitch is produced when a needle holding its old
loop fails to receive the new yarn that passes, forming a float loop
(Fig. 10c). Float stitches reduce the fabric width, as the stitches
will draw wales closer together compared to knit stitches, reducing
width-wise elasticity and improving fabric stability. A tuck stitch
is produced when a needle receives the new loop but not inter-
meshed through the old loop (Fig. 10d). Tuck stitches reduce fab-
ric length, as they rob yarn from adjacent loops, reducing length-
wise elasticity and improving fabric stability. Using float and tuck
stitches will enable the fabrication of knitted fabrics with different
porosity and mechanical properties (Fig. 10e) [24].

Knitted fabrics have been used in tissue engineering because of
their excellent elasticity and great variety [33,55,138-141]. How-
ever, the large pore size of knitted fabrics is unsuitable for cell
seeding. To improve cell attachment and proliferation on knitted
fabrics, researchers have integrated cell sheets [142,143], collagen
[103,144-147], silk sponges [148,149], chitosan [150], or electro-
spun fibers [30,104,151] into fabrics to fabricate composite scaf-
folds (Fig. 10f, 10g, and 10h) with good mechanical properties and
biological properties. However, current studies on this type of com-
posite scaffolds have only employed basic knitted patterns. Using
more advanced knitted patterns will greatly broaden the applica-
bility and fulfill the potential of knitted fabrics in tissue engineer-
ing.

4.1.2. Advanced knitted patterns

An innovative aspect of knitting is its capability of coding, as
different yarns or patterns can be knitted in a single fabric. For ex-
ample, jacquard knitting can create a fabric consisting of several
types of yarns (Fig. 11a) with the potential to precisely control cell
growth on knitted fabrics. Another example is seamless knitting,
combining different knitted patterns into a fabric (Fig. 11b). It can
be used to fabricate scaffolds for connective tissues with two sec-
tions of different properties. However, seamless knitting requires
advanced manual skill and experience, limiting its controllability
and productivity [153].
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Fig. 10. (a) A knitted fabric with the top side of knit loops. Reproduced with permission [136]. Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b)
Basic knit patterns. Reproduced with permission [136]. Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Float stitches. Reproduced with permission
[152]. Copyright 2000, Woodhead Publishing Ltd. (d) Tuck stitches. Reproduced with permission [152]. Copyright 2000, Woodhead Publishing Ltd. (e) Some examples of
knitted patterns. Reproduced with permission [24]. (f) A composite scaffold by integrating cell sheets and knitted fabrics for ligament tissue engineering. Reproduced with
permission [142]. Copyright 2005, Wiley Periodicals, Inc. (g) A composite scaffold by integrating collagen sponge and knitted fabrics for skin tissue engineering. Reproduced
with permission [144]. Copyright 2000, The Royal Society of Chemistry. (h) A composite scaffold by coating electrospun nanofibers (nF) on knitted microfiber (mF) for
connective tissue engineering. Reproduced with permission [104]. Copyright 2010, Wiley Periodicals, Inc.

3D knitted fabrics have shown their advantages in tissue engi-
neering. Tubular knitting (Fig. 11c) has been widely used to fab-
ricate scaffolds for tissues such as urethras [154], muscles [155],
bones [54,156], hearts [157], nerves [158], and vessels [159,160].
3D knitted fabrics can also be fabricated by joining 2D sections.
These sections are cut into desired shapes and outlines, and then
assembled into a 3D fabric (Fig. 11d) [161].

Knitted fabrics with a negative Poisson ratio or Auxetic proper-
ties have also increased importance in tissue engineering. When
stretched, a scaffold having a negative Poisson ratio becomes
thicker perpendicular to the applied force. Knitted fabrics with ro-
tational rectangle structures [162], re-entrant hexagon structures
[162], or compacted V structures (Fig. 11e) [163] have auxetic prop-
erties. Such fabrics, having high energy absorption and fracture re-
sistance, can be used to repair load-bearing tissues [164]. They can
also be used to repair tissues with auxetic properties such as arter-
ies [165], tendons [166], and annulus fibrosus of the intervertebral
disk [167]. In addition, they can be used to load drugs (Fig. 11f) or
growth factors, which can be released under extension.

4.2. Process parameters

Although different knitted patterns have different properties,
there are some common parameters affecting fabric properties.
This section will discuss two process parameters, knitting den-
sity and number of yarn plies, and their effects in knitting, knit-
ting density, and the number of yarn plies, on fabric properties
(Table 2).

Table 2
Effects of process parameters on properties of knitted fabrics.

Knitting density Number of yarn plies

Pore size \u .

Tensile stress Vertical NS J
Horizontal /\u

Stiffness . \

Tear strength Va J

Bursting stress Ve J

4.2.1. Knitting density

Knitting density measures the closeness of the intermeshing
loops and is defined as the number of stitches per unit area or
the number of courses/wales per length.

The relationship between knitting density and tensile stress is
not monotonic. The tensile stress of knitted fabrics includes ver-
tical stress and horizontal stress. The stress in the wale direc-
tion is always higher than that in the course direction because
the knitted fabric is connected by loops along the wale direction
but connected by overlaps along the course direction, with the
stress of connected loops greater than connected overlaps. Wanli
Xu et al. found the vertical stress decreased initially and then in-
creased while the horizontal stress increased initially and slightly
decreased with an increase in knitting density [169].

For knitted scaffolds used for vascular or cardiac tissues, burst-
ing stress is a key factor in resisting these tissues’ internal pres-
sure. Bursting stress increases linearly with an increase in knitting
density because of the decreased loop length [169,170].
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Fig. 11. (a) A jacquard knitted fabric. (b) Seamless knitted gloves. (c) A tubular knitted scaffold for anterior cruciate ligament reinforcement. Reproduced with permission
[54]. Copyright 2016, Wiley Periodicals, Inc. (d) Cutting design for joining 2D fabrics into 3D knitted fabrics. Reproduced with permission [161]. Copyright 2017, IOP Publishing.
(e) Auxetic knitted fabrics with compacted V structures. Reproduced with permission [163]. Copyright 2014, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (f) Principle of
using auxetic fabrics to load drugs. Reproduced with permission [168]. Copyright 2017, The Textile Institute.

4.2.2. Number of yarn plies

Similar to woven fabrics, yarn properties in knitted fabrics also
affect fabric properties. The number of yarn plies is one of such
important properties that affect the fabric properties. Multiple
fibers wrap around each other to form a ply, and then multiple
plies wrap around each other to form a yarn. Plies hold fibers to-
gether, and the friction between fibers keeps them from pulling
apart. Single-ply yarns, which are "not plied yarns", feature low
tear strength since there is not enough friction to hold the fiber in
place. For the same type of fibers, increasing the number of plies
increases the yarn’s tensile stress. Mehmet et al. found that in-
creasing the number of yarn plies from 2 to 3 increased the thick-
ness and stitch density of the knitted fabric, leading to an increase
in bursting stress [114].

Knitted fabrics, which feature high flexibility and elasticity, have
shown advantages in tissue engineering. Although various knitted
patterns are available, the ideal knitted pattern for each tissue en-
gineering application is yet to be determined. Systematic studies
should be conducted to establish the relationship between knitted
patterns and scaffold properties.
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5. Braided patterns and process parameters
5.1. Braided patterns

Braiding is made by intertwining yarns in a diagonal direc-
tion. Unlike weaving, which usually intertwined two sets of yarns
at right angles, braiding uses three or more yarns intertwined at
acute angles (usually 10° to 80°). Braided fabrics can be made into
a solid or hollow structure, with a wide range of biomedical appli-
cations such as surgical sutures and vascular scaffolds.

5.1.1. Solid braided patterns

The most commonly used braided pattern has a flat, solid,
three-yarn structure. The solid braided pattern has been widely
used in tissue engineering due to easy fabrication and stable struc-
ture (Fig. 12a) [32,43,53,171]. Mechanical properties of scaffolds
made from braided fabrics can also be adjusted by changing the
number of yarns. John G. Barber et al. showed that 4- and 5-yarn
braided scaffolds had higher Young’s modulus, yield stress, and ul-
timate stress than 3-yarn braided scaffolds did (Fig. 12b) [46].
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Fig. 12. (a) Process of braiding a silk scaffold. Reproduced with permission [171].
Copyright 2009, Elsevier. (b) Illustration of the hierarchical structure of braided scaf-
folds. Individual nanofibers were collected as an aligned nanofiber bundle, and then
3-, 4-, or 5-nanofiber bundles (from top to bottom) were braided into scaffolds. Re-
produced with permission [46]. Copyright 2013, Mary Ann Liebert, Inc.

Braided scaffolds are good at mimicking intertwined collagen
fibers and the corresponding tri-phasic mechanical properties (toe
region, linear region, and yield region) [46]. Tri-phasic mechanical
property is commonly observed in many human tissues, and the
toe region is essential to protect tissues from mechanical trauma.
Braided scaffolds have the tri-phasic mechanical property because
of the similarities between braided structures and intertwined col-
lagen fibers. In addition, by using twisted yarns or hydrogel-coated
yarns [45,48], researchers can adjust the length of the toe region
of braided scaffolds to mimic different tissues.

5.1.2. Hollow braided patterns

Hollow braided patterns are preferred over solid braided pat-
terns in tissue engineering because hollow structures can provide
ample space for cell growth and new tissue regeneration [56]. Hol-
low braided scaffolds have been used to repair nerves [56,172],
vessels [173,174], and urethra [175,176]. However, the insufficient
radial compressive properties of hollow braided scaffolds often
limit their applications in repairing a long-distance defect of tis-
sues. To address this limitation, Bigiao Wang et al. used a tube-in-
tube design that sufficiently improved the structure’s compressive
properties for nerve tissue engineering (Fig. 13a and 13b) [177].

Hollow braided patterns have been widely used in vascular tis-
sue engineering because they have sufficient flexibility and can be
easily compressed in a delivery system (Fig. 13c) [178,179]. Com-
pared with other methods to fabricate vascular scaffolds, such as
laser cutting, braiding is a cost-effective method since no material
is lost in the manufacturing process, which is of special interest
when high-priced materials like drug-eluting materials are used
[180]. Braided fabrics can also be used as one layer of vascular
scaffolds to mimic the nonlinear mechanical behavior of the vas-
cular system and integrated with hydrogels or electrospun fibers
to form a multilayer structure (Fig. 13d) [35,181].

5.2. Process parameters

Properties of braided scaffolds can be tailored to match the
properties of target tissues using appropriate braiding parameters.
This section will discuss the effect of three process parameters in
braiding, braiding angle, yarn diameter, and the number of braid-
ing layers (Fig. 14a) on fabric properties (Table 3).

5.2.1. Braiding angle
Braiding angle, the most important parameter in braiding, is
defined as the angle between braided yarns and the longitudi-
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Fig. 13. A nerve scaffold with tube-in-tube structure: (a) Cross-sectional view of
the tube-in-tube nerve scaffold (scale bar: 1 mm). Reproduced with permission
[177]. Copyright 2015, SAGE Publications. (b) View inside the micro-tube (scale bar:
1 mm). Reproduced with permission [177]. Copyright 2015, SAGE Publications. (c)
A braided vascular scaffold (FRED, TERUMO). (d) Schematic of the fabrication pro-
cedure for a vascular scaffold with a braided fabric as the inner layer. Reproduced
with permission [35]. Copyright 2019, Elsevier.

Table 3
Effects of process parameters on properties of braided fabrics.

Braiding angle  Yarn diameter  Braiding layers

Pore size o v \d
Toe region J — .
Modulus o /

Yield load Vi V4 i

nal direction. Changing the braiding angle will change the num-
ber of stitches per inch (SPI) and affect braided fabrics’ mor-
phologies and mechanical properties. Increasing the braiding an-
gle decreases the fabric pore size [182,183], which can modulate
cell growth on braided scaffolds [184,185]. Braiding angle can be
changed during the braiding process to create a scaffold with dif-
ferent pore sizes (Fig. 14b) for connective tissue engineering appli-
cations [182,186,187].

Changing the braiding angle can also affect the mechanical
properties of braided scaffolds. As the braiding angle increases,
yarns move further away from the longitudinal axis (the loading
axis), requiring stronger force to be aligned to the longitudinal di-
rection and increasing the length of the toe region [48,188]. As
the braiding angle decreases, more yarns are closely aligned to the
longitudinal direction, resulting in a stiffer scaffold with a higher
modulus [43,189].

5.2.2. Yarn diameter

Yarn diameter, another important parameter in braiding, can be
easily changed by changing the number of fibers used in a yarn
[32]. Increasing the yarn diameter significantly increases the pore
size, modulus, and yield load of braided scaffolds [188]. However,
the toe region is not significantly affected by changing the yarn
diameter [188].

Yarns with different diameters can be used in braided fabric
to achieve unique properties. One pioneering work in this field
is the helical auxetic yarn (HAY) (Fig. 14c) [190]. A HAY structure
is formed by winding a stiffer and thinner yarn around an elas-
tic and thicker yarn. Under tensile loading, the stiffer yarn became
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Fig. 14. (a) Schematic of three major braiding parameters. Reproduced with permission [188]. Copyright 2012, Elsevier. (b) A 3D braided ligament scaffold with different
braiding angles. Reproduced with permission [182]. Copyright 2005, Elsevier. (c) Schematic of the helical auxetic yarn (HAY). Reproduced with permission [190]. Copyright
2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) SEM images of circular braided nerve scaffolds with different layers. Reproduced with permission [191]. Copyright

2009, Springer.

Table 4
Mechanical properties of human tissues.

Tissues Tensile strength (MPa) Tensile modulus (MPa)

Tendon 9-55 [194] 300-1200 [195,196]

Anterior cruciate ligament  13-37 [197] 49-163 [197]

Cartilage 15-35 [198,199] 5-26 [200,201]

Bone Cancellous bone: 116-177 [202]Cortical bone: 0.92-6 [203] Cancellous bone: 15,000-23,000 [202]Cortical bone: 160-806 [203]
Vessel 0.03-4 [204-206] 0.1-130 [204-206]

Skin 10-40 [207] 15-240 [207,208]

Heart 1-2 [209] 0.05-17 [210]

straightened and displaced the elastic yarn into a crimped form,
expanding the structure in the lateral direction. HAY has great po-
tential in mimicking tissues with auxetic properties such as arter-
ies [165], tendons [166], and annulus fibrosus of the intervertebral
disk [167].

5.2.3. Number of braiding layers

The number of braiding layers, an important parameter in 3D
braiding, affects braided scaffolds’ physical properties. By increas-
ing braiding layers, more stable scaffolds with a smaller pore size
can be fabricated (Fig. 14d) to modulate cell growth on these scaf-
folds [191-193].

In circular braiding, increasing the number of layers increases
will increase the diameter of the braided fabric, leading to an in-
crease in the braiding angle. However, too much increase in the
number of braiding layers will be detrimental to the toe region and
pore size of braided scaffolds [188].

Braided fabrics with solid and hollow patterns have been
widely used in tissue engineering, especially for replacing connec-
tive tissues, vessels, and nerves, due to their structural stability,
high axial strength, and adjustable properties. However, braided
fabrics are not well-suited for applications in complex tissues such
as cardiac tissues due to their limited geometry. Compared with
weaving and knitting, braiding has fewer patterns but more yarn
sets. Thus, using functional yarns such as HAY or electrically con-
ductive yarns in braiding holds the key to increase variability and
functionality of braided fabrics.
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6. Conclusion and future directions

Textile technology has shown great advantages in fabricating
scaffolds for tissue engineering applications. The versatility of tex-
tile patterns provides the potential to mimic the diverse properties
of various tissues. However, most textile-based scaffolds only use
simple textile patterns such as plain weaving, weft knitting, and
three-yarn braiding without exploring and utilizing more advanced
textile patterns. Moreover, most textile-based scaffolds have me-
chanical properties that do not match well with their target tis-
sues. Currently, there have been no proposed textile-based scaf-
folds with similar mechanical properties as the heart and cortical
bone (Fig. 15). More textile patterns and their mechanical proper-
ties need to be explored for tissue engineering to find the textile-
based scaffolds that match the mechanical properties of their tar-
get tissues.

Designing and fabricating textile patterns with high efficiency
will also require great advances in textile machines. The major-
ity of existing textile-based scaffolds are currently fabricated man-
ually, greatly limiting the scale-up and scale-out of textile-based
scaffolds. Developing advanced textile machines will benefit the
design and fabrication of textile-based scaffolds. In addition, de-
veloping textile machines that can assemble cell-laden fibers will
allow greater accuracy in mimicking the heterogeneity of human
tissues.

Another potential direction for textile-based scaffolds is devel-
oping 4D textile-based scaffolds responsive to external stimuli by
incorporating growth factors, drugs, monitoring devices, or smart
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Fig. 15. Review of mechanical properties of textile-based scaffolds for different target tissues (T/L: Tendon/Ligament, colored areas are mechanical property ranges of human

tissues (Table 4)).

materials into the scaffolds [2,23]. With the recent advancement
in organoids and organ-on-a-chip research, 4D textile-based scaf-
folds can provide a suitable platform for organ development and
drug discovery researches.
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