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Abstract: The application of additive manufacturing, well known as 3D printing, in textile industry
is not more totally new. It allows is giving significant increase of the product variety, production
stages reduction, widens the application areas of textiles, customization of design and properties
of products according to the type of applications requirement. This paper presents a review of the
current state-of-the-art, related to complete process of additive manufacturing. Beginning with the
design tools, the classical machinery building computer-aided design (CAD) software, the novel
non-uniform rational B-spline (NURBS) based software and parametric created models are reported.
Short overview of the materials demonstrates that in this area few thermoplastic materials become
standards and currently a lot of research for the application of new materials is going. Three types of
3D printing, depending on the relation to textiles, are identified and reported from the literature—3D
printing on textiles, 3D printing of flexible structures and 3D printing with flexible materials. Several
applications with all these methods are reported and finally the main advantages and disadvantages
of the 3D printing in relation to textile industry are given.

Keywords: state of the art; 3D printing; textiles; textile industry; additive manufacturing;
materials; adhesion

1. Introduction

Three dimensional printing (3DP); also called additive manufacturing (AM) represents a method
to create objects via step by step layering used for pre-production or production. By creating a
3D model with a computer-aided design (CAD) program [1] and slicing, the object can be created
without additional tools and waste of material [2]. A 3DP is the opposite of traditional, subtractive
manufacturing, which cuts away unnecessary material to create the desired shape [2,3].

Since the introduction of additive manufacturing in the 1970s, a wide array of technologies has
emerged from few key patents [4]. For example: material extrusion [5], binder jetting [6], directed
energy deposition [7] and laminated object manufacturing (LOM) [8] (see Figure 1).

Emergent 3D printing technologies are being built upon these fundamental methods by
incorporating multi material printing to produce complex structures [9], bio-printing with various
soft and biocompatible materials [10], optimizing the AM technology with higher speeds, improved
resolution and lower costs [11,12] and combining AM with traditional manufacturing [11,13-16].

Additive manufacturing has recently found its way into the field of the textile industry and
promises to revolutionize the textile supply chain [17]. Due to their potential to significantly improve
both the geometric complexity and functionality available from conventional fiber-based textiles, AM
presents an opportunity for development of novel solutions for conventional and high-performance
textile applications [17,18].
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Figure 1. Principles of common additive manufacturing (AM) technologies: (a) fused deposition
modeling (FDM), (b) direct ink writing (DIW), (c) directed energy based deposition (d) binder jetting
process, (e) vat photo polymerization, (f) powder bed fusion with a laser sintering process.

Analysis of the research papers, related to “3D printing of textiles” and registered in Scopus
shows that after the first record in Scopus from 1988 (the data base first record in Scopus) until 2012
there constant but minimal amount of publications per year in this area. Starting from 2012 the
publications per year increase rapidly from 5 to 50—and keeps that level for the last years [19], where
it has to be taken into account that year 2020 is not over [20]. This increased number of high quality
publications after 2012 can be explained with the significantly increased availability of 3D printers at
acceptable prices after this period, which allowed to more researchers to start making research in this
area (see Figure 2). The real number of publications in the area of AM is significantly higher, because
the contributions to various conferences, exhibitions, web-blogs, student thesis and other events are
not registered in Scopus. Furthermore, there is large number of research focused on the AM process
itself, the materials, software etc., but not related to textiles, so they are not considered in this diagram.

This paper has the aim to present review about the current state of the art of the application of the
additive manufacturing in combinations with textiles or for textile like applications.
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Figure 2. Listed in Scopus research documents on 3D printing of textiles [20] (source: Scopus, key word:
3D printing of textiles). Remark—the real number of not listed in Scopus publications, web reports,
conference papers and else is significantly larger.

The paper is structured into several sections. Section 2 gives overview about the design or
preprocessing of the geometry for printing. Section 3 presents overview of the printing methods for
production of flexible, “textile like” structures by 3D printing. Section 4 is dedicated on printing
on textiles including the adhesion issue, examples and 4D printing as extension of this principle.
The following sections are concentrated on the printing of flexible structures and printing with flexible
materials. The paper finishes with overview of the current applications and analysis of the advantages
and disadvantages.

2. Preprocessing—Design of the Geometries for Additive Manufacturing

The 3D printing process begins with designing the product using CAD software. This can be
NURBS based software as Rhino [2,21,22], or a classical CAD package like Solidworks, PTC Creo [22],
Blender, Autodesk, Netfabb [17], and so on. Each design software has its own features, for example the
classical CAD for machine design like Solidworks or Autodesk Inventor are a hybrid solid and surface
modeler, where the geometry is created on basis on some main basic 3D bodies with regular form,
their combinations, cutting holes and some algorithms for sweeping cross section along or around
axes. Rhino 3D uses non-uniform rational B-spline (NURBS) in surface modeling, which make it easier
to work with complex curved surfaces. In such software, the 3D surface can be quickly modified by
motion of just one control point of the NURBS surface. Similar options are added during the last years
in the CAD software Autodesk Fusion 360 product, too.

Another way of building the 3D model is using parametric models with scripting language
within 3D CAD software for design of complex shapes. Changing one or more parameters generates
alternative forms and hence achieves unique individualized design and mass customization [23-25].

Emerging 3D body scanning technology is another tool adopted to produce a perfectly body fitting
garments by capturing the body size and body form. The designer can perform design of accessories
directly on the virtual body contour using CAD software [22,26].

Several researchers try to produce textiles-like geometries, where interlaced or interloped solid
elements build 3D printed knitted or woven structures. For example braided structures for ropes or
medical braids can be generated using parametric algorithms reported in [27-29] and implemented in
professional CAD like [30] from where the generated 3D geometries of braided ropes, braided medical
stents, warp and weft knitted pattern, woven structures can be exported to STL (stereolithography)
format and send to the 3D printer directly.

Another way of creation of textile-like structure is the uses of connected closed profiles, named
“links” are used. For the design of connected crossed profiles (links), the single link is generated
using conventional CAD software or parametric modeling. After that several substances of it are
copied multiple times and translated at calculated distances, so that the links remains connected.
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The final array of the links sends for the printing processing [18,19,31]. The generated body is then
communicated to the printer, which develops the 3D product by each divided layer [2,22,32].

3. Materials Used for 3D Printing

The type of material used for AM directly affects the objects dimensions, durability, characteristics
and possible applications as well as the willingness to wear as the cloth-like structures [32,33].
Light-weight polymers or polymer composites are the main materials used as printing materials
allowing flexibility of the printed items [34,35]. The most current materials used for AM textile
structures are usually not flexible enough to provide suitable comfort for daily use [22]. Their selection
is limited from the printing technique [36]. For providing thermo-physiological comfort, natural textile
fibers on cellulosic or protein basis still would be ideal materials [37]. Some researchers try to use wool
as printing material [38,39] to overcome the limitation of plastic materials, but in this case the process
is related to needle punching of wool yarns for production of 3D forms, and precisely speaking do not
present 3D printing using polymer deposition. Because wool and cellulosic fibers have no melting
point, their direct use for 3D printing by melting is not possible; only solution based methods could be
solution for them.

In general, the raw material for printing can be in all three aggregate state as solid/powder,
liquid and gas. The type of the material can be very different like polymers, metals, ceramics, waxes,
sand, resins and a composite of two or more materials [2,32,40]. The polymers are the dominating
materials used in 3D printing in the last five years (from 2015 to 2019) which is followed by resins
and metals [36]. Polymers provide a great variety of properties, which is why they are used for a
wide range of applications from adhesives to medical and more advanced technologies within large
industries [2]. The main type of the used polymers are the thermoplastic polymers like PLA (polylactic
acid), ABS (acrylonitrile butadiene styrene), PLA (Polylactide), PETG (polyethylene terephthalate
glycol-modified), nylon (polyamid), and TPU (Polyurethane). Their properties as melting point,
required extrusion temperature and main mechanical properties are widely published in internet for
instance at www.3dnatives.com, https://all3dp.com/ and many other pages.

According the predictions of several researchers [37,41] more textile related materials will be used
in the near future For example, a textile company named TamiCare Limited (www.tamicare.com),
has already developed an AM technology called CosyFlex™ that prints fabrics using liquid polymers,
including natural latex, silicon, polyurethane, and Teflon, as well as textile fibers like cotton, rayon
and polyamide [2,22,42]. Electro-loom (http://www.electroloom.com/) was another company trying
to wearable fabrics using electro-spinning method, where the liquid polymers was sprayed out from
the nozzles and then dried to form the cloth on the 3D mold of the shape [43]. The company closed
in 2016 because of missing financing and of technological difficulties ([44] and https://medium.com/
electroloom-blog/thanks-and-farewell-b0c128c3043#.c52nk8a2h). The electro spinning is modern
method for production of fibrous surfaces with very fine materials, which can be suitable for tissue
engineering and other special areas, but their productivity is still very low for conventional clothing.

Cellulosic materials are applied using solution based methods as modification of existing surfaces
applications [45].

Another trend in the materials is building the composite filaments, based currently on two
components. These can be split into two groups depending on the fiber length:

- Short fiber content materials—in this case very short fibers, for instance carbon fibers are mixed
within the thermoplastic polymer. The company Markforged (www.markforged.com) provide for
instance; Ony material, which consist of chopped carbon fiber reinforced with nylon, with flexural
Strength 81 MPa, Onyx FR (flame resistant) which higher flame retardant [46]. These materials
combine all advantages of the short fiber composites and the 3D printing—and allow production
of complex 3D parts with better properties based on the reinforcement of the short fibers.

- Continuous filaments—in such case a core with multifilament from glass, aramid or carbon is
covered for instance by nylon. Provided again from Markforged with their 3D printers Mark One
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and Mark Two—such filaments require integrated scissors device close to the nozzle in order to
be able to cut at the predicted places. These types of materials can provide significantly efficient
part design because the filaments can be placed in the required directions and places and the
remaining part can be printed with lower density pure polymer solution.

The materials for additive manufacturing based on electro-spinning are not discussed here,
because they cover large set combinations of materials and solvents and are object of investigations in
several electro spinning related papers.

4. Production Methods

Fused deposition modeling (FDM) is the dominating printing technology in the last five years
(2015-2019) state of 3D printing and followed by selective laser sintering (SLS) and stereo lithography
(SLA), respectively [36] These are the main types of 3D printing technologies used in relation to textile
context: FDM for printing onto a textile fabric, SLS for producing textile-like structures and SLA types
used to form a fabric-like stiff textiles which can be rolled and seamed to shape [47,48]. Table 1 gives

brief description of them with the materials, textile products, advantages and disadvantages.

Table 1. A brief description of additive manufacturing techniques for 3D printing techniques for

printing in the textile industry.

Techniques Mechanism Materials Advantage Disadvantage
Photopolymer resin, Polyethylene, Requires support
and an ultra-violet polypropylene, ABS, rafts, additional
w1 N d polycarbonate casting Fast printing i g di d
h daselj ZC ?fje a? and molding material A process [49]. More Hcrlle’ Sa?h ng a?t
Stereo lithography 1 ar (:n ;n i bga + flexible, elastomeric flexibility and ref tl}llces s qltlzl Y
(SLA) [49] ayers to form objects material can be texture; offers a ot the procuct due

[21,50]. Rigid parts
and connective joints
can be printed together
at one time [49,51].

combined with stiff and
hard polymer [34]. 3D
printed textiles are stiff
and not flexible [48].

high-quality
surface finish [52].

to sanding;
expensive material
and no color
variety [49,50].

A computer-controlled
laser traces the layer,
heating the powder to
just below its boiling

only use one material per
model; multi-material
models printed
separately and joined

Allows designers
to create delicate,

point to fuse the afterwards [21,54]. Glass, yet.h1ghly It doe.s not prgduce
. . . . . . functional and a high-quality
Selective laser particles into a solid plastic, metals, ceramics, L
. . . durable products, surface finish
sintering (SLS). object [49,50]. After the  or nylon, stainless steel, requiring less compared to
first layer is created, titanium alloy, nickel sar? din % £ the SL Ap[ 49,50]
the building platform  alloy, aluminum, copper ob'ectg than T
drops, exposing the [50]. Dresses, bathing SL A [49,60]
next layer of suits, shoes, single and T
powder [53] double face knits [55-59]
FDM offers a variety of Wax, metals, ceramics,
low-cost desktop acrylonitrile butadiene
printers [61]. Based on  styrene (ABS), polylactic Visible seam lines
heating a filamentin  acid (PLA), polyethylene L between layers and
FDM (Fused an extruder nozzle and terephthalate (PET), Cag;l()ifleof p;f)l;lstmg delamination from
e depositing the molten ~ aramid, onyx, glass and ) & 5L0S8Y, temperature
deposition material line by line on rbon fibers ar lace-like fabrics han, influen
modeling). aterial line by line o carbon fibers are with soft PLA changes, influence

a printing bed where it
hardens. The next
layer is printed on top
of the previous
layer [62]

some [22,50,63]. Shoes,
skirt, dress, jacket, soles,
yarn, knit structures and

printing on and with
textiles [47,55,59,64-66]

polymers [55].

the strength of the
bond between
layers [50].
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5. Printing on Textiles

5.1. Method

The special case of polymer deposition over a textile structure becomes more intensively
investigated because this method allow enrichment of the classical textiles with additional functions,
like rigidity in selected regions, mounting of additional devices, decoration and others. Figure 3
demonstrates the steps for this case and principally it does not differ from the main workflow of normal
FDM printing process, except the step 5.

4 \ 4 \ 4 N\
1. Design 2. 3D: Develgp 3. STL: Export
concept 3D model using to STL File

P CAD software
\ J \ J \ J
( ) ( ) 4 )
6. Printing Keep >. Printer Setup 4. Slicing: to
Environment Parameters (Distance specific 3D
L. to Textile, Fixure of N
Conditions textile material) printer code
\ J \ J \ J
4 N\ 4 \
7. Postprinting
removing supporting : :
mat,erial, Relaxation 8. Application
of Textiles
\_ J \_ J

Figure 3. The 3D printing steps of textiles [35,67—-69].

A success first layer is known to be a crucial factor for producing 3D prints free of errors [34]
during the layer-by-layer print of the series of 2D layers till the designed 3D product is finished [35,68].

At Step 5, polymer deposition onto textiles occurs. Its success depends on the aspects of material
science, material compatibility, polymer—textile adhesion and the printing conditions [70]. In order
to bond effectively the polymer must be compatible with the fiber substrate. They have to contact
fully in order to develop the maximum adhesive bond strength [71,72]. Deep investigation of these
conditions is given in [65]. For applications that specifically will stress the shear or peel behavior,
researchers advise to perform a shear or peel test, after determining the optimal printing setting with
the perpendicular tensile test [17,73-75].

5.2. Adhesion between Textile and the Deposited Polymer

Few methods have been investigated by researchers to improve the adhesion between the textile
and the deposited polymer. For example, coating fabrics with different polymers before 3D printing
with ABS or PLA on them, resulted in a significant increase of adhesion between the polymer and
textile fabric [76].

The distance between the nozzle and the printing bed is a crucial factor for the adhesion on textile
substrates. With decreasing distance, the adhesion force increases until the minimum distance is reached
in which the filament does not clog the nozzle so that the nozzle presses the 3D printing polymer with
higher forces into the open pores of the fabric [67]. As shown in Figure 4, the temperatures of the printing
bed and the nozzle affects the adhesion, i.e., temperatures of the bed and nozzle increased, the adhesion
between the two materials increased [67,73,77]. These results, and those of Figure 5 are obtained
according [77] at the following parameters: FDM printer Orcabot XXL, producer Prodim, nozzle
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diameter 0.4 mm, filament: polylactic acid; textile: polyester woven fabric with thickness 0.55 mm
and areal density 114 g/m?; dimensions of the printed rectangles 250 mm x 25 mm. The thickness
of the printed layer of 0.4 mm was reached by printing two layers. Nozzle temperature 200 °C, bed
temperature 60 °C, printing velocity 30 mm/2, polymer flow 100%, and extrusion width—0.4 mm.
The adhesion tests depicted there were carried out according to DIN 53,530 and evaluated with respect
to DIN ISO 6133.

. - F vs. nozzle temperature i - F vs. printing bed temperature
16 ‘
14
12
10

F (N/cm)

0N d O @

200 205 210 215 220 20 40 60 80 100
Nozzle temperature (°C) Printing bed temperature (°C)

Figure 4. Example of the dependence of the adhesion force on the temperature of nozzle (left) and bed
(right) [77] at the specific conditions and materials reported in [77], tested according DIN 53,530 and
evaluated according DIN ISO 6133.

12 I - vs. printing velocity 12 .:1 E vs.ipolymerfiow.

10

F (Niem)

O N & O
F (Nlcm)

30.0
v (mm/s)

95 100 105 110 115
Polymer flow (%)

Figure 5. Example of the dependence of the adhesion force on the printing speed (left) and polymer
flow (right) [77], at the specific conditions and materials reported in [77], tested according DIN 53,530
and evaluated according DIN ISO 6133.

Generally, the dependencies found can be attributed to physical, that is, form-locking, connections,
while no indications for chemical bonding were found [78].

The influences of textile physical and chemical surface properties such as weaves, surface
roughness and plasma treatment or washing were investigated and it is found that the adhesion
strength is mostly influenced by both the form locking connections of the thermoplastic and the textile
material (textile surface energy) [75]. Textile properties such as the weave pattern or the weft density
will have an influence on the overall adhesion properties [65].

The washing process significantly decreased the initial adhesion strength of 3D printed material
and therefore, a pretreatment such as plasma, corona or chemical finishing are advised to be applied
to guarantee better washing resistance and adhesion properties [79] by enhancing intermolecular
interactions like hydrogen bonding or dipole-dipole interaction between the molecules of the polymer
and the textile surface before the print [75,80]. In addition, 3D printing speed and the polymer flow
were investigated and it was found that there is no significant influence (see Figure 5) [77].

Thermal conductivity, roughness and porosity of the textile materials are other main factors which
influence the maximum adhesion strength. Because of stronger mechanical interlocking and higher
Van der Waals forces created on a warmer and larger surface area, lower thermal conductivity, higher
roughness and mean flow pore size of the textile material could significantly enhance the adhesion
strength [79].
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In summary, the factors affecting the adhesion of 3D printing of textiles are presented well in the
source [81] and can be summarized in to three groups:

(a) Filament material and its composition;
(b) Printing settings with subgroups of;

- Platter—distance between the nozzle and the platform, bed temperature, type of the plate;
- Print settings—like layer height, printing speed, extrusion width, polymer flow and
extruder settings;

(c) Textile substrate over which to be printed—in the meaning of type of fibers, their morphology
and topology, surface properties and chemical treatment.

5.3. Examples and Applications

Deposition of rigid forms over classical soft textiles allows the design of combined structures with
additional properties (Figure 6). These can have for instance stable structure with good permeability
and wearing comfort or auxetic behavior [82]. For several textile nets, the connection between both
materials, generated by the printed material surrounding the single textile threads (Figure 7), is found
to be sufficient for utilization in garments and appears promising for use in technical textiles [65].

Figure 6. Microscopic pictures of the auxetic shape printed on a double-face fabric from acrylic/polyester,
relaxed (left panel) and stretched (right panel) [82].

Figure 7. Polylactic acid (PLA) strips with different warp knitted mesh structures as inlays: fishing net
produced from 100% polyamide 6 (left panel), and sunscreen net, by Karl Mayer, produced from 100%
polyester (right panel) [65].

Another application of the printing rigid parts over the textiles is the mounting of connectors,
buttons [83,84].

The art-designers apply the additive manufacturing for development of personalized decorations,
where each customer can print over the fabrics by of cotton, wool, viscose fabrics and polyester net
different forms (see Figure 8, left-to-right).
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Figure 8. Floral pattern printed on cotton, wool, viscose fabrics and a polyester net (left to right) [65].

The combination of rigid and soft materials during the 3D printing over textiles demonstrates the
advantages of such system very well in the orthopedic devises. The quick 3D printing process can be
integrated in the process chain from the design stage and allows production of novel personalized and
customized orthopedic devices to support and restore the mobility of a joint (see Figure 9). This device
is applicable in sport/training purposes, preventive treatment or rehabilitation after injury of the joints
in the hand and knee by limiting the movement in the joints [85-87].

Stiffening
elements

Joint element

Figure 9. Combination of additive manufactured element with a knitted fabric for movement limitation
and rehabilitation after injury of joints [85,86].

Because the additive placement of polymer material is possible over almost each type of
textile-knitwear, woven fabrics, non-woven, composites and plastic parts, made from both synthetic
and natural materials [88], can be summarized, that this method can be considered as excellent



Appl. Sci. 2020, 10,5033 10 of 21

extension or 3D functionalization method for the classical textiles. The combination enhances of the
characteristics and the functions of the materials give new appearance and dimensional stability of
textiles in accordance with new end use applications.

5.4. 4D Printing

As 4D printing is named a method of manufacturing where the 3D form additional have some
functionality which changes in the time or changing temperature or else, which is the 4th dimension [89]
(Figure 10). The additional function can be obtained by using some sophisticated 3D geometry designs,
or materials, which change their shape [90]. The idea is that the change of the form or color is based on
programmed triggers like heat, light, moisture, pH-value. Further, 4D printing can be used in soft
robotic systems, smart textiles, drug delivery or biomedical devices [91,92].

Figure 10. A 4D printed dress with colors [89] (Source https://juliadaviy.com/category/future-of-
fashion/).

The main parameters, which currently are tried to be changing are the stiffness, permeability,
color, and degree of water absorbency [93,94]. The polymer penetrates in the pores of the knit structure
after 3D printing and can be used for controlling of the permeability of the structure [95].

The 3D printing on textiles allows hybrid materials of fabric and printed polymer create a 4D
textile with form and functions change. For example [95], the 3D printed elements are placed directly
on to pre-strained textiles, wherein the textile is used as an energy storage device. The shape of the 3D
printed with the flexible textile is changed after heating at different temperatures [95].

Another similar work with 3D printing over textile for getting material, which transform into
different shapes with time in response to external stimuli is reported [96,97].

These few examples demonstrated that the 3D printing with good selected material and geometry
combinations can be used for production of structures with changing form or properties, which can
be one of the future directions of new, better integrated in our clothing and environment sensors
and actuators.

6. 3D Printed Flexible Structures

According [33] the 3D printed structures are classified in to six main categories as Meso, Linked,
Hinged, Flexible, Generative and Hybrid which varies in material depending on the properties of the
structures whether it be knit, woven, or non-woven. Hybrid structure according this classification is
the printed over textile case, described in the previous section. Table 2 summarizes the three methods
for production of flexible structures with 3D printing. In all three cases, thin layers (sheets) are printed,
but the cases differs in the orientation of the single sheet pieces. In the first case the connected sheets
are oriented perpendicular to the product surface. Because of the low thickness of the sheets their
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connection lines still allow some freedom for rotations and they move as kinematic chains, which gives
flexibility of the structure. The second case “mesh like structure” is based on printing of sheet with
holes—so that the bending rigidity is reduced because of the missing material and thus the lower mass
moment of inertia. The third variant is copied from the historical protection clothing and is based on
linked rings or other closed profile forms. The single links have enough degrees of freedom to rotate
and the resulting structure remains flexible with very good drape ability.

Table 2. 3D printed flexible structures and their features.

Structure Principle Features Example

Thin layer nearly parallel
plates, oriented 90° to

. the nominal surface, These structure can have
Thin layer plate
. - connected at the ends out-of-plane and
kinematics (Example: o ter s . .
allow flexibility in in-plane bending and can
Mesostructure of A. . N . ..
Bastian [85]) different directions. have auxetic behavior, if
Because of the low well designed. ]
thickness the bending Andreas Bastian
moments are negligible. Meso-structured [98]

Thin plate, with several ~ No cutting required and

openings. The openings les material used, 3D
Mesh like thin sheet extend the bending printing in-place
flexibility and the possible, work straight
formability. out of the machine [99].

Kinematics dress [99]

Each element has
enough degrees of
freedom to move in the
local range and rotate,
which gives very good
drape characteristics.

Rings or other closed
profiles connected
together. Normally
printed using supporting
material for the gaps.

Linked elements (rings,
triangles, squares,
complex closed curved
shapes)

Jiri Evenhuis Chainmail
dress. Perepelkin (2013),
cited from [18]

Similar to the linked rings, directly completed single-faced and double faced weft knitted structures
(Figure 11) can be formed by selective laser sintering of nylon powder [56]. The demonstrated products
can be easily compressed, extended, stretched and folded [57].

Figure 11. Samples of the 3D printed textile structures and clothes [57,58,66,100].
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7. 3D Printing of Elastic Materials
There are two approaches for production of elastic shapes with 3D form with textile-like properties:

Printing full layer elastomers, which have enough good elasticity [101]. This method can be
classified to the “classical” type of 3D printing, where the material is coming from one (or more)
nozzles and is solidified at the moment of the placement on the surface based on the different
temperature, drying process or other (UV-hardening, chemical reaction) processes.
Printing or placing fibers over 3D mandrel. Such processes were developed in the past and are
known with other names, but not directly as 3D printing. Because here the material is added to
the existing surface can be arranged to it, too. For instance electro-flocking technique [102] has the
potential to place fibers over 3D form and build such surfaces, Meltblown nonwoven production
can be applied for the case of continuous fibers, too. The company TamiCare uses the process for
customizing of 3D printing with textile fibers in which the fabric is built up in layers by a spray
jet. It is capable of working with liquid polymers such as natural latex, silicon, polyurethane and
Teflon as well as textile fibers like cotton, viscose and polyamide. Some of TamiCare products are
disposable towels, women underwear, swimwear, bandages and sportswear [42].

Several reports for innovative works are done here in the area of electro spinning because at this
process the produced nano-fibers are naturally softer, based on their small diameter. The 3D printing
process via electro-spinning applies a moving nozzle connected to a high voltage and a syringe that
delivers the nozzle a polymeric solution (Figure 12, left) [66]. The melt-blowing die can be placed on a
robot which moves in the space around collector with 3D form (Figure 12, right) [66] and produce

directly parts with 3D form.

collector

Figure 12. Illustration of a 3D electro-spinning setup (left) and robotic fiber assembly and control
system (RFACS) (right), the integration of a six-axis robot with melt blowing system [66].

A similar method was applied by the former company Electro-Loom, as mentioned in the Materials
section [44,103] (Figure 13), which demonstrated the possibility to produce larger pieces for clothing,

but did not succeed to find suitable economically efficient application area.

T

Figure 13. Products manufactured by Electro-Loom (white color products without decorations) [103].



Appl. Sci. 2020, 10, 5033 13 of 21

8. Current and Future Applications

Apparel manufacturers, retailers and designers have been using 3D-printers for different
functions—to create prototypes for testing, for customization of the products, creating of artistic
pieces and spares [2]. Popular are becoming3D-printed bikinis, shoes, dresses [35,104], where normally
using combination of printing from solid soft material and creating flexible structures are used.
The main point here is the personalization—where the process allow creation of [32]. Manufacturing
of footwear, its specific parts and customizable insoles for everyday use, sports or specialized tasks is
one of 3D printing’s fastest growing segments [100,105]. Large apparel companies including Nike and
Adidas shoes companies have already integrated 3D printing into their manufacturing processes to
print parts like soles (Figure 14) and clothes [17,100].

Figure 14. 3D printed sneakers [100].

The 3D printed garment has currently more sculptural or decorative effects and will probably
not be used in the near future as main replacement of the clothing [33]. Figure 15 demonstrated such
decorations created by inspiration of the well-known Plauen lace [55].

Figure 15. Multi-layer lace pattern, depicted in “netfabb” (left panel), and the resulting 3D print (right
panel) [55].

It is not very common, because of the not common size for the normal 3D printing, but some
people apply 3D for creating body sculptures, which can be used for garment fit and drape testing [1]
(Figure 16). Actually, here the amount of material and work for creation of such figure is large and
the modern CAD software can perform the fit and drape tests based on simulations. For this reason,
such kind prototyping based on 3D printed manikin will be applied in the future probably only for
sophisticated products.

One growing area of application of the 3D printed flexible parts is the health care. The generated
meshes can seamlessly interact with the body (Figure 17), and thereby improve the lives of countless
patients suffering from conditions ranging from ankle or other joint sprain to hernia and tremors [106].
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a b

Figure 16. Testing garment fit over real body model (a) and the scaled 3D printed body model (b) [1].

Figure 17. The drape dress and joint recovery supports/covers [93,100].

An example of ankle brace was developed that shows the potential of controlled nonlinear tensile
response by letting the ankle move freely unless it inverts to an excessive extent as well as a glove with
an embedded mesh designed to conform to the hand (see Figure 18) [17].

Figure 18. A 3D printed glove: (A) sewing pattern printed from two materials, (B) surface design
of glove, (C) flexible sewing pattern with inner lining, and (D) pattern pieces sewn together to
three-dimensional garment [17].
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One way of the improvement of the drape ability of the solid parts is modification of the tool path
so, that the fiber cool down before it touch the previous placed fiber in some areas [106]. The so build
filament path are not connected and can slide relative to each other which results noticeably greater
drape (10 mm scale bar) (Figure 19A). The conformal mesh is printed (Figure 19C) and sewn on to a
glove [106] (exerts a restoring force on the fingers when the fist is clenched) as is commonly necessary
in stroke rehabilitation.

Not Bonded

TN

— — — |
= ==

Support

Toolpath Nozzle

Figure 19. Additional capabilities of mesh printing: (A) modulation of fiber—fiber bonding, (B) a mesh
(scale bar 10 mm) with locally patterned negative Poisson’s ratio unit cells, which featuring anisotropic
mechanics and showing its ability to conform to a knee. (C) Printing of conformal meshes onto a
template [106].

9. Advantages and Disadvantages

9.1. Advantages

Additive Manufacturing allows new levels of mass customization of fabrics products [65]. It can
significantly enhance production times of small parts produced in small numbers and gives the
possibility to create parts that would be impossible to produce with conventional techniques [17,55].
Compared with regular textiles, studies have presented several advantages of 3DP such as:

&

Customization and an accelerated design process [49,107],

Perfect fit, unique structure and patterns [22,34],

Cheaper [50,108],

Convenient, rapid prototyping and less lead time [2,106],

More sustainable [2],

Less waste of raw material because cutting fabric leads to leftover scrapes [109],

Costs less energy to produce [110],

Lower costs related to inventory, warehousing, packaging, and transportation [2], and;

SN N N N NN

Provides the possibility for costumers [111,112] to produce objects by themselves by buying
garment designs from fashion brands [2,22].

9.2. Disadvantages

The biggest disadvantage of 3D printing is the copyright problem. Scanning existing pattern and
reproducing it by 3D printing can be done today in short time. Many copyright holders will have a
hard time protecting their rights and businesses producing unique products will suffer [113,114].
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Another main current disadvantage is that comfort and flexibility that a 3D printed only parts
are expected to provide. The most current materials do not absorb moisture at all. For several cases,
probably unexpected for some people, but the real problem is the price, based on the low productivity.
Currently, the 3D printed products can be more expensive option than textile products made with
traditional methods [115].

10. Outlook and Conclusions

This review demonstrated that the additive manufacturing already influences the textile production
in three directions. The most used one is the 3D printing on textiles, where additional features to
the existing textiles can be added and customized and personalized products can be quickly created.
The important point at that technology is the adhesion between the both products, where a lot of
investigations are already done. Based on the combination of the soft, comfortable textile and rigid,
individually placed, in some cases controllable additively placed materials we can expect that in
the future this kind of products will replace the current one in the rehabilitation supporting devices
and probably in personalized protection equipment for different sports and working conditions.
The printing of flexible structures based on rigid materials is another area, where the structures try
to have some “textiles like” properties, and will definitively find their application areas for complex
structures in robotics, fashion, architecture and will replace some of the existing heavier and solid
products, but they are not real competitor to textile products, they can be effectively combined with
such. In the last analyzed area—printing with flexible materials—the development is currently in
a very early stage. Here we can expect in the future rapid development of new elastic materials,
which can be solidified on the printing surface in some given form and at the same time provide good
air—and moisture permeability through them. Here, both printing with fiber based materials glued
together with some additional material, and the use of direct production of membrane structures form
polymers can be expected to change the business games in the future. Here, several tasks have to be
solved near the properties, which are required for thermo-physiological control, to stabilize printing
conditions—and additionally—high production speed and lower costs have to be reached, in order to
become really competitors to textiles.
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