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Abstract
Three-dimensional printing has already been shown to be beneficial to the fabrication of custom-fit and functional products in 
different industry sectors such as orthopaedics, implantology and dental technology. Especially in personal protective equipment 
and sportswear, three-dimensional printing offers opportunities to produce functional garments fitted to body contours by 
directly printing protective and (posture) supporting elements on textiles. In this article, different flexible thermoplastic 
elastomers, namely, thermoplastic polyurethanes and thermoplastic styrene block copolymers with a Shore hardness range 
of 67A–86A are tested as suitable printing materials by means of extrusion-based fused deposition modelling. For this, 
adhesion force, abrasion and wash resistance tests are conducted using various knitted and woven workwear and sportswear 
fabrics primarily made of cotton, polyester or aramid as textile substrates. Due to polar interactions between thermoplastic 
polyurethane and textile substrates, excellent adhesion and high fastness to washing is observed. While fused-deposition-
modelling-printed polyether-based thermoplastic polyurethane polymers keep their abrasion–resistant properties, polyester-
based thermoplastic polyurethanes are more prone to hydrolysis and can be partially degraded if presence of moisture cannot 
be excluded during polymer processing and printing. Thermoplastic styrene compounds generally exhibit lower adhesion 
and abrasion resistance, but these properties can be sufficient depending on the requirements of a particular application. Soft 
thermoplastic styrene filaments can be processed down to a Shore hardness of 70A resulting in three-dimensional printed 
parts with good quality and comfortable soft-touch surface. Finally, three demonstrator case studies are presented covering 
the entire process to realize the customized and three-dimensional printed textile. This encompasses product development 
and fabrication of a textile integrated custom-fit back protector and knee protector as well as customized functionalization 
of a technical interior textile for improved acoustic comfort. In the future, printing material modifications by compounding 
processes have to be taken into account for optimized functional performance.
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Introduction

Additive manufacturing, also known as three-dimensional 
printing (3DP), opens up new possibilities for improvement 
and innovation of products profiting from a digitized pro-
cess chain. After a digital slicing step, a virtual 3D model 
derived from computer-aided design (CAD) or 3D scan 
data is printed layer by layer, so that subsequent layers are 
joined and any geometry may be formed without the need 
for moulds or machining. Up to now, advantages of 3DP 
have been successfully exploited in different industrial sec-
tors like lightweight engineering (automotive, aviation, 
aerospace), optics, architecture, food processing and per-
sonalized medical devices by providing efficient and highly 
functional 3D printed parts saving resources, costs and 
time.1 Artists and fashion designers have included 3DP in 
their work to realize individual and creative ideas using 
various 3DP technologies like stereolithography (SLA), 
selective laser sintering (SLS) and fused deposition model-
ling (FDM) in combination with appropriate print materials 
in liquid, powder or filament form, respectively.2,3 
Examples range from accessories and jewellery by Diana 
Law4 to dress collections by Danit Peleg.5

Since 3DP enables decentralized fabrication of custom-
ized and made-to-measure articles on demand, the textile 
and clothing industry looks for practicable and profitable 
application scenarios aside from fashion and footwear. 
However, textile products, especially garments, have to 
fulfil a well-balanced requirement profile of design, com-
fort and function. Some investigations are done in 3DP 
wearable textile structures using chain mail design 
approaches6 as well as FDM printed multi-material poly-
gon parts7 or subsequently connected geometric design 
patterns.8 While generating a high grade of flexibility, 
other important textile features like softness, elasticity and 
moisture/heat control cannot be well obtained. In addition, 
production speed of large textile objects is very slow com-
pared with a conventional textile production process and 
economically unprofitable. However, 3DP can generate an 
added value when used as an add-on technology to com-
bine small 3D printed elements with traditionally produced 
textile fabrics9,10 aiming at individual or short run produc-
tion. One favourable method is the direct deposition of 
polymers onto fabrics using the cost-effective extrusion 
technology FDM where a thermoplastic polymer in fila-
ment form is molten in a nozzle and directly applied to the 
textile surface in layers to form the desired 3D element. 
Additional joining processes like sewing, gluing, riveting 
or welding can be omitted.

In recent years, this has been subject of many investiga-
tions using different typical printing materials, such as acry-
lonitrile butadiene styrene (ABS), polyamide (PA), common 
or soft polylactide (PLA) and textile substrates to evaluate 
specific application potentials. 3DP studies have been car-
ried out to apply snap fasteners or zip fasteners directly on 
garments,11 to influence garment drape by imprinted 3D 

patterns,12 to print stiffening elements for novel customized 
orthopaedic devices13 or to create areas of conductive prop-
erties on fabrics using a commercial 3DP filament with con-
ductive fillers.14 The mechanical and adhesion properties of 
these composites from textiles and 3D printed materials are 
tested following newly adapted tensile, bending and peel 
test standards.15 A strong and durable connection between 
the printed polymer and the textile is essential for a success-
ful product implementation in the future.

Ensuring sufficient adhesion of printed thermoplastics 
to the textile is based on various factors such as optimized 
printing parameters (e.g. nozzle-textile z-distance,16 print-
ing speed and direction,17,18 nozzle and printing bed tem-
perature)17–19 as well as beneficial physico-chemical and 
mechanical interactions taking place at the interface, of 
which form-locking connections are most important.20 
While this can be achieved for selected polymer–textile 
combinations,21 for smooth woven fabrics, where adhesion 
generally is an issue, adhesion strength can be increased 
by polymer coating22,23 or textile surface treatment20,24,25 
(e.g. washing, finishing, roughening and plasma) to adjust 
the textile surface properties like hairiness or wettability.

Particularly in the clothing industry, it is important to 
retain typical textile characteristics like flexibility and 
elasticity after applying functional 3D printed parts. 
Furthermore, 3DP creates opportunities to offer functional 
and custom-fit apparel which enjoys growing demand for 
workwear and sportswear improving the wearer’s comfort. 
For this purpose, suitable printing materials with good 
flexibility are needed which in combination with textiles 
meet both product and customer requirements.

Thermoplastic elastomers (TPEs) are the focus of this 
article, as they combine performance characteristics of 
elastomers with processing properties of thermoplastics 
and are widely used in industrial injection moulding and 
extrusion processes. However, flexible filaments are hard 
to print by use of FDM and only few efforts are made to 
print TPE structures on textiles, for example, for flexible 
integration of electronics,26,27 using thermoplastic polyure-
thane (TPUs) elastomers like commercial NinjaFlex® or 
FilaFlex® filaments with Shore hardness range of 82A–85A 
(i.e. hardness range of a shoe heel). TPU as one type of TPE 
consists of linear segregated hard segments, which are 
chemically formed by addition of a chain extender (short 
diol) to a linear diisocyanate, and soft segments, which 
consist of a long flexible OH-terminated polyether or poly-
ester chain to interconnect two hard segments within a 
polymer molecule.28 Therefore, polyether- and polyester-
based TPUs can be distinguished. Thermoplastic styrene 
(TPS) as another kind of TPE is based on styrene block 
copolymers (SBCs) that are compounded with other poly-
mers (polypropylene and polyolefins) and plasticizers to 
adjust hardness and material properties.29 Hard domains of 
SBC consist of polystyrene blocks in styrene–butadiene–
styrene (SBS) or styrene–ethylene–butylene–styrene 
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(SEBS) block copolymers, the latter of which can be 
obtained by hydrogenation of the former to saturate double 
bonds and to become more resistant to degradation. The 
hydrocarbon chains represent the soft and flexible domains 
of SBC. Recently, TPS has also roused interest as adapta-
ble 3DP material, for example, by adding carbon black as 
functional filler.30

In this study, selected TPE materials are tested as print-
ing polymers for extrusion-based 3DP technologies on 
application-oriented textile fabrics. Main performance 
characteristics of 3D printed structures like adhesion prop-
erties, washing and abrasion resistance required for gar-
ment use are evaluated. As a result, some application 
examples of custom-fit protectors on functional clothing 
as well as functional structures on interior textiles improv-
ing room acoustics are presented.

Experimental

Knitted and woven fabrics from the protective workwear 
or sportswear sector made of different materials are used 
as textile substrates. A polyester woven fabric (PES-
weave) with stiffening finish is selected as technical textile 
(Tecno FR for interior sun protection, obtained from 
Junkers & Müllers GmbH, Mönchengladbach, Germany). 
Typical textile characteristics are given in Table 1. Textile 
thickness is measured using a micrometre screw simulat-
ing nozzle pressure. Corresponding textile surface struc-
tures are depicted in Figure 1.

TPE materials in the form of different TPU and TPS 
types are selected as printing materials. Source, degree of 
hardness and basic printing parameters (adjusted for opti-
mal printing performance in the given range) are listed in 

Table 2. Ninja-85A and TPS-79A are provided in filament 
form, the remaining TPE filaments are made of granulates 
via extrusion process at a semi-industrial extrusion line 
with diameter control (single-screw extruder, produced by 
FET (Fibre Extrusion Technology Ltd., Leeds, England), 
spinneret diameter = 5 mm, capillary length = 1.2 mm) 
using specific temperature profiles (with the exception of 
filament TPU3-70A, which was produced on a Brabender 
lab-station extruder). Before printing, filaments are dried 
(drying oven, 80°C, >4 h).

3DP experiments are carried out using the FDM print-
ers Bolt Pro manufactured by Leapfrog (designed for 
1.75 mm filament diameter) and X400 (designed for 
2.85 mm filament diameter) manufactured by German 
RepRap GmbH selecting a nozzle diameter of 0.4 mm. 
Simplify3D software is used for slicing CAD models. The 
distance between nozzle and printing bed (z-distance) is 
set to 0.15 mm. For each textile to be printed, z-distance is 
increased by the textile thickness (see Table 1). Rectilinear 
infill pattern with a fill angle of 45° is selected.

Adhesion tests are performed and evaluated based on 
DIN 5353031 using a Zwick Roell testing device or based 
on EN ISO 241132 using an Instrom testing device (in case 
of testing adhesion after washing). Test methods are 
selected from established testing procedures for coated 
textiles, but two different standards are used due to testing 
at different locations. Standard sample sizes for tests are 
reduced to allow for faster sample preparation. Rectangle 
dimensions for the prints are 100 mm × 17 mm × 1.2 mm 
(following DIN 53530) or 150 mm × 20 mm × 1.2 mm 
(following EN ISO 2411), respectively. Layer thickness is 
set to 0.2 mm. In each case, measured adhesion forces are 
recalculated to 10 mm print width for better comparison.

Table 1.  Textile material specifications.

Fabric samples Materials Construction Density in number/cm Thickness in mm

PES-warpknit 100% PES Tricot and cord 20.5 wales
18 courses

0.20

CO-PES-knit 50% CO
50% PES

Piqué 11.5 wales
14 courses

0.44

AR-knit 94% m-AR
6% EL

Double jersey 21 wales
10.5 courses

0.42

PES-EL-warpknit 65% PES
35% EL

Pillar stitch with 
elastic inlay yarn

6 wales
9.3 courses

1.00

CO-PES-weave 79% CO
20% PES
1% antistatic

Twill 26 ends
20 picks

0.45

AR-weave1 93% m-AR
5% p-AR
2% antistatic

Twill 34 ends
24.5 picks

0.30

AR-weave2 98% AR
2% antistatic

Basket weave 
(variation)

41 ends
23 picks

0.37

PES-weave 100% PES 
(impregnated)

Plain 14 ends
13.5 picks

0.30

PES: polyester, CO: cotton, AR: aramid, EL: elastane.
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Fastness to washing is tested following industrial stand-
ard EN ISO 1579733 (n = 3) up to 50 cycles (60°C, line 
drying) and adhesion tests are performed subsequently. 
Abrasion resistance is examined using Martindale test fol-
lowing EN ISO 12947-234 (standard wool fabric, 12 kPa 
pressure) up to 40,000 cycles. A cylinder (20 mm diameter, 
1 mm height with 0.2 mm layer thickness) is printed on 
each textile sample and loss of sample thickness is 
observed over the course of the test using a thickness 
gauge (J-40-V, Hans Schmidt & Co. GmbH, Waldkraiburg, 
Germany).

3D CAD data are prepared using Autodesk Fusion 360. 
Customized body data are recorded by a hand-held 3D 
scanner (Artec Eva, Luxembourg, Luxembourg) using 

Artec Studio 14 software and further processed by design 
software Geomagic Freeform Plus. Regarding final product 
development of customized clothing, 3D simulation soft-
ware CLO (CLO Virtual Fashion LLC, Seoul, South Korea) 
for flattening and two-dimensional (2D) software GRAFIS 
(Dr. K. Friedrich GbR, Viersen, Germany) for pattern mak-
ing are used. Images of textile samples are made using a 
digital light microscope VHX-600K (Keyence).

Results and discussion

TPE printing materials are selected to meet requirements 
for use as protective applications on garments showing 
enough flexibility and comfortable haptic properties.  

Figure 1.  Light microscope images of textile substrates (printed side, magnification 50×).

Table 2.  TPU and TPS printing material data under investigation.

Filament data Print settings

Name-Shore 
hardness

Grade/type Producer Extrusion 
temperature 
profile in °C

Diameter 
in mm

Speed in 
mm/s

Temperature 
in °C

Multiplier

Ninja-85A NinjaFlex®, TPU Fenner Inc. – 1.75 33 230 1.10
TPU1-85A Desmopan® 9385 A,  

polyether-based
Covestro 170–180–190–

190
1.75 20 235 1.00

TPU2-86A GPU/FPU 89A, polyester-based Covestro 170–180–190–
195

1.75 30 230–240 1.05–1.20

TPU3-70A Elastollan® 1170 AU,  
polyether-based

BASF 150–155–165–
175

1.75 30–33 235 1.30–1.35

TPS1-67A CC7OCN, SEBS compound Kraiburg 165–165–170–
180

1.75 20 235–240 1.20

TPS2-79A SEBS compound Pedex – 2.85 33–35 225 1.05

TPU: thermoplastic polyurethane; TPS: thermoplastic styrene; SEBS: styrene–ethylene–butylene–styrene.



Korger et al.	 5

While TPU material with a Shore hardness below 70A 
shows unfavourable surface tackiness and is difficult to 
process in filament form using an FDM 3D printer, TPS 
filaments with comparable hardness can be processed more 
reliably. Only slight warping can be observed after printing 
TPS material. Compound TPS1-67A is chosen due to its 
soft-touch properties familiar from consumer electronics 
and providing pleasant velvet surface characteristics.

Adhesion

As can be clearly seen in Figure 2, TPU prints show at 
least twice the adhesion forces compared with TPS prints 
on almost all tested fabric samples. All knitwear samples 
have an open textile structure made of multifilament yarn, 
staple fibre single yarn or twine which constitutes an 
important prerequisite for the polymer melt to penetrate 
deeply into the fabric. Resultant form-locking connections 
contribute to high adhesion forces16,20 and are increased if 
fibres or yarn loops stick out of the textile surface. This is 
the case when looking at the woven samples which show a 
less porous structure but also demonstrate quite good 
adhesion results for TPU prints. Chemical composition of 
the textiles – polyester (PES), cotton (CO) or aramid (AR) 
– do not seem to constitute decisive factors for good adhe-
sion properties. While TPU polymers indicate effective 
polar interactions with selected textile polymers resulting 
in good wettability and adhesion, TPS compounds are 
made up of SEBS block copolymers which represent a 
high non-polar hydrocarbon component. Difference in 
chemical composition of TPS compared with TPU lead to 
lower adhesion forces which, however, can be still suffi-
cient when printed on knitwear. Resulting adhesion forces 
between 10 and 20 N per cm print width can be enough if 
maximum elastic stretch of knitwear itself lies in the same 
range. TPS1 with a Shore hardness of 67A generally shows 
better adhesion forces than TPS2 with a Shore hardness of 
79A, which can be presumably attributed to lower melt 
viscosity of the compound with lower Shore hardness, so 
that the molten polymer can flow deeper into the textile.  

In addition, TPS2-79A with a filament diameter of 2.85 mm 
instead of 1.75 mm is printed using a different FDM printer 
which can also have an uncertain influence.

Washing

Especially in the workwear sector, one big obstacle to 
introduce new functional developments in garment manu-
facturing is the premise to meet the demanding require-
ments for fastness to washing. Therefore, wash performance 
of TPU and TPS prints on a warp knitted and a densely 
woven fabric sample is investigated following an indus-
trial standard. After 10, 25 and 50 washing cycles, the 
adhesion strength between print and textile is measured 
(see Figure 3). It can be seen that the only sample which 
shows significant influence of washing is the TPU2-86A 
print on PES-EL-warpknit. While adhesion forces fall by 
about 40%, adhesion is still sufficient for most applica-
tions. After the first 10 washing cycles, no further deterio-
ration can be observed until 50 washing cycles. Even 
better, the same TPU print material on AR-weave2 textile 
shows no significant damage owing to washing which may 
be related to the differences in elasticity between the 
woven and warp knitted textile. Although TPS2-79A 
which has shown worst adhesion properties before is 
selected, TPS prints are attached to the textiles at least for 
25 washing cycles and are only partly detached after 50 
cycles if printed on the woven textile (50 cycles are not 
tested with TPS prints on warp knitted samples). 
Furthermore, neither TPU nor TPS prints show any dam-
age to the polymer material after 50 washing cycles. 
Excellent wash resistance seems to be a characteristic fea-
ture of TPE prints on textiles, especially when adhesion 
properties are sufficient before washing.

However, fastness to washing tests only consider 3D 
printed rectangular stripes with 1.2 mm height. To investi-
gate the effect of the printing height and geometry on 
adhesion after washing of 3D printed parts on a textile fab-
ric, some objects with different outlines (round, square 

Figure 2.  Adhesion forces of TPE prints on different knitted 
and woven workwear and sportswear fabric (n = 3).

Figure 3.  Adhesion forces of TPU and TPS prints on selected 
woven and knitted fabric after 0/10/25/50 washing cycles 
(industrial standard, 60°C, n = 3).
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with sharp and rounded corners) are 3D printed in different 
heights from 5 to 25 mm on AR-knit textile using coloured 
TPS-79A printing material. Adhesion force of TPS-79A on 
AR-knit is about 20 N/cm. Figure 4 exemplarily depicts 

one of three results after 15 washing cycles at 70°C prov-
ing no detachment of any printed part. This behaviour is 
remarkable as in a previous study printed PLA objects with 
4-mm height on cotton fabric have started to detach after 
five washing cycles at 30°C.35 As can be seen from this 
study, TPE material connected to textiles can withstand 
mechanical loads during washing for a long time even if 
objects with heights in the same order of magnitude as the 
diameter (and the corresponding increased weight) are 
printed.

Abrasion

Generally, TPU materials offer excellent mechanical 
properties, namely, high tensile strength and resistance 
against abrasion. Latter is confirmed for prints of com-
mercial TPU filament Ninja-85A and two polyether-based 
TPUs (TPU1-85A and TPU3-70A) on PES-weave apply-
ing Martindale rubbing test up to 40,000 cycles with use 
of standard wool fabric (see Figure 5). Two of these TPU 
materials are tested starting with minimum 20,000 cycles 
due to low changes expected at less abrasion impact. 
While loss of thickness is minimal for these prints, poly-
ester-based TPU2-86A material is continuously rubbed 
off the textile with increase of Martindale cycles. This 
finding is unexpected, since abrasion–resistant properties 
of polyester-based TPU are usually superior to those of 
polyether-based TPU. One explanation can be the lower 
hydrolytic stability of polyester-based TPU. During the 
FDM printing process, polymers are exposed to tempera-
tures above 230°C which in combination with moisture 
can lead to a possible degradation of the material, making 
the TPU more susceptible to abrasion. Although TPU fila-
ments are dried before printing, a moisture content of 
<0.05% for optimum processing conditions28 can hardly 
be maintained with simple means, as air humidity is 
quickly adsorbed on the hygroscopic filament surface 
during printing.

How moisture content also negatively influences print-
ing quality is shown in Figure 6. The TPU samples are 
printed one right after the other which takes about 12 min 

Figure 4.  Photographs of coloured TPS2-79A printed on AR-
knit in different geometric shapes and heights before (left) and 
after (right) 15 washing cycles (industrial standard, 70°C).

Figure 5.  Loss of different TPE materials printed (five layers 
of 0.2 mm each) on PES-weave textile throughout Martindale 
abrasion test cycles.

Figure 6.  Sequence of print samples of TPU3-70A (diameter: 20 mm; 20 layers of 0.1 mm each; nozzle temperature: 235°C) 
directly after drying.
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for each print. The first print is started with oven-dried 
filament demonstrating good printing quality. Without 
additional drying, a reduction in print quality can be 
observed for each subsequent print since water vaporiza-
tion of surface moisture during printing leads to irregulari-
ties in the polymer melt flow.

In comparison, TPS compounds can be processed more 
easily due to different chemical composition and lower 
hygroscopicity. However, Figure 5 depicts disadvanta-
geous abrasion characteristics of printed TPS materials 
demonstrating a strong increase in loss of thickness during 
Martindale cycles. As expected, the softest TPS1 material 
with Shore hardness 67A shows the worst result indicating 
fastest material loss and being fully rubbed off the textile 
after 20,000 cycles. The high initial loss of thickness of 
TPS2-79A is observed because of small irregularities of 
the print on top of the print surface which are rubbed off 
after the first 500 cycles. After this, the loss of thickness 
for this printing material is almost linear reaching 30,000 
cycles when TPS material is almost completely rubbed off. 
Factors for choosing a suitable TPE printing material 
depend on the functional application: durability against 
abrasion according to specific requirements as well as pro-
cessing characteristics and printing performance of poly-
mers need to be balanced.

Applications

In order to present technical feasibility of TPE polymer 
printing in personalized garment production, two demon-
strators with custom-fit protective function are developed, 
namely, a textile integrated back protector and knee pro-
tector. The back protector is placed between the shoulder 
blades and aims at dissipating pressure over a large area 
when wearing a backpack with heavy loads providing bet-
ter comfort and posture. After scanning the back, the pro-
tector is CAD modelled in the right place between 

shoulders. For this, a previously designed 2D sketch is 
placed in a plane that skims the highest points of the shoul-
der blades and digitally extruded to the body contours, so 
that the 3D protector part can be exported as digital model. 
By use of CLO and GRAFIS software, the final shirt is 
simulated and a customized 2D sewing pattern is gener-
ated. In addition, an upper back lining is added to prevent 
direct skin contact of the print for improved comfort. Then, 
the shirt is cut from textile material AR-knit and the pro-
tector is printed on the inside of the correctly positioned 
pattern piece using TPS2-79A filament. In a last step, the 
shirt is sewn using industrial sewing machines. The cus-
tomized product is shown in Figure 7.

For manufacture of the customized knee protector, pro-
tective elements are intended to be printed on the outside 
of a textile knee bandage or tight garment. After scanning 
of the slightly bent knee and importing knee contour data 
into CLO 3D simulation software, seam lines are con-
structed allowing for unwinding the 3D shell of the scan 
into flat 2D pattern pieces by use of the flattening tool. 
These resulting pattern pieces represent the basis on which 
different designs for fragmented protector elements can be 
developed, where multiple small form elements have to be 
printed on flat textiles to achieve a high level of comfort 
and protection. A first functional design is created using 
both 3D simulation and 3D CAD software (see Figure 8(b) 
and (c)). When placing the printable objects on the pattern 
pieces, enough space between the sewing lines and the 
prints needs to be considered to allow for sewing and fin-
ishing of the protector.

Final hardness of the printed elements can be influ-
enced by changing the amount of material used in the inte-
rior of each part (‘infill percentage’). Thereby, each area of 
the knee protector can be manipulated to exhibit optimal 
comfort and protective properties. The demonstrator is 
produced using PES knitwear with imprinted TPU2-86A 
protective parts (see Figure 8(d)).

Figure 7.  Picture of simulated shirt with integrated back protector in CLO (left) and photograph of finished shirt turned inside out 
with visible print and lining (right).
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A decorative (panel) curtain that aims to improve room 
acoustics using functional 3D prints is an example for an 
application of 3DP in the field of technical textile applica-
tions. Combination of TPU3-70A with PES-weave can suit 
requirements regarding both material properties like flex-
ibility and feel as well as performance characteristics of 
adhesion and abrasion. For the adhesion strength, meas-
ured values are 23.00 ± 0.25 N/cm which is sufficient, 
because printed structures do not exceed a height of 
approximately 10 mm, so that the forces occurring under 
load remain quite small. In order to assess acoustic effi-
ciency, samples are tested following EN IS0 11654-2 
standard36 to determine weighted sound absorption coeffi-
cient (αw), which has a value between 1.00 (total absorp-
tion) and 0 (no absorption) taking into account standard 
test frequencies. According to αw value ranges, sound 
absorption classes A–E are denoted with A-rated products 
having the highest rated sound absorption performance. 
Figure 9 represents a design which leads to αw of 0.60 
compared with the unprinted textile of 0.45, thereby 

elevating its sound absorption class from D to C. Since 
improvement of sound absorption class can hardly be 
achieved by use of conventional functionalisation methods 
like foam coating, digital production processes like 3DP 
can introduce new possibilities for expanding the func-
tional spectrum of technical textiles. Investigations to meet 
further requirements like ultraviolet (UV) stability and 
flame retardancy by specific compounding of TPU print-
ing materials will be published elsewhere.37

Conclusion

In this study, different flexible TPU and TPS materials 
with a Shore hardness range of 67A–86A are investigated 
for use in 3DP processes for customized textile applica-
tions using extrusion-based FDM technology. TPU poly-
mers exhibit better adhesion properties than TPS 
compounds on knitted or woven textiles made of PES, 
CO or AR. This is due to different chemical composition 
of TPS and TPU material, the latter possessing a more 

Figure 8.  (a) Picture of added seam lines for flattening on scanned knee in CLO, (b) picture of 2D sewing pattern with modelled 
3D objects in Fusion 360, (c) simulation in CLO and (d) photograph of finished knee protector.
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polar character as appropriate for most textile substrates. 
Porous textile surfaces as more often found in knitwear 
than in woven fabrics are also favourable for high adhe-
sion strength. If a sufficient adhesion of the print is 
achieved in the unwashed state, excellent fastness to 
washing can be attributed to both TPS and TPU prints on 
textiles. TPU compared with TPS materials are character-
ized by high durability against abrasion, but particular 
abrasion profiles have to be evaluated according to the 
requirements specification of any targeted application. In 
addition, polyester-based TPUs are more sensitive to 
hydrolysis than polyether-based TPUs and can be par-
tially degraded during polymer processing and printing if 
the presence of moisture during these steps cannot be 
eliminated. Except for minor shortcomings through 
warping, benefits of TPS compounds are the wide range 
of Shore hardness which can be offered providing com-
fortable haptics and reliable processability in filament 
form for FDM, even when soft material with Shore hard-
ness just below 70A is used.

Possible application fields are custom-fit structures that 
are printed directly on the textile for functional garment pro-
duction with improved comfort. The entire process chain for 
realization of a textile integrated back protector and knee pro-
tector can be shown. In the sector of technical textiles, flexi-
ble TPE elements can be beneficial to improve visual effects 
and functional performance as demonstrated by printed 3D 
structures on interior textiles for acoustic comfort. Driven by 
these findings and already existing (e.g. ARBURG Plastic 
Freeforming) and emerging new extrusion technologies (e.g. 
Pellet AM by Pollen PAM Series P) capable of printing raw 
materials as pellets, investigations of practical use of TPE 
materials in 3DP for textile applications will be continued. 
Specific modifications of TPE printing polymers and com-
pounds to become optimally adapted for textile application 
requirements will play a major role in the future.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with 
respect to the research, authorship and/or publication of this 
article.

Funding

The author(s) disclosed receipt of the following financial support 
for the research, authorship, and/or publication of this article: 
This work is supported by two publicly funded projects as fol-
lows: The IGF project 211 EN “F3DPrint” of the research asso-
ciation Forschungskuratorium Textil e. V., Reinhardtstraße 
14-16, 10117 Berlin is funded by the AiF within the framework 
of the within the framework of the promotion of Industrielle 
Gemeinschaftsforschung (IGF) by the Federal Ministry of 
Economic Affairs and Energy based on a resolution of the 
German Bundestag. The project “AddiTex” is funded by the state 
of North Rhine-Westphalia using resources from the European 
Regional Development Fund 2014-2020 (ERDF). Project man-
agement: LeitmarktAgentur. NRW – Projektträger Jülich.
Specials thanks go to companies Covestro AG, BASF SE, 
Kraiburg TPE GmbH & Co. KG and Pedex GmbH for donation 
of printing polymers and filaments.

ORCID iDs

Michael Korger  https://orcid.org/0000-0002-1898-4752
Alexandra Glogowsky  https://orcid.org/0000-0003-3775-2022

References

	 1.	 Ligon SC, Liska R, Stampfl J, et al. Polymers for 3D print-
ing and customized additive manufacturing. Chem Rev 
2017; 117: 10212–10290.

	 2.	 Gebhardt A and Hötter JS. Additive manufacturing: 3D 
printing for prototyping and manufacturing. Munich: 
Hanser Publishers, 2016.

	 3.	 Singh S, Ramakrishna S and Berto F. 3D Printing of poly-
mer composites: a short review. Mat Design Process Comms 
2019; 63: 2223.

Figure 9.  Picture of CAD model of sound absorption design in Fusion 360 (left) and photograph of print sample (diameter: 10 mm) 
for sound absorption measurements (right).

https://orcid.org/0000-0002-1898-4752
https://orcid.org/0000-0003-3775-2022


10	 Journal of Engineered Fibers and Fabrics ﻿

	 4.	 Diana Law und der Schmuck aus dem 3D Drucker, https://
www.3dnatives.com/de/diana-law-schmuck-aus-3d-
druck-08022017/ (2017, accessed 10 February 2020).

	 5.	 Hay Z. 3D printed fabric: the most promising projects, 
https://all3dp.com/2/3d-printed-fabric-most-promising-pro-
ject/ (2019, accessed 4 February 2020).

	 6.	 Gurcum BH, Borklu HR, Sezer K, et al. Implementing 3D 
printed structures as the newest textile form. J Fashion 
Technol Textile Eng 2018; S4: 19.

	 7.	 Uysal R and Stubbs JB. A new method of printing multi-
material textiles by fused deposition modelling (FDM). 
Tekstilec 2019; 62: 248–257.

	 8.	 Kim S, Seong H, Her Y, et al. A study of the development 
and improvement of fashion products using a FDM type 3D 
printer. Fash Text 2019; 6: 468.

	 9.	 Pei E, Shen J and Watling J. Direct 3D printing of polymers 
onto textiles: experimental studies and applications. Rapid 
Prototyp J 2015; 21: 556–571.

	10.	 Rivera ML, Moukperian M, Ashbrook D, et al. Stretching 
the bounds of 3D printing with embedded textiles. In: 
Proceedings of the 2017 CHI conference on human factors 
in computing systems – CHI ‘17 (ed G Mark, S Fussell, C 
Lampe, et al.), Denver, CO, 6–11 May 2017, pp. 497–508. 
New York: ACM Press.

	11.	 Martens Y and Ehrmann A. Composites of 3D-printed pol-
ymers and textile fabrics*. IOP Conf Ser: Mater Sci Eng 
2017; 225: 12292.

	12.	 Spahiu T, Fafenrot S, Grimmelsmann N, et al. Varying fab-
ric drape by 3D-imprinted patterns for garment design. IOP 
Conf Ser: Mater Sci Eng 2017; 254: 172023.

	13.	 Ahrendt D, Romero Karam A and Krzywinski S. CAE-
supported process for additive manufacturing of orthopae-
dic devices. In: Aachen-dresden-denkendorf International 
Textile Conference, Dresden, 28–29 November 2019.

	14.	 Grimmelsmann N, Martens Y, Schäl P, et  al. Mechanical 
and electrical contacting of electronic components on tex-
tiles by 3D printing. Proced Technol 2016; 26: 66–71.

	15.	 Fafenrot S, Korger M and Ehrmann A. Mechanical prop-
erties of composites from textiles and three-dimensional 
printed materials. In: Jawaid M, Thariq M and Saba N (eds) 
Mechanical and physical testing of biocomposites, fibre-
reinforced composites and hybrid composites. Duxford: 
Woodhead Publishing, 2019, pp. 409–425.

	16.	 Grimmelsmann N, Kreuziger M, Korger M, et al. Adhesion 
of 3D printed material on textile substrates. Rapid Prototyp 
J 2018; 24: 166–170.

	17.	 Spahiu T, Grimmelsmann N, Ehrmann A, et al. Effect of 3D 
printing on textile fabric. In: Proceedings of the 1st inter-
national conference ‘Engineering and Entrepreneurship’, 
Tirana, 17–18 November 2017.

	18.	 Hashemi Sanatgar R, Campagne C and Nierstrasz V. 
Investigation of the adhesion properties of direct 3D printing 
of polymers and nanocomposites on textiles: effect of FDM 
printing process parameters. Appl Surf Sci 2017; 403: 551–563.

	19.	 Eutionnat-Diffo P, Nierstrasz V, Campagne C, et  al. 
Correlation between heat transfer of polyester textiles and 
its adhesion with 3D-printed extruded thermoplastic fila-
ments. In: 18th AUTEX world textile conference, Istanbul, 
20–22 June 2018, pp. 118–121.

	20.	 Korger M, Bergschneider J, Neuss J, et al. Functionalization 
of textiles using 3D printing – add-on technology for tex-
tile applications testing new material combinations. Vlákna 
Textil 2016; 23: 106–111.

	21.	 Bergschneider J, Korger M, Kyosev Y, et al. 3D printing for 
functionalization of textiles – aspects of durability and coat-
ing. Melliand Int 2017; 23: 45–47.

	22.	 Unger L, Scheideler M, Meyer P, et  al. Increasing adhe-
sion of 3D printing on textile fabrics by polymer coating. 
Tekstilec 2018; 61: 265–271.

	23.	 Meyer P, Döpke C and Ehrmann A. Improving adhesion of 
three-dimensional printed objects on textile fabrics by poly-
mer coating. J Eng Fiber Fabric 2019; 14: 1–7.

	24.	 Korger M, Bergschneider J, Lutz M, et al. Possible applica-
tions of 3D printing technology on textile substrates. IOP 
Conf Ser: Mater Sci Eng 2016; 141: 12011.

	25.	 Kozior T, Döpke C, Grimmelsmann N, et  al. Influence of 
fabric pretreatment on adhesion of three-dimensional printed 
material on textile substrates. Adv Mech Eng 2018; 10: 1–8.

	26.	 Tadesse MG, Dumitrescu D, Loghin C, et al. 3D printing of 
NinjaFlex filament onto PEDOT: PSS-coated textile fabrics 
for electroluminescence applications. J Elec Mater 2018; 
47: 2082–2092.

	27.	 Oyon-Calvo J, Cazon -Martin A, Rodriguez-Ferradas MI, 
et  al. Additive manufacturing on textiles with low-cost 
extrusion devices: adhesion and deformation properties. 
Dynamics 2019; 94: 221–225.

	28.	 Holden G, Kricheldorf HR, Quirk RP, et al. Thermoplastic 
elastomers. 3 ed. Munich: Hanser, 2004.

	29.	 Shanks R and Kong I. Thermoplastic elastomers. In: 
El-sonbati AZ (ed.) Thermoplastic Elastomers, 2012. Rijeka, 
Croatia: InTech.

	30.	 Banerjee SS, Burbine S, Kodihalli Shivaprakash N, et  al. 
3D-Printable PP/SEBS Thermoplastic Elastomeric Blends: 
Preparation and Properties. Polymers 2019; 11: 347.

	31.	 DIN 53530:1981. Testing of organic materials; test for sepa-
rating layers of laminated woven fabrics.

	32.	 ENISO 2411:2000. Rubber– or plastics–coated fabrics – 
Determination of coating adhesion.

	33.	 ENISO 15797:2018. Textiles – Industrial washing and fin-
ishing procedures for testing of workwear.

	34.	 ENISO 12947–2:2016. Textiles – Determination of the 
abrasion resistance of fabrics by the Martindale method – 
Part 2: determination of specimen breakdown.

	35.	 Spahiu T, Piperi E, Ehrmann A, et al. 3D printed geome-
tries on textile fabric for garment production. In: Almeida 
HA and Vasco JC (eds) Progress in Digital and Physical 
Manufacturing: Proceedings of Prodpm’19. Cham: 
Springer, 2020, pp. 271–276.

	36.	 ENISO 10534–2:2001. Acoustics – Determination of sound 
absorption coefficient and impedance in impedance tubes 
– Part 2: Transfer-function method.

	37.	 Glogowsky A, Jelen E, Korger M, et  al. Flexible 
3D-Druckmaterialien für Applikationen auf Innenraumtextilien 
mit Anforderungen an den Brandschutz. In: 17. Chemnitzer 
Textiltechnik-Tagung: Textiltechnik als Schlüsseltech
nologie der Zukunft. (ed Förderverein Cetex Chemnitzer 
Textilmaschinenentwicklung e. V.), Chemnitz, 31 March-1 
April 2021 (to be published).

https://www.3dnatives.com/de/diana-law-schmuck-aus-3d-druck-08022017/
https://www.3dnatives.com/de/diana-law-schmuck-aus-3d-druck-08022017/
https://www.3dnatives.com/de/diana-law-schmuck-aus-3d-druck-08022017/
https://all3dp.com/2/3d-printed-fabric-most-promising-project/
https://all3dp.com/2/3d-printed-fabric-most-promising-project/



