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3D printing belongs to the emerging technologies of our time. 
While it enables producing new structures and makes 
individualized products affordable, 3D printed objects still suffer 
from low production speed and often insufficient mechanical 
properties. Both these problems can be tackled by combining 3D 
printing with substrates prepared by conventional technologies, 
e.g. textile fabrics. In this case, the adhesion between both 
partners is most challenging and defines for which possible 
applications such composites are suitable. Here, we report on a 
new approach to increase the adhesion between 3D printed 
materials and warp knitted fabrics, showing that in some cases a 
thermal after-treatment, in the simplest case performed by ironing, 
is able to significantly increase the adhesion between both 
materials. 
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1 Introduction 
While 3D printing was originally mostly used for rapid prototyping, nowadays these techniques are more 
and more often used for preparing real objects with real applications. While some of these applications, 
such as 3D printing of microfluidics of microelectromechanical systems (MEMS), mostly strive for high 
resolution and accuracy [1], other applications necessitate especially good mechanical properties [2-4]. 

One of the possibilities to increase the tensile properties and at the same time reduce production time is 
3D printing on textile fabrics, in this way adding a desired stiffness to certain areas of textiles due to 
functional or design purposes [5], while the main fabric is produced in a conventional way. Such 
composites, however, often suffer from lacking adhesion between both partners. 

https://creativecommons.org/licenses/
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This is why several research groups investigated the adhesion between 3D printed parts and textile 
fabrics. In most cases, 3D printing was performed using the fused deposition modeling (FDM) process, 
while most recently the first proof-of-principle showed that stereolithography (SLA) can also be applied to 
print 3D objects on many textile fabrics [6]. Here, however, we concentrate on the common FDM 
technology. 

In recent studies, several material and printing parameters were found to influence the adhesion of 3D 
printed layers on textile fabrics. Eutionnat-Diffo et al. reported the printing bed temperature as well as 
woven fabric parameters to have an impact on the adhesion [7]. Generally, the structure of the textile 
fabric, especially pores and hairs as possibilities for the 3D printing polymer to penetrate into the fabric 
or to build other form-locking connections, is an important parameter [8-11]. One of the most important 
parameters is the distance between nozzle and fabric surface, defining with how much force the molten 
polymer is pressed into the fabric pores [12,13]. For a broader overview of the influence of diverse 
parameters on the textile-polymer adhesion, the reader is referred to References 14 and 15. 

Besides these parameters, chemical and physical surface treatments of the textile fabric before printing 
and the composite afterwards were investigated. According to the Korger law [16], in most cases 
hydrophilic surfaces support 3D printing on them, while hydrophobic ones often result in lower adhesion 
[17]. On the other hand, thermal after-treatments were examined, printing with poly(lactic acid) (PLA) on 
jeans-like cotton woven fabrics [17]. In this previous study, ironing slightly decreased the adhesion force, 
without showing a significant difference. 

Here, we report on 3D printing especially on warp knitted fabrics with four different polymers. While 
some of the aforementioned relations are underlined by the recent study, ironing as a simple way of 
thermal after-treatment unexpectedly showed a large impact in some cases, opposite to our previous 
study. 

2 Materials and Methods 
3D printing was performed using the FDM printer CR-10S Pro (Creality, Shenzhen, China) with nozzle 
diameter 0.4 mm. In all experiments, rectangles of 120 mm x 25 mm x 0.8 mm were printed, using a 
layer height of 0.2 mm and 100 % infill with ± 45° orientation. 

For the tests, four different filaments were printed (nozzle and printing bed temperatures in brackets): 
PLA (white, from Creality, 200 °C / 45 °C); co-polyester (CPE) (black, from Filamentworld, 260 °C / 
85 °C); polyethylene terephthalate glycol (PETG) (green, from Filamentworld, 215 °C / 70 °C); and 
thermoplastic polyurethane (TPU) (orange, from Recreus, 230 °C / 30 °C). In addition to the “raw” printed 
samples, further samples were ironed after 3D printing, using an electric iron Quigg DB 2016.19/5218 
(Globaltronics GmbH & Co. KG, Hamburg, Germany), at grade 10 (“jeans”), equivalent to the common 
setting *** and defining a temperature of (185 ± 15) °C, according to the producer. Ironing was performed 
with a rotating movement from the back of the sample, i.e. on the textile side, for 15 s, letting the sample 
cooling down for 2 min and afterwards again ironing for 15 s, to avoid overheating and at the same time 
to average over a relatively long duration due to the well-known temperature variation of bimetal irons. 
The iron was not pressed down during ironing; its mass without the power cable is approx. 1240 g. 

The warp knitted fabrics on which printing was performed were prepared on different machines (all by 
Karl Mayer, Obertshausen, Germany), using different warp knitted structures and yarns. Table 1 depicts 
scans of the four samples with corresponding machines, machine gauges and yarn materials. 

Examinations were performed by a Sauter universal testing machine at a speed of 100 mm/min. Tests 
were performed according to DIN 53530 and evaluated according to ISO 6133, using the method for 
more than 20 peaks. This means that one end of the fabric was manually separated from the fabric so 
that these separated ends could be clamped in the testing machine, allowing for measuring the force-
displacement curves. The test process is sketched in Fig. 1. 
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Table 1. Warp knitted fabrics used for printing. 
Sample WK1 Sample WK2 Sample WK3 Sample WK4 

    
HKS 2-3 E, E40 HKS 3-M, E28 RSE 5 EL, E28 HKS 4-M EL, E28 
Elastane / polyamide 6 Polyester, flat, dull Elastane / polyamide 6 Polyester, semi-dull 

       
Fig. 1 (a) Test process according to DIN 53530. (b) For the rigid filaments, the 3D printed layers are more linearly 

shaped than the textile fabric. 

Photographs of the samples were taken by a Nikon D750 with an objective Sigma 105 mm 1:2.8 DG 
Macro HSM. 

3 Results and Discussion 
The results of the first test series, testing combinations of all four polymers with the four warp knitted 
fabrics, are depicted in Fig. 2. 

Comparing these graphs, it is obvious that the adhesion on the samples WK 1 and WK 3 is smaller than 
on samples WK2 and WK4. Both samples WK1 and WK3 are prepared from elastane and polyamide 6 
yarns, correspondingly these two samples are elastic, while the others have a very low elasticity. 
Possible explanations for this finding are, on the one hand, the sample structure – samples WK2 and 
WK4 have larger pores and thus allow the molten polymer to penetrate deeper into the fabric. On the 
other hand, the elasticity of WK1 and WK3 make it harder to press the polymers into the fabrics since 
they are fixed only along the sample borders and thus can be moved by the moving nozzle. Finally, 
samples WK2 and WK4 are highly hydrophilic, with water drop penetration times below 1 s, while the 
drop penetration time on samples WK1 and WK3 is in the order of 2-3 s. Apparently here different 
reasons can be found why a higher adhesion can be reached on samples WK2 and WK4. 

Next, the different polymers can be compared. Here it can be recognized that TPU and CPE give the 
best results, while PETG and PLA show in most cases much lower adhesion. While it is known from the 
literature that elastic filaments, such as TPU, usually show a high adhesion [18], no reports can be found 
about 3D printing CPE on textile fabrics. Our first test of this polymer suggests that CPE may have a 
high potential for direct printing on textile fabrics, e.g. for applications in orthoses where a very high 
adhesion is necessary [19]. This is especially important since PLA is often regarded as the rigid polymer 
with the highest adhesion, compared with nylon (polyamide), acrylonitrile butadiene styrene (ABS) and 
other polymers [12], and here it is outperformed by CPE in most cases. 

Textile fabric 

3D printed layers 

F (a) 

Textile fabric 
3D printed layers 

F (b) 
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Fig. 2 Adhesion forces, measured for the four textile fabrics under investigation,  

measured in combination with different 3D printing polymers. 

Besides, the influence of ironing shall be examined. While our former study showed a small reduction of 
the adhesion due to ironing, this finding is different here. For CPE, ironing is supportive on samples 
WK1-3 and not disadvantageous on samples WK4. PETG in most cases fall apart from the textile 
substrates before testing; only after ironing, it shows a very low adhesion on samples WK2 and WK3. 
For PLA, ironing does not seem to make a difference, which is similar to the finding of the previous 
study. Finally, for TPU, only on the finest sample WK1 ironing does not make a significant difference, 
while on the other substrates, ironing increases the adhesion approximately by a factor of 4-17. 

Apparently, the influence of ironing is worth a deeper investigation. This is especially valid since in the 
tests depicted in Fig. 2, the distance between nozzle and printing bed was optimized manually for each 
sample without performing a full test series. This means that the impact of ironing on the adhesion may 
also depend on this distance – it can be imagined that ironing is especially supportive if the nozzle-textile 
distance was too large during printing so that the filament has not yet been pressed into the fabric with 
enough pressure, which could be finalized by ironing.  

This is why the next test series concentrated on sample WK4 which showed a strong impact of ironing 
TPU printed samples, comparing the impact of ironing for different distances between nozzle and 
printing bed. Fig. 3 depicts the results of the corresponding adhesion tests. A distance of 0.2 mm is 
automatically set by the printer for a first-layer thickness of 0.2 mm. Printing slightly below this value 
would be typical for printing on the pure glass bed. Here, however, a textile fabric of thickness 0.62 mm 
is placed on the printing bed, meaning that a distance of approx. 0.8 mm would be comparable to the 
usual distance for printing on the glass bed. As already pointed out in former publications [12], printing 
“below” the surface of the textile fabric is necessary to optimize the adhesion. 
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Fig. 3 Adhesion forces, measured for sample WK4, in dependence of the  

distance between nozzle and printing bed for raw and ironed samples. 

As Fig. 3 clearly shows, ironing cannot be used as a substitute for this first creation of a form-locking 
connection. Instead, this thermal after-treatment always increases the adhesion force, independent from 
the original printing distance. This means that, at least in this combination of TPU with relatively dense, 
inelastic polyester warp knitted fabric, the adhesion between both materials should be optimized by 
controlling the distance between nozzle and printing bed as well as by an additional thermal after-
treatment.  

To investigate the reasons for this effect more in detail, Fig. 4 depicts the back of different samples after 
the adhesion tests. 

    

    
Fig. 4 Back of different samples (cf. insets) after the adhesion test. 

0.65 mm / raw 0.65 mm / ironed 

0.35 mm / raw 0.35 mm / ironed 
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On the one hand, comparison between the samples printed at distances of 0.35 mm (optimum distance, 
cf. Fig. 3) and 0.65 mm (slightly “outside” the fabric) clearly shows that only a slight imprint of the textile 
surface is visible on the latter, while at the optimum distance, the polymer was pressed into the fabric, 
after the adhesion test clearly showing small spikes which were pulled out of the pores of the fabric. This 
finding is identical to previous experiments where different z-distances were compared by cross-
sectional images [12]. 

On the other hand, due to the colored warp knitted fabric, it is also possible to investigate the color 
transferred to the white polymer. Comparing both samples printed at the larger distance of 0.65 mm, no 
significant differences are visible, while the ironed sample may show slightly more colors. For the 
samples printed at the optimum distance of 0.35 mm, however, the ironed one is clearly more colored. 

We can thus assume that the relatively high ironing temperature – near to the melting temperature of 
polyester of typically 230-260 °C – was sufficient to start softening and slightly melting the textile 
material. In this way, a chemical bonding may have been formed during ironing, while the previous 
pressure during printing, applied by an optimized z-distance, results in a form-locking (physical) bonding. 
Apparently, here two different mechanisms interact, both able to increase the adhesion between polymer 
and textile fabric independently. 

Comparing the values in Fig. 3 with those depicted in Fig. 2 for TPU printed on sample WK4 again 
underlines the importance of optimizing the distance. While for precisely controlled distances, the forces 
between raw and ironed composites (Fig. 3) differ maximally by approx. a factor of 1.5, this difference is 
much higher for the comparison given in Fig. 2, clearly showing that it is not possible to control the 
distance well enough manually. This finding can be explained from Fig. 3, showing that a small distance 
reduction from 0.45 mm to 0.35 mm approximately triples the adhesion force.  

Generally, as this study shows, printing on textile fabrics in the optimum distance cannot be optically 
supervised as easily, as it is possible for an experienced user for printing on the common printing bed. 
Since each textile fabric behaves differently, has different mechanical properties, hairiness, surface 
structure etc., it is strongly recommended for researchers working in this field to optimize and control the 
distance carefully, to avoid conclusions of parameter modifications which may be at least partly based on 
erroneous distance variations. 

4 Conclusions 
3D printing with four different polymers was performed on four warp-knitted fabrics. We report on the first 
experiment to perform 3D printing with CPE on textile fabrics, showing that this polymer may be 
advantageous in comparison to PLA which is most often used in such studies. In addition, opposite to a 
previous study, a significant influence of a thermal after-treatment, performed by ironing, on the adhesion 
was found in most cases. Finally, the strong impact of the distance between nozzle and textile surface, 
revealed in previous studies, was underlined. 

Future investigations will concentrate on the impact of ironing on different material combinations to 
examine whether the correlation found here for TPU and relatively thin fabrics with narrow pores 
translated to other structures and materials, besides differentiating further between physical and 
chemical effects. 
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