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Abstract

:

Featured Application


Thin and flexible protective coating for printed smart textiles.




Abstract


In the field of food packaging, the addition of exfoliated layered silicates in polymers has been established to improve the polymers’ gas barrier properties. Using these polymers as coatings to protect smart textiles from oxidation and corrosion while maintaining their textile properties should significantly extend their lifetime and promote their market penetration. The aim of this study was to print new polymer dispersions containing layered silicates to protect screen-printed conductive structures, and to test the resulting samples. For this, appropriate printing parameters were determined by statistical design of experiments. According to these results, conductive structures were printed and protected with the selected coating. The abrasion resistance and the continuity of the protective layer of the printed samples were then measured. A continuous protective coating of approximately 70–80 µm thickness was applied on a conductive structure. The printed samples showed a very high resistance to abrasion (unchanged by 85,000 abrasion cycles) while remaining flexible and presenting a lower water vapor permeability (<2.5 g/m² d) than the coatings commonly used in the textile field.
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1. Introduction


The global smart textiles market is expected to grow by 30.4% between 2019 and 2025, reaching a value of $5.55 billion in 2025 [1]. The development of smart textiles is becoming increasingly important because of their potential applications for improving health, safety and comfort. Developments are moving in the direction of innovative, intelligent technical textiles and garments that combine sensory, actuator and electronic functions [2,3,4,5]. In most of these application fields, like in the automotive sector, high durability requirements have to be met by the smart textiles [6].



Screen-printing technology has been well established in the fields of electronics and textiles [7,8]. That is why the production of textile-based sensors regularly makes use of this technology [4,9,10,11,12]. Screen printing reduces the number of production steps and manual operations. A high degree of both automation and electronic integration is possible for the economic and variable production of smart textiles.



A major obstacle in the industrial implementation and marketing of smart textiles developments has been the susceptibility of the conductive structures—especially in flexible textiles. Problems result from mechanical damage resulting from, for example, bending, abrasion and chemical damage as a result of water entrapment and oxidation. The typical metallic materials used in the conductive structures—such as steel, copper and, to a limited extent, silver—are susceptible to corrosion. Contact with oxygen forms at least oxide layers, which reduce electrical conductivity and increase contact resistance. The ingress of moisture accelerates and intensifies these corrosion processes and leads to a loss of the metals’ electrical conductivity. This limits their high application potential for printed electronics in smart textiles [13,14,15] and prevents applications in humid environments [16,17,18,19].



Barrier requirements for coatings with low water vapor and oxygen diffusion rates go far beyond the coating requirements for electrical insulation. The coatings established in textile technology, such as polyurethanes, polyacrylates and silicones, generally meet electrical insulation requirements (especially for the low-voltage power supplies commonly used in smart textiles), and ensure waterproofing. However, the coatings do not meet the barrier requirements for water vapor and oxygen in electronic assemblies sensitive to oxidation and water vapor. On the other hand, the coating materials commonly used in electrical engineering do not maintain the typical properties of textiles (flexibility, shape adaptation, textile feel, etc.). Therefore, the development of new coatings is needed to meet the requirement of smart textiles by protecting the sensor structures efficiently.



Few polymers are effective barriers against both water vapor and oxygen [20].Several approaches for flexible barrier layers are described in the scientific literature [21]. For example, highly flexible barrier layers were realized by multilayer polyurethane-EVOH combinations [22,23]. On the other hand, coatings with increased water vapor and oxygen barriers have been achieved by incorporating layered silicates into aqueous polymer dispersions or polymer melts [24].



This study focuses on using polymeric coating systems which have not yet been established as textile coatings to print and test a new thin and flexible coating for printed smart textiles with a barrier effect against water vapor. For this, we developed several polymeric systems with diffusion-inhibiting polyurethane dispersions mixed with layered silicates. The most appropriate coating was involved in the fabrication of a printed smart textile. The abrasion resistance of the printed textile samples as well as their insulation properties were tested.




2. Materials and Methods


2.1. Methodology


The methodology applied to this study is described in Figure 1. First of all, a polymer containing layered silicates was chosen, depending on its flexibility and its water vapor permeability, to be used as protection for a printed conductive structure. Then, printing parameters were determined to apply the chosen polymer as a homogenous layer. These parameters were used to print an encapsulated multilayered conductive structure, and the structure’s abrasion resistance as well as the continuity of the protection layers were tested. Depending on the results, new multilayered samples were printed.




2.2. Choice of the Protective Coating


2.2.1. Water Vapor Permeability of the Diffusion-Inhibiting Protective Barrier Layer


The water vapor permeability was determined according to ISO 15106 Part 3. The measurements were performed with the water vapor permeability tester WDDG from Brugger at 85 rel. h and 23 °C.



The water vapor permeabilities were measured on thin polymeric films applied on a polyester sheet with a thickness of 25 µm. The pure PET sheet had a water vapor permeability of 6.6 g/m²·d. Conforming to the diffusion model for multilayer systems—according to which the permeation resistance may be regarded as the sum of the individual resistances of the different layers—the total water vapor permeability is dominated by the more effective barrier layer.




2.2.2. Layered Silicates


Two kinds of layered silicates have been considered to reduce the water vapor permeability of the coating: LAPONITE-SL25 (BYK-Chemie GmbH) and NTS-5 (Topy industries). These liquid dispersions were mixed with the polyurethane dispersion Takelac WPB-341 A (Mitsui Chemicals), which presents sufficient water vapor barrier properties for food packaging. The addition of LAPONITE-SL25 resulted in a significant increase in the viscosity of the mixture. For this reason, the amount of LAPONITE added remained at 14% whereas NTS was added at about 50%. A thin film of each mixture was applied on a PET sheet, and its water vapor permeability was measured.



According to Figure 2, the addition of NTS layered silicates strongly reduced the water vapor permeability of the dried film beneath 1 g/m2 d and confirmed that layered silicates can be used to improve barrier properties. On the other hand, the addition of these layered silicates caused the film to become much more brittle and to require a long drying time, which reduces its suitability with smart textiles applications or with an economically viable printing process. The addition of LAPONITE layered silicates did not have a significant impact on the water vapor permeability of the dried film, but nevertheless affected screen-printing rheological paste properties and managed to form a flexible film with a reasonable drying time. For this reason, LAPONITE-SL25 layered silicates were further used in this study.





2.3. Printing Process


2.3.1. Printed Materials


To efficiently protect a conductive pattern, it was encapsulated with two protective layers. Thus, the printed sample was made up of five layers (Figure 3). The first and fifth layers served as a flexible primer and topcoat using the soft polyurethane Takelac WS 5000 (Mitsui) combined with layered silicates LAPONITE-SL25 (BYK), acting as an intermediate layer between a flexible textile and a rigid barrier layer to protect the whole system from damage. The second and fourth layers were barrier layers, and were mainly composed of the rigid polyurethane Takelac WPB-341A (Tg 115 °C) combined with the soft polyurethane Takelac WS 5000 (Tg 65 °C) and LAPONITE-SL25 layered silicates as well as with a thickening agent Rohagit SD 9523. The third layer was the conductive structure, composed of the silver-containing paste 200-05 (Dico Electronic). The composition of the protective layers is detailed in Table 1.



For each printing step, the flow curve of the paste—and thus its rheological behavior under shear forces—was measured with an Anton Paar MCR 301 rotary rheometer. Both pastes used as protective layers had a viscosity of between 30 and 90 Pa.s at a shear rate of 10 s−1. The conductive paste showed a higher viscosity of 239 Pa.s at a shear rate of 10 s−1.




2.3.2. Print Pattern


A U-shaped pattern with two contact surfaces was designed to test the protective properties of the coating. For each coating step, we carefully kept the contact spots free of coating. The layers were printed on a polyester weaving fabric. Layer 1 was in contact with the fabric. Layer 5 was printed last.




2.3.3. Screen-Printing Technology


Protective layers as well as the conductive structure were applied by screen-printing. For this, we used a Schenk Variprint Easy screen-printing carousel with three different print stations equipped with a polyester mesh 32–100 PW and 8 aluminum pallets



The screen-printing process first consists of a flooding step followed by a printing step. During the flood stroke, the lifted mesh of the stencil is filled with paste without being in contact with the substrate. During the printing stroke, the paste in the screen is then transferred to the substrate. This process makes it possible to print an exactly defined amount of paste on a textile.



Before printing the whole protected conductive structure, we determined the optimum print parameters for the protective layers using a response surface method experimental design. Because both protective polymer dispersions had a similar rheological behavior, only the flexible paste was used to determine the print parameters. To limit the number of tests, the following printing parameters were fixed on the basis of existing preliminary tests and experience [25,26,27]:




	-

	
Flood bar angle: Usually, a squeegee angle of 75° is used.




	-

	
Squeegee pressure during flooding: 1.5 bar.




	-

	
Flooding speed: 10 mm/s.




	-

	
Flood bar type: aluminum.




	-

	
Printed paste: paste for the flexible layer. All the protective pastes have a similar viscosity. It is expected that the parameters determined for the flexible layer can also be applied to the diffusion-inhibiting paste.




	-

	
The influence of the following parameters on the printing process was investigated:




	-

	
Off-contact distance: 2–6 mm. A jump of 2 mm ensures that the screen fabric does not come into contact with the substrate during flooding. For jumps larger than 6 mm, very high squeegee pressures are required to bring the screen fabric into contact with the substrate during printing. This could damage the screen fabric.




	-

	
Squeegee hardness: 80 Shore (hard), 60 Shore (soft). Squeegee hardness influences the amount of paste applied to the substrate. A soft squeegee usually applies more paste.




	-

	
Squeegee pressure during printing: kissing-print + 0–0.5 bar. The kissing-print corresponds to the pressure required for punctual contact of the screen fabric with the substrate. This pressure is highly dependent on the off-contact distance (Table 2). Therefore, only the additional pressure to the kissing-print was considered in the experimental design.




	-

	
Squeegee speed during printing: 10–30 mm/s. The speed of the printing squeegee influences the amount of material applied to the substrate and the print quality, among other things.









The paste quantity, the homogeneity of the layers and the print quality (complete print) were defined as target values and were optically evaluated in order to determine the quality of the samples. A statistically significant model was created for each target figure. A total of 40 trials were carried out to determine the print parameters.




2.3.4. Drying Process


After each print, a drying process was performed with a QC 5050 MW medium wave flash cure dryer (Calmat). The optimum drying parameters were determined in another study on the basis of design of experiments [28]. A drying time of 99 s and the IR-Radiator power P04 were used to dry all pastes without damaging the fabric.





2.4. Testing


2.4.1. Pinhole Test


In order to check the continuity of the protective layers, a pinhole test was performed with the printed samples. Electrolysis of an NaCl solution was performed using the coated conductive textile as cathode (Figure 4). A standard microcable was used as anode.



The following electrochemical reactions took place at the electrodes when current flowed.



This method enables visible detection of any pinhole or crack in the coating through the formation of H2 bubbles in the uncoated areas. The formation of hydrogen bubbles was assessed qualitatively but not quantitatively.



Prior to testing, we checked that current could flow through the print conductive path. One side of the conductive pattern was connected with a voltage supply. The other side of the pattern was connected with a standard microcable, whose stripped end was immersed in the NaCl solution as well as the anode. By increasing the voltage, H2 bubbles should occur at the stripped end of the microcable (Figure 5).



Because the conductive layer of the print pattern contains silver particles, the voltage was applied before the print pattern was immersed in the saline solution to protect the silver particles from oxidation.




2.4.2. Scanning Electron Microscopy (SEM)


SEM images were obtained with a Hitachi Tabletop Microscope TM-1000 in order to observe the structure of the printed layers and any disruption in the coating. SEM microscopy was used in addition to the pinhole test to check the continuity of the applied layers.




2.4.3. Abrasion Resistance


The abrasion resistance was evaluated with a Martindale abrasion tester according to the standard DIN EN ISO 12947 part 2 and 4.



Two samples with conductive pattern and without protective coating as well as two samples with protective coating were conditioned under 65% rel. h. and 20 °C for 24 h and then tested simultaneously. The samples were first loaded with 9 kPa and scrubbed with a standard scouring wool fabric at a scrubbing speed of 3000 T/min. After 50,000 rubbing tours, the load was increased to 12 kPa.






3. Results


3.1. Determination of Printing Parameters for the Protective Layers


The results of the experimental design are shown in Table 3. The best results were obtained with a small off-contact distance of >2 mm. To obtain a homogeneous layer, a slow squeegee speed and high squeegee pressure was required.



Printing tests were carried out with these parameters (Figure 6), and they confirmed the results of the experimental design.




3.2. Printed Samples for Testing


Multilayered conductive samples were printed in a single process using the printing parameters determined previously for the five layers (Table 4). In order to characterize the properties of the obtained sample, nine samples were printed simultaneously. Each sample was then used to carry out a specific test (e.g., pinhole test, abrasion test or SEM microscopy). In this way, the influence of external conditions such as temperature or humidity did not affect the results obtained. The resulting printing is shown in Figure 7. No differences could be observed visually between the samples.




3.3. Tests


3.3.1. Pinhole Test


In the first print sample tested, the respective protective layers and the conductive layer were each printed once as single layers. During the pinhole test, hydrogen bubbles formed on the surface of the print sample (Figure 8a), which can be explained by a hole in the protective coating. This was confirmed by SEM images, which showed the presence of pores in the protective layers (Figure 9).



To improve the barrier properties of the coating, protective layers were printed twice (double layer) to increase their thickness (Figure 10) and thus minimize the presence of continuous pores in the coating. In this case, the formation of hydrogen bubbles on the surface of the printed sample could not be detected during the pinhole test (Figure 8b). These results suggest that the developed diffusion-inhibiting pastes can be applied to textiles by screen-printing as flexible protection for conductive patterns, and thus suggest that the pastes can be implemented in the fabrication of smart textiles.




3.3.2. Martindale Abrasion Test


A Martindale abrasion test was performed to evaluate the abrasion resistance of the developed protective coating according to the parameters described in Section 2.4.3. The results of the test are shown in Table 5.



A slight abrasion of the conductive pattern of the uncoated samples was observed after only 610 cycles. After 50,000 abrasion cycles with a load of 9 kPa, no significant change could be detected in the coated samples. These samples were then loaded with 12 kPa and scrubbed again. After an additional 35,000 cycles, a hole was formed in the uncoated areas. However, the coated area remained unchanged. These results suggest that the developed coating system can be used as efficient protection from abrasion for printed conductive patterns.






4. Discussion


4.1. Abrasion Resistance


The samples with uncoated printed conductive patterns showed a low abrasion resistance. Because of its high viscosity, the conductive paste remained at the surface of the fabric, enabling a high conductivity of the structure after printing. However, as demonstrated by Kazani et al. [29], the conductive structure was thereby more sensitive to abrasion. In the study performed by Kazani et al., a conductive pattern was screen-printed on different fabrics, and its abrasion resistance and washability were tested. For this, the square resistance was measured before and after 5000 abrasion cycles. A clear increase of the square resistance was observed after abrasion. To improve the washability of the printed fabrics in the study by Kazani et al., the conductive patterns were laminated with an 80 µm thermoplastic polyurethane film. This should also improve the abrasion resistance, even if it was not tested in their study. However, the use of a film twice as thick as the coating obtained by screen-printing in our study limits the flexibility of the textile, and it especially requires an additional process to produce the smart textile, which makes the manufacturing process less economically viable.



Although our encapsulated structure also remained at the surface of the fabric, as seen in Figure 10, it showed a very high abrasion resistance. A Martindale abrasion test proved that a layer with a total thickness of approximately 20–40 µm of the developed coatings efficiently protected conductive patterns from abrasion. The coating can only be damaged by higher loads up to 12 kPa and more cycles than 85,000. This can be explained not only by the use of polyurethane—known for its good abrasion resistance—but also by the presence of layered silicates in the coating. Tabsan et al. [30] showed that adding a small amount of layered silicates (3 phr) in a rubber highly improved its abrasion resistance. To confirm this, abrasion tests should be performed with a similar TPU coating without layered silicates.




4.2. Barrier Properties


In a similar work [31], a conductive structure was encapsulated with two polyurethane layers. The first layer had waterproof properties. The second layer had adhesive properties to prevent the conductive layer from cracking. The thickness of the printed coating (90 µm) was similar to our coating (70–80 µm), even if it required four printing steps instead of the two steps in our case. However, the coating’s water vapor permeability was not studied, so it remains unclear whether these coatings efficiently protected the conductive structure from water. Because water vapor barrier properties were not mentioned by Yang et al., we predict that the water vapor permeability of their coating is higher than the water vapor permeability of the coatings used in our study. In this case, the risk of damaging the conductive structure by oxidation would be higher.



To date, no coatings with a low water vapor permeability have been used as printed layers to protect smart textiles.




4.3. Improvement of the Coating


Due to the formation of pores during the printing/drying processes, a single coating step did not effectively protect the printed conductive layer. This could also explain the relatively high water vapor permeability measured with the single-layer coatings containing LAPONITE layered silicates.



By repeating the printing process and thus applying a thicker protective coating (70–80 µm), the likelihood of pore formation was reduced. In this case, a pinhole test showed that a continuous coating was obtained on the printed conductive pattern. It can therefore be concluded that polyurethane dispersions mixed with layered silicates are suitable for the protection of printed smart textiles as long as the pore formation during the printing process is limited.



The formation of these pores could be due to:




	-

	
The elimination of the water present in the dispersion during the drying process, especially if the drying temperature exceeds 100 °C too early; or




	-

	
Air entrapment during the printing process and paste preparation.









In addition to avoiding the formation of gas bubbles by modifying the printing and drying parameters, it is possible to promote their removal.



According to Stokes’ law (Equation (1)), the rising speed of the bubbles depends on the dynamic viscosity of the coating, among other things.


      v =  2 9     (   ρ b  −  ρ f   )   μ  g  R 2       



(1)




where:



v the rising speed of the bubble (m/s);



g is the gravitational field strength (m/s²);



R is the radius of the gas bubble (m);



ρp is the mass density of the particles (kg/m³);



ρf is the mass density of the fluid (kg/m³);



μ is the dynamic viscosity of the coating (kg/(m × s)).



A reduction in the solid content in the dispersion (and therefore a reduction in its viscosity) could improve the evacuation of gas bubbles and thus the barrier properties.



The use of defoamer or de-aerator additives in the composition of the coating should also be tested to avoid the formation of pores. In this way, one could expect to obtain the same barrier properties with even thinner coatings.





5. Conclusions


In this study, polyurethane dispersions were mixed with LAPONITE-SL25 layered silicates to obtain screen-printing pastes with low water vapor permeability. The screen-printing technology is suitable to apply these dispersions as a thin continuous coating. By applying a multi-layer coating made up of a rigid layer with high diffusion-inhibiting properties and a flexible layer, on and under a conductive structure, we were able to efficiently protect it from mechanical and chemical stresses like abrasion and oxidation. The use of screen-printing enables a cost-effective application of these coatings on conductive structures with complex geometries.



It is conceivable to reduce the thickness of the coating while maintaining its barrier properties as long as the formation of pores during the printing/drying process is limited.



While these coatings have proven to be effective in protecting printed structures, they could also be used to protect conductive textile structures with complex geometries such as embroidery, knitted and weaving fabrics. These coatings are therefore suitable for use in the interdisciplinary field of smart textiles.
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Figure 1. Methodology of the study. 
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Figure 2. Influence of layered silicates on the water vapor permeability of protective films. 
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Figure 3. Top view and cross section of a printed sample. 
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Figure 4. Pinhole test. 
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Figure 5. Control of the current flow through the print sample. 
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Figure 6. Print result when using the print parameters determined by the experimental design. 
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Figure 7. Printed samples. 
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Figure 8. Pinhole test on printed samples. Conductive layer coated with single layer (a) and double layer (b) of protective coating. 
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Figure 9. SEM image (cross section) of a sample coated once. 
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Figure 10. SEM images of samples single-layer coated (a) and double-layer coated (b). 
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Table 1. Composition of the protective layers.






Table 1. Composition of the protective layers.





	Component
	Flexible Layers 1/5
	Barrier Layers 2/4





	Takelac WPB-341A
	/
	43 g



	Takelac WS-5000
	74.0 g
	30 g



	LAPONITE-SL25
	9.0 g
	11 g



	Rohagit SD 9523
	/
	3 g



	Water
	17.0 g
	14 g
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Table 2. Dependence between the off-contact distance and the kissing-print pressure.
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	Off-Contact Distance (mm)
	2
	3
	4
	6





	Kissing-print-pressure (Bar)
	1.5
	1.6
	1.7
	1.8
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Table 3. Printing parameters derived from the experimental design.






Table 3. Printing parameters derived from the experimental design.





	Off-Contact Distance (mm)
	Squeegee Pressure (bar)
	Squeegee Speed (mm/s)
	Squeegee Hardness (Shore)





	3
	2.1
	10
	60
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Table 4. Optimal printing and drying parameters used for each layer of the sample to be tested.






Table 4. Optimal printing and drying parameters used for each layer of the sample to be tested.





	
Off-Contact Distance (mm)

	
3






	
Flooding

	
Flood bar angle (°)

	
75




	
Flood bar pressure (bar)

	
1.5




	
Flood bar speed (mm/s)

	
10




	
Flood bar type

	
Aluminum




	
Printing

	
Squeegee angle (°)

	
75




	
Squeegee pressure (bar)

	
2.1




	
Squeegee speed (mm/s)

	
10




	
Squeegee hardness/type

	
Shore A Hardness 60/Silicone rubber




	
Drying

	
Dryer power

	
P04




	
Drying time (s)

	
99




	
Dryer–textile distance (mm)

	
69
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Table 5. Influence of a coating once printed on a conductive structure.
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	Tours
	Load (kPa)
	Without Coating
	With Coating





	0
	9
	 [image: Applsci 11 00664 i001]
	 [image: Applsci 11 00664 i002]



	610
	9
	 [image: Applsci 11 00664 i003]

Slight abrasion of the conductive structure
	 [image: Applsci 11 00664 i004]

No significant change



	1610
	9
	 [image: Applsci 11 00664 i005]

Distinct abrasion of the conductive structure
	 [image: Applsci 11 00664 i006]

No significant change



	6610
	9
	 [image: Applsci 11 00664 i007]

Conductive structure nearly completely removed
	 [image: Applsci 11 00664 i008]

No significant change



	85,000
	50,000 T by 9 kPa +

35,000 T by 12 kPa
	 [image: Applsci 11 00664 i009]

Conductive structure completely removed
	 [image: Applsci 11 00664 i010]

Hole in the uncoated fabric

No significant change in the coated structure
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