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Abstract

Wearable electronics and smart textiles are a rapidly developing area currently. Integration of electronic components and
systems directly on/into textile substrates leads to the development of promising new technologies among which it is
possible to include embroidering and knitting of passive electronic elements directly onto textile substrates. A hybrid
conductive thread is the basic building block of these elements and it contains a different number and different kinds of
metal fibers. The article deals with a brief description of hybrid conductive threads and their specific applications in
electronic systems. The article also includes the measured basic electrical and mechanical parameters of the described
textile electronic elements where their long-term stability and resistance to routine maintenance (washing and drying) of
textile substrates are also very important for these textile electronic elements.

Introduction

Nowadays, development of electronic systems is focused on flexible electronics that are easily integrated into smart
systems such as smart textiles, RFID, smart cities, internet of things, etc. [1], [2], [3]. An important part of these systems
is passive electronic components, sensors, buses and interconnection structures that have to meet requirements such as
low price, simple, smaller size, lighter, flexible, planar and robust for the harsh environment. These requirements have
led to the development of planar electronic devices created by the embroidery/knitting/weaving technology. These
technologies can use electrical conductive threads that allow creating conductive patterns on the textile substrates (Fig.
1). Smart textiles are a very promising and dynamically developing field connecting textile materials and electronic
components.

University of West Bohemia together with VUB company deal with research and development of hybrid conductive
threads and their applications mainly for smart textiles. This leads to the interconnection of textile technologies with
electronics and thus creating completely new useful products, particularly suitable in the following areas:

e Home care and health care
e Sport and fitness

e Well-being, IoT

e Protective clothing

Smart textiles are divided according to the degree of integration of electronic elements into textile substrates. The aim is
to integrate these electronic components as much as possible into textile substrates. For this purpose, it is necessary to
implement new elements on a textile basis with electrical properties. Between this basis elements, we can include
conductive hybrid threads that can be used to implement some electronic components as part of textile materials.

Fig. 1: Embroidered conductive pattern on the textile substrate.



Hybrid Conductive Threads

Passive electronic elements, sensors, bus, and interconnecting structures can be realized by a suitable construction of
hybrid conductive or resistive threads by means of common technological processes known in the textile industry. The
construction of hybrid conductive threads is based on ultrafine metallic wires combined with synthetic filaments like
polyester or polyamide (Fig. 2). These threads have excellent electrical properties, esp. low linear electrical resistance
(Tab. 1) that are given by used conductive material, diameter and number of conductive wires in threads. The particular
metallic wire can be non-insulated or insulated (Fig. 3) based on used application. Developed hybrid conductive threads
are fully compatible with standard textile manufacturing processes such as weaving, knitting and embroidering for
creating of completely functional conductive tracks, circuits, textrodes, heating elements.

Fig. 2: Hybrid conductive and resistive sewing threads based on metal microwires developed by VUB Company in
close collaboration with UWB.

Fig. 3: Detail ofconductive thread with A) 4 non-insulated brass microwires and B) 4 Cu/Ag PUR insulated
microwires.




Tab. 1: Type of conductive threads and their parameters.

b Metal wires Tension
density of Elongation % | Linear R
. from cN/tex
fibers Q/m
72 tex Brass 21,82 10,16 8,90
50 tex Cu/Ag 31,59 14,08 6,50
76 tex Cu/Ag 16,89 13,39 2,90
soiey | Chremenickel 53,11 14,39 2420,2
steel

Conductive threads, which are based on silver-coated non-conductive polyamide fibers, have been available on the market
for several years. These threads have better electrical parameters than hybrid conductive threads but their mechanical
resistance is poor — about 20 washing cycles. The advantages of hybrid conductive threads are high mechanical resistance
and resistance to washing/ drying process. The performed tests show that these developed threads are resistant to washing
process for more than 80 cycles. During the washing process, the resistance of the hybrid conductive threads are changed
but in comparison with threads that are silver-coated, these changes are negligible (Fig. 4).
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Fig. 4: Electrical resistance based on washing cycles: A) Cu/Ag hybrid sewing thread, B) thread based on commercial
silver coated polyamide fibers.

Applications of Hybrid Conductive Threads

Hybrid conductive threads that consist of different metallic wires with different numbers and diameters can be used for
different electronic elements that are integrated directly into textile. Hybrid conductive threads allow to create simple but
also more complicated electronic elements. The hybrid conductive threads can be used to implement textile bus and
interconnect systems that can be both stretchable and flexible.

Passive electronic components and antennas

Using conductive threads, embroidered planar passive components such as resistors, inductors and capacitors or antennas
can be easily implemented directly on textile substrates (Fig 5). These components are flexible, stretchable and washing
resistance. By assembling these embroidered electronic elements, more complex electronic modules can be formed.

Textile buttons

The functional elements such as textile buttons can be created directly on textile substrates using hybrid conductive
threads. In Figure 6, the example of capacitive textile buttons is presented. Capacitive textile buttons are created by
embroidering technology. These buttons are interconnected with control electronic unit by also hybrid conductive threads.
These buttons are used for switching of LED diodes that are connected on pads created by hybrid conductive threads.
These LED diodes are soldered to these textile pads. The advantage of hybrid conductive threads is that can be soldered.
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Fig. 5: A) Embroidered planar passive components, B) embroidered planar antennas.

Fig. 6: Embroidered capacitive buttons structure with a control electronic unit.

Sensors

Based on hybrid conductive threads the different type of sensors or sensor structures can be prepared. If the thread contains
only one chrome-nickel steel wire, this thread can be used for the creation of temperature sensor on/in textiles [4]. The
advantage of this sensor is its sensing area that can be modified and thus the sensor allows measuring temperature from
a large area. Because the thread has very low heat capacity, time response to sudden changes in the temperature is very
fast. This textile temperature sensor has high mechanical resistance and resistance to washing/ drying process for more
than 30 cycles. For the creation of this sensor, the standard textiles technologies can be used and it means very easy
integration into textile. For example, these textile sensors are suitable for patient temperature monitoring, early warning
system against burns (steam burns, heat stress). Example of embroidered temperature sensor on the textile substrate and
its measured temperature dependence of electrical resistance is shown in Figure 7.

Textile electrodes

Hybrid conductive threads can be also used for textile electrodes — textrodes. These electrodes can be prepared by knitting
or embroidering and can be fully integrated into/on standard T-shirts. The commercially available evaluation electronics
is connected via snap fasteners and allow to measure heart rate and ECG monitoring. The advantage of these electrodes
is in full integration in textile and so using of the external electrodes are not necessary. These textrodes do not prevent
normal user movement. T-shirts with electrodes can be suitable during sports or for long-term patients monitoring for
example in home care.
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Fig. 7: The embroidered temperature sensor and example of temperature calibration curves of the embroidered sensors.
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Fig. 8: Knitted electrodes seamlessly integrated into the functional undershirt and Android-based application with
measured ECG and heart rate.

Conductive stretchable textile ribbons

Conductive stretchable textile ribbons mean that hybrid conductive threads are integrated into stretchable woven ribbons
contain elastomer fibers. The stretchability of these ribbons is up to 70 % of the length. The ribbons can contain a different
number of the conductive line with different number of conductive threads. In this way, the electrical parameters can be
influenced. The advantage of these ribbons is that the electrical resistance is stable during stretching. The ribbons can be
in a version with insulated or non-insulated hybrid conductive threads. The textile ribbons withstand with conductive
threads is more than 25 000 cycles for 30% stretching, more than 10 000 cycles for 50 % stretching and more than 9 000
cycles for 70% stretching. Washing resistance is more than 50 cycles @ 400 rpm, 40 °C. If the conductive threads are on
the surface of textile ribbons, the electronic components can be contacted and integrated by different technologies such
as soldering, welding, and crimping on stretchable textile ribbons. These textile ribbons can be used for interconnection
of electronic elements in/on textiles with conventional electronics elements or batteries.



Smart bed sheets
A smart bed sheet is designed to improve patient care not only in hospitals but also in home care. This bed sheet contains
different hybrid conductive threads for temperature, humidity, presence sensors, and heating elements. Standard textile
technologies are used for the production of low-cost smart bed sheet with seamlessly integrated microsystem which can
monitor:

o Leakage of body fluids, excessive sweating

e Detect the presence of the patient in a bed

e  Optionally monitor sleep quality based on movements

The bed sheet can be divided into different zones and each zone can be evaluated separately (Fig. 10). Particular zones
are interconnected via knitted bus electrodes to the evaluation unit (Fig. 11). The data from the evaluation unit can be
transmitted via WiFi or IoT networks (LoRaWAN, SigFox).

The other version of this smart bed sheet contains seamless integration of heating threads into a knitted structure that
allows even temperature distribution (Fig. 12). The difference between the maximum and minimum temperature of
heating lines is lower than 3 °C. Heating power can be up to 80 W. There is also possible to integrate temperature sensor
based on hybrid conductive threads for feedback control of heating elements.

Both smart bed sheets have high mechanical resistance and resistance to washing/ drying process more than 30 cycles.
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Fig. 10: The concept of the smart bed sheet.
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Fig. 11: Smart bed sheet with integrated presence, incontinency, motion detection sensors.
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Fig. 12: Heated knitted bed sheet.

Smart socks

The idea of a smart sock is presented in Figure 13. Smart socks usefully integrated textile strain sensors for detection of
limb swelling. The socks contain developed strain sensor threads based on stapled stainless steel fibers where the electrical
parameters, mainly electrical resistance, are changed during stretching (Fig. 14). These socks allow long-term
measurement of swelling and its development over time. Particular strain sensors in the sock are connected with an
evaluation unit by conductive stretchable textile ribbons (Fig. 13). Obtained data are wirelessly transmitted to the cloud
using loT platform.
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Fig. 13: Design of smart sock for edema limbs monitoring and test samples of smart socks connected by textile ribbons.
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Fig. 14: Change of electrical resistance of textile strain sensors.

Conclusions

Nowadays, smart textiles are rapidly developing and allow the direct integration of various electronic elements directly
into textile substrates. However, the biggest problem with these smart textiles is their resistance to routine maintenance
such as washing and drying process. Some products available on the market cannot be maintained by standard procedures
or their lifetime decreases significantly. It is the development of hybrid conductive threads that enables the integration of
a wide variety of electronic components, sensors and interconnecting structures with greater mechanical resistance to
regular maintenance. These threads can be used to construct simple but also more complex electronic elements in textile
substrates. Only some applications of these conductive hybrid threads that are or will soon be on the market are presented
in this article. However, there are other applications of conductive hybrid threads not mentioned here, especially in the
field of protective clothing or in the treatment of certain diseases.

Acknowledgement

This research has been supported by the Ministry of Education, Youth and Sports of the Czech Republic under the RICE
— New Technologies and Concepts for Smart Industrial Systems, project No. LO1607.

References

[1] MATTILA, H.R. Intelligent Textiles and Clothing. North America: Woodhead Publishing Limited, 2006.

[2] E-Textiles For Wearability: Review Of Integration Technologies. Textile World [online]. [cit. 2017-01-13].
Available from: http://www.textileworld.com/textile-world/features/2010/04/e-textiles-for-wearability-review-of-
integration-technologies/

[3] SOFT SENSING STRUCTURES. Smart Textiles Design Lab Blog [online]. The Swedish School of Textiles, 2016
[cit. 2017-06-07]. Available from: http://stdl.se/?p=3864

[4] R. Polansky, et al., A novel large-area embroidered temperature sensor based on an innovative hybrid resistive thread,
In Sensors and Actuators A: Physical, Volume 265, 2017, Pages 111-119, ISSN 0924-4247

Author Biography

Tomas Blecha received master degree in Electronic and Telecommunications at the University of West Bohemia in Pilsen
in 2003 and Ph.D. degree in Electrical Engineering on the same university in 2007 and assoc. prof. in 2016 also at the
University of West Bohemia in Pilsen. His main research interests are in the areas of design and characterization of
microwave printed circuit boards and devices. In addition he is performing research in smart textiles, printed electronics,
measurement, modelling and simulation for high frequency transmission lines and circuits.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


