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Introduction

Since time immemorial, clothing has kept peoplernadry and protected from the
elements and the environment, and to a certaimgxt®m each other. Manufacturers have
continuously strived to develop new kinds of matsriand fabrics, yielding improvements in
terms of texture, breathability, permeability, wateofness, and UV protection. Additionally
some fabrics offer the capability to release pedsmcontrol body temperature, clean
themselves and resist staining. However, enabhbgids to sense, control and respond to the
environment or other garments has the potentialetmlutionise both communication and
couture alike. In order to spark this revolutionwewer, the necessary implementation
technologies need to be in place. This paper dessrihe exciting development of a
technology capable of printing conductive patteznenomically onto flexible materials such
as textile fabrics; a technology which is both famekntal and crucial to the successful
integration of electronics with textiles.

Recently, ambient intelligence has become a pomalacept and it is very likely to be
the driving force for consumer electronics in theanfuture [1, 2]. Wearable electronics and
intelligent textiles may become key-elements fobamt intelligence. Recent developments
illustrate the promising character of wearable teteics and intelligent textiles [3, 4].
Integrated compact disk players, MP3 players, mlaat game panels, digital cameragleo
devices, and interactive club apparel that chamgésur with the beat of the music are all
being developed. Textile Key pads on a sleeve nbghiised to dial telephone numbers, type
pager messages, and play music. Interior textiesttfe home or office use might control
lighting, temperature or electronic devices. Foaragle, a television remote control might be

integrated into the arm of a sofa, or a light stviletegrated into a curtain. These integrated



devices can also be developed to detect pressdferanovement in sensitive medical textiles,
engineering fabrics, active sportswear, and autv@geats [5].

Technologies must alsioy to be close to fashion. Textile look and fealsinnot be
impaired by the proposed new functions, which mehasthe technology must be small, light-
weight and smooth. Mechanical stress must not teddilure and washing and cleaning must
be possible. On the other hand the cost of thechddiie must not significantly increase the
price of the product.

In order to develop more appealing wearable elagtsp conductive materials are being
used to transform traditional textile and appareldpcts into lightweight, wireless, wearable
computing devices. Materials such as conductiveymets, metallic and optical fibres,
conductive yarns and coatings are being used tplyepnductivity and create wireless textile
circuitry [6].

Sewing, embroidery, weaving and knitting are pdssimethods for inserting
conductive materials into the textile texture, heereprinting can be seen to be the most
flexible technique for applying a patterned condwctdesign on a textile surface. Printing
techniques such as Flexo, Offset, Screen, Grawuaark-jet have been used successfidiy
making conductive patterns on different materialspecially on paper and plastic substrates
which have an even surface.

The main reported printing method of applying cartoke materials to textile surfaces
is screen printing. The conductive ink used in tigige of process consists of a dispersion of
metal (mainly silver, gold and copper) or carbomtipes and suitable resins in organic or
inorganic solvents [7- 10]. Screen printed pattér@gng a width of 30 um have been reported,
but since printed lines may not be continuous du¢he mesh structure of the screen, the
limiting pattern width is about 100um for mass proiibn of industrial products by screen
printing [11].

Recent years have seeniacreasing interest in the application of ink-jeihging in the
textile market. This technique offers benefits sasmon-contact, speed, flexibility, creativity,
cleanliness, competitiveness and eco-friendlinEsgrinciple, inkjet is the simplest printing
technology comprising just a print head and ink tiwt reality is different. It demands multi-
disciplinary skills to design and develop inkjesgms and the reliability of those systems
depends on extremely precise control of a soliditifpas interface. Ink-jet inks must possess
physical properties not only for drop formation lngt capable of producing sharp, dense and

permanent images. The viscosities of ink-jet flurdast be quite low compared to screen



printing pastes. Other rheological parameters (@ugace tension, density, and conductivity
requirements) also differ between different typésn&-jet printing heads. Some other basic
requirements for the ink include: formation of antfamenous droplet reproducible in size,
speed and direction; the droplets must be ejecteal steady manner. The ejection should be
properly synchronised with the printing signal watintually no clogging at any time; wetting
should be efficient and rapid, the concentratiortha printing ink should be high; the ink
properties should not alter much with change inperature and the printing ink should be
stable for a long period [1Efror! Reference source not found].

Available ink-jet printers have droplet volumes gang from 2 to 40 picolitres
depending on the nozzle size and the driving fogected droplets spread on the surface by
~20 — 200 um, depending on the droplet volume hadvetability of the surface. At present,
ink-jets are capable of line resolutions of lesantt20 um, which is much better than the
current state of the art obtained by screen pgntin

Currently conductive ink-jet inks contain a dispensof metallic nanoparticles in an
aqueous or organic vehicle. A major challenge iplyapg inkjet processes for direct writing is
to formulate suitable inks. The inks must contdie eppropriate precursors and a carrier
vehicle. In addition, they may contain various l@irgj dispersants, and adhesion promoters,
depending on the nature of the precursor and theplar application. In the case of inks for
metallization, the content must be adjustable tvide the required resolution, with good
adhesion and the desired electronic propertiesHerconducting lines. Ink composition is
critical because it defines the way in which thle @an be jetted, the adhesion to the substrate,
the line resolution and profile and the mechani$metallic pattern formation.

The ink-jet printing technique can be used to depoetals using the more novel
approach of printing a water soluble metal salt getlicing agent on a substrate thus forming
the metal in situ. The idea of reducing metallitssto produce metallic patterns was originally
expressed by Thomas Edison, famous for commetlaglikie first incandescent electric light
bulb. To tackle the mass-producible wiring probland answer the question of how to "draw”
conductive traces on paper, Edison proposed terpaé dielectric with silver nitrate solution
and reduce the salt to metal [15]. Agfa-Gevaef@.Nfirst patented the idea for a process of
producing a lithographic printing plate by ink-printing of an aqueous solution of a silver salt
and the reducing agent on an anodised aluminiurstsaib [16]. Qinettiq Ltd. has patented the
whole concept of depositing solid materials dingcthto a substrate by using a fluid applicator

such as an ink-jet printer to apply at least twindfs which react to give the desired material for



a range of applications including PCBs [17]. Altgbuhere is a growing demand and potential
for ink-jet processes in the textile printing inttys according to our present knowledge no
report has been published on ink-jet printing otahprecursors to print conductive patterns on
textile fabrics. Our specific goals in the presmdearch are to show the feasibility of using
ink-jet technologyto deliver aqueous metal salt solution and aquesmhstion of reducing

agents in order to print highly conductive pattewth low contact resistance, good adhesion
and good resolution on various substrates suclaperppolyethylene terephtalate plastic sheet

and textile fabrics.

Experimental

Materials

All of the ink-jet printed patterns reported hererev/fabricated using a Hewlett-Packard
(hp) office desktop thermal-driven ink-jet printer (a2@Bdpi resolutionjt is only about one
third the resolution of available industrial ink-frinters). Although a piezo-based ink-jet print
head offers a greater range of ink compatibilitgrtithermal ink-jet heads, we preferred to use
a simple thermal head printer because of the soiyplof filling original cartridges with the
new ink. A4 size copy paper, ink-jet print transparies (hydrophilic coated PET) and 100%
bleached cotton fabric (plain weaved, 140 3/mere used as the substrates for printing
conductive patterns. For the purpose of passindaiec samples through the ink-jet printer,
they were glued to a sheet of A4 paper by applglg to the fabric edges. For coating and
padding purposes a manual applicator and a pnecitwadiroller padder were used. Analytical
grades silver nitrate and all other chemicals vperehased from the Avocado Company.

As a metal precursor, there are different choioceslable such as sulphate, nitrate,
acetate or carbonate salts of silver or even coppat ink—jet printing, has unique
requirements. Factors such as high solubility idvestt, prolonged solution stability,
acceptable pH, low corrosive nature, positive siathcelectron potential, fast reaction in the
lowest possible amount of solvent, irreversibledation of metal after reduction,...are some
of the necessities which restrict the choice ofahptecursor in such procedures. According to
our experiments, silver nitrate was the metal shlthoice. Silver nitrate has a high standard
electron potential (2.35 times higher than coppezjy good solubility and pH (especially in

the ammonia-complex form) and has an acceptalde.pri



Silver salts can be easily reduced by a vast numberducing agents such as sodium
borohydride and formic acid, however the uniqueessities of ink-jet printing demand a
reducing system with very low toxicity, non-corngsinature, acceptabiater solubility,
excellent reducing power whilst working in atmosphieondition and with no risk of damage
to the substrate. Most reducing materials whichkweell in solution reactions, fail to act in
the ink-jet system where the metal salt and redpeigent are applied as tiny droplets. In
addition simultaneous diffusion into the substiatd rapid drying are important factors. Using
the results of experiments in solution and in ithiejet process it was possible to make an
excellent selection of water soluble reducing swstegiving good compatibility with the
ink-jet system and generating conductive metaltprin

Ink-jet Printing Experiments

For printing purposes hp single head office printer was used to print mietaalt
and/or reducing agent solutions in separate russally the substrate was first printed with the
reducing ink and then with metal precursor ink. Mgoft Word wasused as the printer
controlling software. The substrate could be ansk4 sheet of paper, PET film or a piece of
fabric glued to pape/All substrates must be repositioned into the prifbr the next printing
run as accurately as possible to have the bestisypsition of the second droplets on the
previously printed reducing agent or metal salsdéss office printers and related software are
built to give the best visual results, not thernéite coverage of the surface and cohesion of
ejected ink droplets, it has been necessary taatepe printing sequence more than once to
achieve connectivity between the metallic partiétesned on the surface. Intermediate drying
between the printing sequences was complaté&®°C to reduce the adverse effect of leading
rollers and holders on the print quality and resotuof thefinal metallic patterns. All printing
processes have been carried out at room temperature

Ink-jet printing on textile fabrics, even with coémts and especially with pigments, is
not an easy process and needs careful prepardtitabrc and total control of the printing
process for the best resolution, brightness anducdbstness. The contact of metal salt and
reducing agent generates insoluble metallic pagigthich can grow very fast and in different
shapes. To increase surface evenness and regudadtyto provide a polymeric media for
embedding metal particles, the fabric has beenedoatth a layer of water soluble polymeric
material with the capability of being made insolullly a cationic species present in the

printing ink.



Assessment of the Printed Samples

Since the films are designed to be conductives h@cessary to perform experiments
using the appropriate equipment in order to obfmrtinent measurements. In essence, the
measurement of the conductivity of the films pr@ada measure of the underlying
microstructure, any discontinuities or anomaligsiag from the deposition process.

The electrical conductivity () is a measure of how well a substance passesieddct
current and may be determined from the resistigi)ywhich is the inverse of conductivity.
Resistivity may be determined through the followreationship: -

_ Vi
I
WhereV is the measured voltage (\)is the thickness of the samplesis the sample
width (m), | the length (m) of the samples ahds the inputted current (A). A four-contact
method was used in preference to the four-poinb@rmethod usually employed in the

electrical assessment of films. A circuit diagraihthe apparatus is shown in Figure 1.
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Figure 1, Circuit Diagram of a Four-contact Apparatus

This method allows a mean value of resistivity rothee width of the film strip to be
measured (i.e. effectively the integration of arfinite number of four-point probe
measurements across the strip width). The expetahém strips each measured 30mm by
80mm, with varying values of film thickness, withet resistivity being calculated from the
measurements taken with the strip clamped in the-dontact probe. Th&hickness of the

deposited metallic layers were measured usingrangug electron microscope (SEM).



Results and Discussion

SEM images of all samples after ink-jet depositairsilver are shown in figure 2.
From the SEM micrographs, it appears that the glastiare spheroid in shape on the fabric and
PET but on paper they are flake-like, with an agerdiameter of between 10 to 200 nm. The
diffusion of reacting water soluble inks in the strhte or its coated surface layer acted as a
matrix for holding the metallic particles in place.

Paper PET Transparency Cotton Fabric

Figure 2, SEM Micrographs of the Ink-jet Silver Deposited Suates

The calculated conductivity of the printed samgias been given in table 1. From the
table it can be seen that the technique produgesdavith conductivities comparable to that of
bulk metals, such as copper (5.818 S/m), silver (6.17310" S/m), stainless steel
(11 10° S/m) and graphite (20° S/m). Using a printer with higher resolution and
pre-treatment of surfaces for having a more redgebdure and properties can improve the print
fastnesses and conductivity.



Table 1, Conductivity of Ink-jet Deposited Silver Patteims Different Substrates

Substrate Paper PET Transparency Cotton Fabric
Print Thickness (um) 5.29 4.55 7.56
Electrical conductivity (S/m) + 0.1% | 2.76 10° 2.7110° 8.76 10'

Washing experiments on textile fabrics have sholat the printed layer has been

protected by the polymeric pre-coated material. pbe/mer coating agent could be water

insoluble by silver cations and it can surround plaeticles accumulated on and between the

fibre surfaces. Using other protecting materialghsias heat or UV curable resins are

alternatives for improving wash-fastness of thented layer against severe washing and

rubbing conditions.

Conclusions

A novel method of printing metallic electrical carddive patterns on different substrates by
ink-jet printing of metal salt solutions and recgiagents has been developed. This two
step printing method, compared to conventional parteles printing processes is much
simpler and cheaper, environment and user frieadly capable of producing conductive
patterns in ambient conditions.

The developed ink-jet deposition of metals is orieth®@ most convenient method of
inserting conductive materials into the textilette® compare to other methods such as
sewing, embroidery, weaving and knitting.

The silver layers deposited by this process showddvel of flexibility allowing for
printing on different materials; such as paper plagtics.

The results showed that the conductivities of thietg are dependent on the substrate. Of
the substrates used, paper and PET Transpareneythawhighest conductivities ranging
from 2 10*-5 10° (S/m), where as metallic silver wire has a coniditgtof 6.173 10’
S/m.

It has been shown that the deposition of condudiing with satisfactory conductivities
can be achieved using the novel two step ink-yietipg process described herein.



On the conclusions listed above we foresee a tilmerevby this printing technology could be
used for micro-fabrication of electronic devicesl ave expect that a larger range of materials,

including other metals can be ink-jet printed tddthe other electrical components.

Acknowledgement

The authors wish to thank the members of the Demant of Colour and Polymer
Chemistry, the School of Electronic and ElectriEalgineering at the University of Leeds,
Instumentel Ltd. and in particular Dr. A. Kazlaugas, Dr. P. Broadbent and J. Pitchford for

important contributions and support.

References:

Hum, P.J.Computer Networks/ol. 35, 2001, pp391-399

Catrysse, M., Puers R., Hertleer Gensors and Actuators 2004, Available online at

www.sciencedirect.com

3. Post, E.R., Orth, M., Gershenfeld, P.R., RussolBW, System Journalol. 39, 2000,
pp840-860.

4. Mazzoldi, A., De Rossi D., Lorussi, F., ScilingoPE Paradiso, RAUTEX Research
Journal Vol. 2, issue 4, 2002, pp199-203.

5. Infenion internet home page

http://www.wearable-electronics.deffiotios_presse.asp, 2002

Lennox-Ker, P.,”High Performance Textile¥ol. 11, pp6-7

Hideyuki, G., Masayuki, U., Yorishighe, M., Noriaki., Japan PatentJP2002324966,

2002

8. Minoru, N., Hiroaki, T. Japan Patent JP2003110225, 2003

9. Dainippon Ink & ChemicalsJapan Patent JP5222326T, 1993

10.  Akihiro, K., United States PatentS6479762, 2002

11.  Fuijii, et. al. ,United States Patet,366,760, 1994

12.  Wijchert, H., United States Pater®,537,359, 2003

13.  Buckley, M. S., Bowns, R. EUnited States Pateft,389,403 , 1995

14.  Choi, P.S.R, Yuen, C.W.M., Ku, S.K.A., Kwan, C.W&xtile Asia Feb. 2004, pp50-56

15.  Gilleo, K., Printed Circuit Fabrication Vol. 22, No. 1, January 1999, pp18-21

16. Jan, V.D. B.; Guido, D., Leo, O., Luc, European PatenEP0697282, 1996

17. Robert, D., Norman, WWorld PatentWO 03/049515, 2003

N =

No



Abstract

The electronics that facilitate our daily purswtsd interactions may soon be integrated
into textiles in all areas of our personal enviremin To develop more appealing wearable
electronics, conductive materials are being usettansform traditional textile and apparel
products into lightweight, wireless, wearable cotimmu devices. In the present research, an
ink-jet printing technique has been used for pmgthighly conductive metallic patterns on
different substrates and textile fabrics. Ink-jeinpng of separate aqueous solutions of the
metal precursor salt and reducing agent producenauctive pattern on substrate surface.
Conductivity measurements and physical tests havenis the great potential of this technique

for printing Printed Circuit Boards (PCBs) on diéat materials.
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