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Résune

A new era is coming with intelligent materials, which areeatd provide diverse functionalities to users all along thepct
lifecycle, during the design, manufacturing, use and diglity phases. These materials can track their own evaiwib
along the Supply Chain, which lead to gather helpful infaioraand allow information continuum at all time and everysd
(synchronization of informational and physical flows). @iy these functionalities are fulfilled via the integaatiof specific
electronic components into the material (wireless sen&dFtD). The present paper forms part of this framework. Téugther
in the interpretation of this paradigm, it proposes an apgihdo design this kind of communicating material and itessary
communication architecture useful to enable communinatietween textile and environment. Feasibility studieates to
industrial processes, to usage and technology constiaiatsandled within the paper too. A prototype is realized lctv a
huge number of tags are scattered. Afterwards, the phygittd of the textile are evaluated and compared to a clagsc A
digitizing tool is also introduced which allows getting dmically the the location map of tags constituting the maker

Key words: Communicating material, Prototyping, Smart clothing, @yghain management, Ubiquitous computing.

1 Introduction

A new era is coming with intelligent materials, which areeatd provide diverse functionalities to users all along
the product lifecycle, during the use phase (medical sg6tds], clothing [26], military [22], home automation
[12, 2], ...) or during the design, manufacturing and distiivag phases. These materials can track their own
evolution all along the Supply Chain, which lead to gathdpfut information and allow information continuum

at all time and everywhere. As a matter of fact, [5] showedphmluct needs technologies not only to carry
data but both data and knowledge (e.g via wireless senséif),R..). Both physical and informational flows
being merged into the product, that kind of material ensusgrachronization between them [23]. Works about
intelligent productq430, 20] in the logistic field often consider discrete protudn this context, each product
disposes of a distinct informational part, located on amctedmic tag. Nonetheless, this concept already shows
a certain number of limits : discrete reading, risk of tag dgm problem of information loss when cutting the
product in several parts. [27] emphasizes the significampgmtion of defective tags and false reads (which has
been as high a2 — 50% in some pilot projects). The problems pointed out previgesiuld be resolved, if one
imagines that all the material composing the product hagthperty to be communicating. The technology is
inserted into the material during its initial productiona®to be inseparable. Then, it is not a punctual part of the
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product which acquires and broadcasts information but thenal in its wholeness. The product becomes ipso
facto communicating inherently, and reading informatismpossible anywhere on the product (not only via the
RFID tag), enabling copy/redundance/backup informatmnt®ns. The idea of a communicating material has
been introduced and discussed for the first time in our ptesjp@per [16].

The relevance of implementing this concept is argued (&t lgaalitatively) in our previous paper, too, with a
study made over different case studies through literataeh one focusing on a specific phase of the product
lifecycle. Next, a generic functional analysis is carriad m the same paper to highlight functionalities of the
communicating material. According to the possible curtechnologies, a list of addressed technological and
scientific issues is expressed, classified in four clusters :

— Material instrumentation : it is mainly composed of issues related to the achievemetiteotommunicating
material in its natural state. It concerns choices aboull¢sgity, tags and RFID readers to implement or still the
integration of "tag systems” into a fibrous composite or iatextile. The encountered problems in this cluster
are principally problems of choice of solution with respiecthe technological constraints.

— communication architecture : the aim is to develop a middleware allowing to exploit the §ibgl layer (com-
posed of tags and readers). More specifically, it addressass like the accessibility of material, the tags order
to read/write, ...

— data dissemination : the purpose is to develop an embedded information systehinwtite material, able to
offer some services expected by users involved in the litdecyn order to implement this information system,
it is necessary to define the data model supporting the egetbimformation throughout its life cycle and to
address some issues related to data allocation, avaijadnild consistency in mobile environments [19].

— data completeness : This cluster focuses specifically on issues concerning ctatgpleteness. Active products
such a communicating materials have limited charactesigmall memory, infrequent communications,...),
leading to issues regarding data summarization in mobile@mment systems [11]

The present paper’s aim is to propose an approach to builthencmicating textile prototype and to bring elements
of solution about some of these issues, especially relatéidet material instrumentation by taking into account
diverse constraints specific to the studied system. Thergpéhe improvement of product traceability as stated
previously, but also intelligent material framework andtgalarly e-textiles. In recent years, several projects
have been focused on similar research topics, let us ndte@rmjectMERMOTHthat contributed to Medical
Remote Monitoring of clothes frora003 to 2006, the OFSETHproject (Optical fibre sensors embedded into
technical Textile for Healthcare) fro2006 to 2010 or still ProeTEX, focusing or-textiles for firefighters and
civilian victims monitoring. Moreover, numerous projearg® coming up, such as the next CALL FRvhich has

a topic called SFIT (Smart Fabrics and Interactive Textjleghose aim is to expose interests to develop new
functionalized textile materials, or ISIS (society hosbgthe University of Bremen) which is currently working
on sensory materials. Thus, one can easily see that givimgneed functionalities to materials is a hot topic today,
which seems to be promised to important research oppddanis a matter of course, this concept involves a
need in miniaturization of components in order to give theemal this ability to be intrinsically communicating
and seamlessly, this point meets the vision of Smart Duséscribed in [14]. Although we are still far from the
realization of this vision, there are already devices abdd that measure less thacubic millimeter.

To design such a material, a guideline has to be followed.fiuze 1 highlights the different steps to design,
to produce, to test and to use a communicating material armé specifically in this paper, a textile material
prototype. Except for the section 2 which focuses on esfhainliy a state of the art about intelligent materials,
all the sections of this paper are organized regarding tsieges, where each step is described for our prototype.
The first step aim (see figure 1), in designing such a matésiad, conduct a functional analysis of the scenario
requirements to specify functionalities which have to baevjated by the prototype. The second step concerns the
characterization of the used technology in order to take @wcount its limits for the prototyping. In our case,
we focus on maximal tag density which is the subject of thdizeal. Afterwards, several processes allowing
scattering tags into the material have to be studied in daéake into account the characterization done in the
previous step. This step corresponds to the section 5. Asti@mud course, it is necessary to study the quality
of the designed material (usage constraints, ...), this istay be based on standard tests as done in section 6,
regardingOSl standards in the textile framework. Finally, an architegiof communication and new tools have to
be developed (according to user requirements) to enabiaaherial to communicate with its ambient environment
and vice-versa. One solution is proposed in the last seatibare a digitizing tool is introduced.

1. Definition given in [14] : The vision oBmart Dustis to be able to implement computing devices the size of axgyhi
sand that will contain sensors, computational power andlbeta communicate wirelessly with other devices.
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FIGURE 1. A guideline to build a communicating material

2 Related works about intelligent materials
2.1 Introduction

Various materials are calleidtelligent In reality, these are materials able to communicate witirtambient
environment or from time to time, able to act according tacsaitions from their environment so as to fulfill the
user requirements or their objective function. They mayehdiverse functions but the main one is to answer to
stimuli perceived. Theé-Bar is a representative example [1], which reacts to akctsjin contact with. Intelligent
materials could possibly interact with daily devices. Letconsider the example of a washing machine that would
automatically interrogate tags embedded in our clothesaatjast the wash cycle accordingly [18], or health
monitoring and assistance thanks to clothes. In this césthes would be able to dissociate any part of the human
body and in a result, act where necessary (indeed clotheteatilgs are in direct contact with abod% of the
skin surface [4]). A last case concerns communicating etligent walls as pointed out by [7], who saithe walls
could have earsindthese walls could talkThereby, predictive maintenance could be implemented <o warn
about possible problems (crack, heat loss, ...). Initbernet of thinggaradigm, increasingly, connections are
not just people-people or people-computers, but betweepleehings and most strikingly, things-things [18]. The
idea of a communicating material is really close to concspth as Ambient Intelligence and Ubiquitous/Pervasive
Computing [29, 25].

The majority of intelligent materials owns an electronictpee an external entity grafted on the material initially
inert in order to give functionalities (e.g a RFID tag on a wgank or a microprocessor embedded into textile).
However, it also exists materials devoid of electronicsalihmay be considered like intelligent regarding their
chemical composition. Let us mention materials which adogred of reaction abilities, transformation, through
mechanical rules, electrical, ... Let us notice the folldwategories piezoelectri¢electrostriction magnetostric-
tion, shape memory alldy The microencapsulation may be also considered as atigeta technology, which
allows to encapsulate products which can be medicinesngalseil or still perfumes [13]. Then, these capsules
liberate progressively their products according to theexn

2.2 e-textiles

One of intelligent material categories is the textile in @fhivarious electronic components are grafted (sensors,
microencapsulation, . ..), calledtextile. Both main sectors developed about this topic &thing and medical
[24, 10]. Usually, textiles are classified into two categeiccording to two kinds of design. The firstis the creation
of copper wired network or other conductor metals on whickess components are grafted. This technology
enables to use high power components, but raises some driesyleag related to textile design whose rigidity
is uncomfortable from a user point of view [17]. The big deahsidering such a technology is the breaking
of electrical threads which causes the integral destrnaifahe prototype. Regarding to the second technology,
components designing within flexible materials such ascapfiber, carbon nanofiber, piezoelectric materials
preserve textile comfort, lightness and softness. Consigehe choice made in regards to materials but also in
regards to our goal (which is to scatter information into tdeeile material), our prototype implements that last
technology. However, to date, this choice engenders ldrfiiectionalities and power. [21] chose this approach
to build ane-textile where the thinness of the integrated sensors madsible those components to the person
wearing this outfit. Nonetheless, the barrier separatirily bategories is narrowing. [15] integrates more powerful
components, while keeping textile softness. [9] shows ithatpossible to have an aesthetic insertion of several
components.
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The CEA-Lé&ti company (from France) proposed a specialteldyy which allows to graft RFID tags on a flexible
polymer thread (projectDiabolo”) [8]. However, this technology is still in prototype stagend is not available
"on the shelf”. That is why, we opted for the RFID technologydloped byHitachi (n.chip), working in MF range
and which is currently the smallest on the marketi(x 0,4 x 0, 1/mm) [28]. The paper aim is to highlight how to
design and build a material able to communicate, to sendeceive information while using this type of RFID.
For our purpose, the second category-@éxtile stated previously is considered. Informationtextged from the
communicating material to its ambient environment will béormation related to the product traceability or the
daily usages, ... Let us remember that in our case, the rabgpsecificity is to acquire and broadcast information in
its wholeness. Thus, the product becomes ipso facto conuatimg inherently, and reading information is possible
anywhere on the product. The next section described thetisiof the guideline mentioned on the figure 1, related
to the functional analysis.

3 Functional specification of the communicating textile

First of all, it is necessary to conduct a functional analysfithe scenario requirements in order to specify func-
tionalities which have to be provided by the prototype. In case, one part of the global analysis was carried out
in our previous paper. The main objectives of the presenempape to study the feasibility of such artextile,
according to several constraints :

— interference constraintsthe use of specific components suchditachi RFID technology involves to determine
some of their properties such as the reading zone (zone ichvéhtag and a RFID reader can communicate),
which will constraint the design process.

— manufacturing constraintsFor manufacturing sake, it is necessary to find industrat@sses compatible with
our communicating textile,

— usage constraintsto validate the textile quality, it is necessary to asskegptysical limits of the prototype,

— communication constraintshe prototype must communicate with its ambient environtne

The next section focuses on characterizing the used teogyah order to take into account its limits for the

prototyping.
4 Characterization of the support of communication

4.1 Characterization of thelitachitechnology

The Hitachi technology is still limited on some points. Firstly, it is rossible to store information directly into
tags (read only technology), so it is necessary to implera@#tabase within the network architecture. Secondly,
one of the main problem is that it does not exist anti-callisprotocol for reading tags. In spite of these limits,
everything seems to suggest that future technologic ingr@nts will overcome these problems. However for
now, it is necessary to characterize correctly this teatapofor building the prototype.

RFID Tag

RFID Tag

(a) Structure to study the signal according to layer (b) Structure to test the antenna orientation on the
two rotations

FIGURE 2. Structures implemented to study tieading zon€zone in which a tag and a RFID reader can communicate)

Various experiments are led with the intention to specify ticchnology. First of all, it is necessary to study the
reading zone since the tag repartition into the materiaéddp of that. Indeed, this technology does not have an
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anti-collision protocol and two tags can not be present @rtading zone at the same time. In order to do that,
two structures are designed figure 2 allowing to study theadighape, layer by layer according to the antenna
orientation. The first structure figure 2(a) consists of aORF¢ader which stands upon a basis and positioned
against two abutments and four columns adjustable in hdiggdn these columns stands a graduated plate where
the tag is positioned. Thus, we go all over the grid (milliexdty millimeter) in order to know where the signal is
lost. The second structure, shown figure 2(b), enables téhesntenna orientation on the two rotations.

Thus, the reading zone is modeled3® for each height, according to the antenna. The figure 3(@dtitites
this shape for a specific height and a specific angle. Ovealisidering angles and 0 heights,160 zones are
obtained. Theexcludedcylinder is modeled (encompassing all points from the shéigare 3(a) with the aim

of simplifying the analysis. As a matter of fact, the signahge is peculiar to the usétitachi technology. For
instance, theOmrontechnology has been considered in another framework andhifyee is similar to a semi-
sphere. Finally, a synthesis of all cylinders is realizelte €ylinder radius are drawn in the figure 3(b) according
to angles and heights of the tag, regarding to the readerh®wrie hand, we observe that the signal varies in
function of the antenna axis and on the other hand, the fatftieetag is from the reader, the larger the dispersion
is. Conversely, there is a common diameter of the signaldmtgin.

200
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(a) 3D Modeling of theeading zone (b) Cylindrical modeling of theeading zone

FIGURE 3. Study of theeading zonézone in which a tag and a RFID reader can communicate)

4.2 Analysis

The maximal density of tags found is function of the antemientation and the kind of reader. Then, it is possible
to integrateuchip Hitachi into the material with a maximal density ©50mm between tags by using the techno-
logy basically an®6mm thanks to a reader developed by ourself (we removed the readgifier), i.e in total
49tags/m? and1521tags/m? respectively. Obviously, some interferences could pretrengood reading of tags.
In a result, methods have to be developed to assure a suffiedumdancy of information (according to priorities
and requirements).

5 Study and design of an industrial process

The prototype has been elaborated in collaboration withQBEFELOR company (textile test center : France),
which is specialized in Research & Development for indastdmpanies and is licensed COFRAC 1$0025.

5.1 Choice of the textile process

Several processes allowing to scatter tags into the mhten@ been studied. In order to do that, it is necessary
to take into account the material characteristics, nanielytags do not support heats exceediog C, thus pro-
cesses which implementinfrared heating mechanisms ahdjited. Along the same lines, woven textile processes
can not be used since a mass called reed comes regulamghiftgé textile in order to tie threads together, and the-
reby could destroy embedded tags. In the same way, mantifagfirocesses making non-woven textile usually
include operations such as cleaning and opening fibers madeel cylinders or by compressed air. Moreover,
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these processes generally carry out mechanical needlejogric or hydroentangling operations, which would
destroy antenna of tags. The last considered solution ttest¢ags is based on a thermo-bonding process of two
textiles, this process implements neither mechanismsroggsfocks, nor too hot processes (the set of tags does
not undergo the temperature) and the tightening press@w®mut turn out to be a problem.

5.2 Building the communicating textile by using a thermaoding process

Two kinds of textile have to be selected to realize the thebmding process. The first chosen is a non-woven
hydroentangled textile (polyester 80g/m?). The second is a woven textile by reason of its high resigtda
efforts (plain weave of23g/m?). The manufacturing process is illustrated figure 4, wheeswoven textile is
pasted by one engraved cylinder before being pressed agfainsecond textile, i.e the polyester. Finally, a test
showed thal 00% of tags embedded into the material were usable.

|
[ ]
1
(]
[ ]
]
I [ velocity :
\li ’-’ 2m/min
]
1
I
,' Il Polyester textile with RFID tags
I

\11/;

N2

% B A _
" : Pr oy g Woven textile
UpS-0 © @ Do

FIGURE 4. Thermo-bonding process for integratintags into the textile

5.3 Analysis

Two observations can be made, one related to visual aspecti(rire 5) and the other one related to the touch.
Firstly, it is possible to see some tags through the textileich damages the aesthetic quality. However, this
problem may be overcome quickly enough thanks to a moreiutcmaterial choice. Secondly, it is possible
to feel the extra thickness caused by the insertion of tagsthiis one is insignificant. The textile rigidity is also
increased which comes directly from the antenna, and dasnthgesoftness quality. Nevertheless, in the same
way as [21], the elaborated prototype does not engendelgnatabout the user comfort. The present prototype
disposes of a small information capacity and by this facprtradiction exists to date : the augmentation of the
memory capacity (i.e the density of tags) will reduce ther esenfort and vice-versa. In spite of that, we may
assume that technologies suctdébolowill overcome this problem.

6 Quality validation of the communicating textile

Three laboratory tests have been conducted to know theqaiyisnits of the prototype. We defined applications
in the clothing industry. These tests have been done in tHEECER laboratory under controlled atmosphere at
20C + 2C and65% =+ 5% of relative humidity. The test tubes, once cut off, stayd to stabilize.

Resistance to washing The first test studies the communicating textile behavioemvhndergoing a hand-wash
cycle (NFEN ISG6 330/A1 and NF EN ISOQB 759 standards). This simulation deals also with chemicalineats
met either in the industry (strikethrough, coating) or atneo(repeated washing,...). Every test tube is tested
according to the following cycle :

— 3 phases of washing,

— 3 successive phases of draining and rinsing,

— 1 phase of rinsing again,

— 1 drying using air.

2. Needlepunching Mechanically binding a web to form a fabric by penetratihg tveb with an array of barbed needles
that carry tufts of the web’s own fibers in a vertical direnttbrough the web.

3. Hydroentangling Process for forming a fabric by mechanically wrapping andtling fibers in a web through the use
of high-velocity jets or curtains of water.
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After the test, a control shows that all tags are function@gncerning textile alterations, it is to be noted that the
shrinkage of the non-woven part compared to the woven omis keeimportant mechanical constraints causing the
two to peel off more specifically around each inserted tags€Hast ones thus generate critical spots. The Table 1
summarizes these results.

TABLE 1
Synthesis of the results from tests performed on the tgxtdeotype
Performed Tag Testtube Noticed damage First Number  Signal
test presence number degradation of cycles range
Yes 1 Small unsticking of a few millimeters in the cor- / 1 195mm
ners, unsticking between the textile and the tag,
Washing shrinkage oficm
No 2 Small unsticking in the corners going to several / 1 /
cms, shrinkage of 1cm
Yes 3 Apparition of two holes around the superposi- 15 000 20000  195mm
tion of the two antennas and the tag, causing
thereafter textile wrenching
Yes 4 Apparition of one hole of a few centimeters 15 000 20000  195mm
abrasion around the tag
No 5 Apparition of holes of a few millimeters at se- 20 000 20 000 /
veral spots in the textile
No 6 Apparition of holes reaching one centimeter at 22 000 24 000 /
several spots in the textile
Yes 7 No alteration / 80 000 195mm
flexion Yes 8 Small unsticking between the textile andtag 40 000 50 000 0Omm
traction No 9 No alteration / 80 000 /
No 10 No alteration / 80 000 /

Resistance to abrasion This second test measures the impact of friction on our prpé&o To design this test, the
NF EN 1ISO12 947 — 2 standard has been used and adapted, to fit our sample sizgiifee5(a) illustrates the
mechanism implemented, needed for the experiment. Thelenodit puts a pressure Bk Pa on the textile and
follows aLissajouscurve. This time again, tags generate a faster textile degjan (see Table 1). First degradations
appear beforé5 000 cycles with holes smaller than one millimeter in diametegduse of the extra thickness due
to tags, which increase the abrasion effect. The figure F{byvs the degradation obtained af#ér 000 cycles,
where the hole and the tag can be seen.

(a) Abrasion (NF EN 1SQ2947 — 2 standard) (b) Visibility of one tag after abrasion

FIGURE 5. Communicating materidbuilt by a thermo-bonding process of two textiles, subjéd¢teabrasion tests

Resistance to torsion/bending This last laboratory test consists in measuring the ragistaf the whole textile
to torsion and bending (NF EN 1SD854). This cyclic repetition produces an early fatigue of thd[REags. Test
tubes are first tested every00 cycles during the firss 000 cycles to simulate fast degradation, and eveéy0
cycles between 000 and40 000 cycles. All tags have the same orientation so that the fonckergone by each
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tag is the same. No important fatigue sign is recorded, thedsnoted alteration is the destruction of one tag that
happened befor#) 000 cycles.

The results of these three tests related to usage constpaErformed on the textile prototype are summarized
Table 1. It shows that the textile choice is important, sitfetextile resistance depends on these last one. The
presence of tags into the textile generates critical spotsvever the textile is not too weakened compared to a
classic one (without inserted tags).

7 Communication architecture and specific tools design
7.1 Global communication architecture

As a matter of course, after building the communicating maltet is necessary to develop the communication
architecture to enable communication between textile awirenment. The global architecture implemented is
illustrated figure 6, it employs a communicating materiais material is read by a set of RFID readers.

Communicating textile  RFID reader _ User
and tags integrated and itsrange  Conveyor belt interface
into the material of reading ~
N | Digitizing

; N | tci)l

l 4 Backend D

Database
/ =

FIGURE 6. Global communication architecture implemented for th@municating material

Each reader generates events if tags are detected withigaitkng zone. The set of readers are controlled by a
genericbackendcomponent which is in charge of collecting RFID events anihgithem to a specific tool, called
digitizing toolintroduced in the next section. This tool allows digitizithg material, i.e it builds dynamically the
location map of tags constituting the material by relyingR¥ID events. Thereby, information related to specific
areas of the material are stored into a remote database. érinisrface is implemented to display this map, a
screenshot of the main interface is shown figure 7.

7.2 Digitizing tool

All information concerning the material is modeled as audftmap and store in the database. The aim of the
digitizing tool is to compute dynamically the position ofcbaag into the communicating material and to report
it on the map in the database, with the tag identifier. Whenta iastored in the database, it is automatically
associated with one or more tags, which allows later detengithe position of the data on the communicating
material. For instance in the framework of textile manufaicig, it could be interesting to report textile flaws
(holes, snags) on the virtual map. Later, if the textile isinisub-pieces during the manufacturing process, this
information could be used to verify that all sub-pieces aee fof flaws. To calculate the location of tags, the
implemented algorithm relies on the set of events and ealbean the following parameters{tag identifier,
reader identifier, acquisition dgteMoreover, since the reading zone (betwedtitachi RFID tag and its reader)
has been defined as a cylinder in section 4, a method basecdeaidind of circle is used to calculate the tag
position. This tool is compatible with several RFID tectogiks by taking into account the reading zone peculiar
to each of them (e.g Omron, Hitachi). Moreover, the user chthe RFID technology he wants, after having
characterized this one, as done in section 4 and deterntieedading zone shape. This paper does not present the
different algorithm steps but briefly describes its results

The software tool allows to switch betwe2® and3D modes according to user requirements, i.e either in order
to see the product in its wholeness or one layer of this one.fibilure 7 shows the tag repartition into the textile
through this software. We can observe on the left infornrmasibout textile dimensions, at the center #ie view

of the textile where dots correspond to tag positions, onitite the list of identifiers related to detected tags and
at the bottom right information about tag location into thatemial. Let us notice it is possible to select one tag
among all, which is highlighted in red color (in tB® view and the list).
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FIGURE 7. Screenshotdigitizing tool of the material : allows getting dynamically the the locatinap of tags

8 Conclusion

This paper fits the concept of intelligent materials and zeemlly related with the-textile domain. These ma-
terials propose functionalities to the different actorsimiyall their lifecycle via specific components (RFID tags,
wireless sensors, .. .). Several works in the literaturstated regarding domains such as health monitoring, home
automation, daily activities, ... Increasingly then, cections are not just people-people or people-computets, bu
between people-things and most strikingly, things-thimgshis paper, a guideline to build a communicating tex-
tile (constituted by a huge number pfags) is proposed. Indeed, each step to design such a tiextiéscribed :

in a first time a study about the characterization of the stpgf@communication is led, next an industrial process
is implemented to build the communicating textile, afteattithe prototype is tested in order to assess its limits
and at the end, an architecture of communication with a fipeécol is developed. In particular,digitizing toolis
elaborated so as to determine dynamically the location ritgge constituting the material. Thus, it is possible to
fulfill diverse functionalities such as identify specifigtand allocate information related to a specific area.
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